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Editorial
Natural Products Chemistry: Advances in Synthetic, Analytical and
Bioactivity Studies, Volume II

Giovanni Ribaudo

Department of Molecular and Translational Medicine, University of Brescia, Viale Europa 11, 25123 Brescia, Italy;
giovanni.ribaudo@unibs.it

The idea of collecting novel contributions relating to the chemistry of natural com-
pounds in this Special Issue stemmed from the success of the first edition of the collection
entitled “Natural Products Chemistry: Advances in Synthetic, Analytical and Bioactivity
Studies”, which was published in Molecules in 2023 [1].

The field of chemical sciences, and of medicinal chemistry in particular, has always
been strongly related to the world of natural products. Small organic compounds of natural
origin are chemically diverse molecules, and they are characterized by a variety of scaffolds
and functional groups. Moreover, chirality represents an additional feature [2].

The study of natural compounds is intriguing because of their potential applications,
but it also carries several challenges from the point of view of their extraction and analytical
characterization. At the same time, organic chemists put their best effort in the efficient
synthesis and derivatization and optimization of natural compounds to produce optimized
analogs, thus unleashing the potential of the semi-synthetic derivatives [3]. Flavonoids,
alkaloids and terpenes are only some of the chemical classes that attract the interest of the
medicinal chemist for the identification and development of novel therapeutic options [4,5].
Eventually, it must be considered that currently used theoretical drug discovery tools allow
us to rationalize and translate into modern medicinal chemistry the traditional uses of
nature-inspired molecules [6-8]. Indeed, medicinal chemistry is one of the fields of chemical
sciences in which natural compounds traditionally find wide application. Such molecules
are investigated for their anticancer roles through peculiar mechanisms [9], as antibacterial
agents [10] and with the aim of developing novel tools against neurodegeneration [11,12].
Nevertheless, natural compounds are the focus of many other fields [13]. In this connection,
food chemistry [14], engineering and material sciences represent only few examples [15,16].

This Special Issue aimed at collecting research papers and review articles related to the
different aspects of the chemistry of natural compounds, including extraction, structural
elucidation, synthesis and biological evaluation of natural, semi-synthetic derivatives
and nature-inspired molecules. Particular attention was also dedicated to compounds of
pharmaceutical interest. As a result, between 2024 and 2025, eight articles were published
in this Special Issue, testifying the strong interest of the scientific community towards the
chemistry of natural compounds under different perspectives. In particular, the Special
Issue collected four research articles and four reviews. Moreover, it must be noted that
this volume showed an international reach, as authors across the globe submitted their
contributions. Indeed, corresponding authors from China, Ecuador, Italy, Japan, Poland,
Saudi Arabia, South Africa, and USA, along with their collaborators from many other
countries such as Egypt, Palestine, and Ukraine participated to this Special Issue with
their research.

Molecules 2026, 31, 374 https:/ /doi.org/10.3390/molecules31020374



Molecules 2026, 31, 374

In further detail, the research papers are concerned with the following: Dushna and
colleagues synthesized N-oxide derivatives of alkaloids and characterized them through
electrochemical studies. In the context of organic synthesis, Webber and Russu described
trimethylenemethane cyclopentyl-annulations as a strategy to obtain a functionalized
angular triquinane skeleton. Ayoup and colleagues reported the synthesis, characterization
and antiproliferative activity of fluorinated isoflavones. Hu and colleagues analyzed the
constituents, of medicinal interest, of Andrographis paniculata (Burm. f.).

Concerning review articles, Khwaza and Aderibigbe focused their contribution on the
pharmacological properties of derivatives of ursolic acid. Adriana Monserrath Orellana-
Paucar reviewed the therapeutic properties of turmeric essential oil components. In their
contribution, Kato-Noguchi and Kato reviewed the defense molecules of the invasive plant
species Ageratum conyzoides, while Antonio Evidente provided an overview of a-pyrones
as phytotoxins produced by plant pathogen fungi.

The contributions collected in the Special Issue are listed below, following the order
presented above.

- Dushna, O.; Dubenska, L.; Gawor, A.; Karasinki, J.; Barabash, O.; Ostapiuk, Y.;
Blazheyevskiy, M.; Bulska, E. Structural Characterization and Electrochemical Studies
of Selected Alkaloid N-Oxides. Molecules 2024, 29, 2721. https:/ /doi.org/10.3390/
molecules29122721.

- Webber, SM.; Russu, W.A. Investigation of Trimethylenemethane Cyclopentyl-
Annulations as a Strategy to Obtain a Functionalized Angular Triquinane Skeleton.
Molecules 2024, 29, 5358. https://doi.org/10.3390/molecules29225358.

- Ayoup, M.S.; Daga, M.; Salama, Y.; Hazzam, R.; Hawsawi, M.B.; Soliman, S.M.; Al-
Mabharik, N. Efficient Consecutive Synthesis of Fluorinated Isoflavone Analogs, X-Ray
Structures, Hirshfeld Analysis, and Anticancer Activity Assessment. Molecules 2025,
30, 795. https:/ /doi.org/10.3390 /molecules30040795.

- Hu, E.; Cheng, R; Liu, A.; Wang, Y.; Long, H.; Hou, J.; Wang, D.; Wu, W.; Wu,
X. Metabolomic Profiles and Differential Constituents of Andrographis paniculata
(Burm. f.) in Different Growth Stages and Parts. Molecules 2025, 30, 1490. https:
//doi.org/10.3390 /molecules30071490.

- Khwaza, V,; Aderibigbe, B.A. Potential Pharmacological Properties of Triterpene
Derivatives of Ursolic Acid. Molecules 2024, 29, 3884. https://doi.org/10.3390/
molecules29163884.

- Orellana-Paucar, A. Turmeric Essential Oil Constituents as Potential Drug Candidates:
A Comprehensive Overview of Their Individual Bioactivities. Molecules 2024, 29, 4210;
https:/ /doi.org/10.3390/ molecules29174210.

- Kato-Noguchi, H.; Kato, M. Defense Molecules of the Invasive Plant Species Ageratum
conyzoides. Molecules 2024, 29, 4673. https:/ /doi.org/10.3390/molecules29194673.

- Evidente, A. An Overview of a-Pyrones as Phytotoxins Produced by Plant Pathogen
Fungi. Molecules 2025, 30, 2813. https:/ /doi.org/10.3390 /molecules30132813.

In conclusion, the success of this Special Issue once again testifies the interest of the
scientific community on the field of natural compounds, and prompts further research in
the field.

Acknowledgments: G.R. acknowledges ]J.T. and G.E.R. for the support.
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Structural Characterization and Electrochemical Studies of
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Abstract: In this work, we synthesized and confirmed the structure of several alkaloid N-oxides
using mass spectrometry and Fourier-transform infrared spectroscopy. We also investigated their
reduction mechanisms using voltammetry. For the first time, we obtained alkaloid N-oxides using an
oxidation reaction with potassium peroxymonosulfate as an oxidant. The structure was established
based on the obtained fragmentation mass spectra recorded by LC-Q-ToF-MS. In the FT-IR spectra of
the alkaloid N-oxides, characteristic signals of N-O group vibrations were recorded (bands in the
range of 928 cm~! to 971 cm '), confirming the presence of this functional group. Electrochemical
reduction studies demonstrated the reduction of alkaloid N-oxides at mercury-based electrodes back
to the original form of the alkaloid. For the first time, the products of the electrochemical reduction
of alkaloid N-oxides were detected by mass spectrometry. The findings provide insights into the
structural characteristics and reduction behaviors of alkaloid N-oxides, offering implications for
pharmacological and biochemical applications. This research contributes to a better understanding of
alkaloid metabolism and degradation processes, with potential implications for drug development
and environmental science.

Keywords: alkaloids; N-oxide alkaloids; synthesis; mass spectrometry; FT-IR spectroscopy

1. Introduction

Alkaloids (ALs) constitute a large group of substances of plant and synthetic origin
that are extensively utilized by humans [1]. Alkaloids have a variety of biological activities
and are widely used in medicine [2-4]. The ALs are utilized in the formulation of anti-
inflammatory, analgesic, stimulating, antimicrobial, anticancer, antifungal, antispasmodic,
neuropharmacological, and other drugs [5-7]. Recent studies [8,9] have also shown the
potential usefulness of some ALs in the fight against SARS-CoV-2, specifically berberine,
an alkaloid found in the fruits of barberry and turmeric, and quinine, an alkaloid from the
quinoline series. These ALs have been demonstrated to have the ability to inhibit viral
replication, suggesting potential applications in the treatment of SARS-CoV-2 [8,9].

In addition, plants containing ALs are a common component of the human diet,
present in both food and beverages [10]. Some well-known examples of ALs found in the
human diet include caffeine from coffee seeds, theobromine from cocoa seeds, theophylline
from tea leaves, tomatine from tomatoes, and solanine from potatoes [2].

Some of the ALs, including those widely used in pharmacy, have a toxic effect on
humans and animals. The misuse of ALs such as morphine, cocaine, caffeine, and nicotine
can have fatal consequences [11].

Molecules 2024, 29, 2721. https:/ /doi.org/10.3390/molecules29122721 4

https://www.mdpi.com/journal /molecules



Molecules 2024, 29, 2721

Consuming food products that contain alkaloids can also cause disease [12]. Several
pyrrolizidine and tropane ALs, widely distributed in plants and plant products, have
been identified as hepatotoxic and carcinogenic, representing one of the most dangerous
classes of phytotoxins affecting the peripheral and central nervous systems, especially
the organs involved in digestion and metabolism [13-15]. In accordance with European
recommendations (Commission Regulation (EU) 2021/1399 [16], Commission Regula-
tion (EU) 2020/2040 [17], Commission Regulation (EU) 2016/239 [18]), control limits for
tropane alkaloids (atropine, scopolamine) are set at 1 ug/kg in plant-origin products, while
pyrrolizidine alkaloids range from 1 pg/kg to 750 pg/kg, depending on the matrix. For
example, in tea, the AL content should not exceed 1 pg/kg, and in herbal infusions of
lemon balm and peppermint, the limit is set at 400 ug/kg. Therefore, the careful control of
food products and the regulation of AL use in medicine are important current tasks.

ALs undergo various biochemical transformations in living organisms. Major metabolic
pathways, facilitated by hepatic enzymes, encompass hydrolysis, conjugation, and oxida-
tion [19]. AL N-oxides are typical intermediates of AL metabolism and are often excreted
from the body in this form. However, oxides can also exhibit bioactivity; in particular,
N-oxides of the pyrrolizidine alkaloids, the formed oxidation products, can readily react
with proteins, create DNA adducts, and induce tumors via a genotoxic mechanism [20,21].
On the other hand, some alkaloid N-oxides formed during the N-oxidation reaction are
considered safe markers with no harmful effects on the human body and are easily ex-
creted through urine [22]. For instance, the primary metabolites of the nicotine alkaloid are
cotinine and nicotine N-oxide. An average smoker, consuming 10 cigarettes daily, excretes
approximately 0.56 mg of nicotine N-oxide unchanged in the urine within 24 h [23-25].
This indicates that alkaloid N-oxides formed during the metabolic process could potentially
function as markers for monitoring alkaloids in biological fluids, especially concerning the
consumption of alkaloid-based medications and food items containing alkaloids.

Moreover, alkaloid N-oxides represent a common form of existence for many alkaloids
in plants [26]. Therefore, it is crucial to monitor the content of food products and plant
materials such as tea and honey, emphasizing not only the alkaloids themselves but also
their N-oxides. For the identification and determination of the alkaloid N-oxides in various
objects, there is a need for their standard solutions. Therefore, a standardized methodology
for the synthesis of alkaloid N-oxides is required.

This investigation aimed to establish an environmentally sustainable and economically
viable methodology for the synthesis of alkaloid N-oxides while validating their struc-
tural integrity. This endeavor involved the utilization of mass spectrometry and infrared
spectroscopy. In contemporary laboratory settings, the integration of high-performance
chromatography with mass spectrometry detection (MS or MS/MS) is prevalent for the
analysis of various substances, including food products and herbal medicinal raw materi-
als. Therefore, augmenting the existing database and discerning the disparities between
the mass spectra of alkaloids and their N-oxide counterparts are imperative tasks. The
study of infrared spectra of alkaloid N-oxides opens the possibility of rapid and cheap
determination of such compounds.

The subsequent phase of our research focused on elucidating the mechanism underly-
ing the reduction process involved in synthesizing alkaloid N-oxides, which may mimic
metabolic or degradation reactions occurring in vivo. This investigation holds particular
significance given the potential physiological relevance of such reactions. In recent years, a
combined approach leveraging electrochemical (EC) methods alongside mass spectrometry
(MS) has emerged as a powerful tool for addressing this challenge [27,28]. By coupling
EC methods with MS detection, this approach not only complements existing biochemical
studies techniques but also offers advantages in terms of efficiency and cost-effectiveness.
Moreover, it facilitates the identification of electrochemical reaction products, shedding
light on their potential roles as metabolic or degradation by-products. This integrated
methodology represents a cornerstone in the fields of metabolomics and bioanalytical
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chemistry, providing valuable insights into complex biological processes and chemical
transformations [28-32].

This study focused on five alkaloids that belong to different chemical groups and
serve different purposes. These include both natural and synthetic compounds, as de-
picted in Figure 1. Specifically, the alkaloids selected are atropine (a tropane), quinine
(a quinuclidine), platyphylline (a pyrrolizidine), nicotine (a pyridine), and nefopam (a
synthetic benzoxazocine). This selection is strategically diverse, enabling a comprehensive
examination of various classes of alkaloids, each renowned for its unique pharmacological
activities and widespread utility in medical applications. It should be added that alkaloid
N-oxides are formed regardless of the type of alkaloid skeleton. The process typically
involves the oxidation of a nitrogen atom in the alkaloid structure to form an N-oxide
functional group. This transformation can occur during an oxidation reaction. The presence
of N-oxide groups can affect the pharmacological properties of the alkaloid, including its
bioavailability, metabolic stability, and interaction with biological targets. Thus, investi-
gating the potential formation of alkaloid N-oxides with different skeletal types can be a
valuable aspect of research, providing insight into their metabolic pathways.

'

/

Afnona Atropine ) ‘ - NN N
belladonna P Cinchona 'Quinine O j
The naturally-derived alkaloids 3 o

s‘\v’ !

)/ HQ%H H Nefopam

) oo H | XN .
A ' PQ/B/L N \ The synthetic-derivatived alkaloid
i ~ A 0

m Platyphylliné Nicotine

Senecio Nicotiana

platyphylloides tabacum

Figure 1. The alkaloids employed in this study were utilized for the synthesis of alkaloid N-oxides.

2. Results and Discussion
2.1. Synthesis of Alkaloid N-Oxides

Alkaloid N-oxides can be easily synthesized in the laboratory [33]. Hydrogen peroxide
and organic peroxyacids are commonly employed as oxidants [34-38]. The commercial
reagent potassium peroxymonosulfate (KPMS) was used as an oxidant, enabling the
synthesis of the main metabolites of alkaloids in just 15 min [39—42]. The oxidation of
alkaloids is rapid at room temperature, except for nicotine. The formation of nicotine
N-oxide at 20-25 °C takes 40 min, and slight heating of the solution accelerates the reaction.
A 5-fold excess of KPMS should also be used.

The main factor affecting the completeness of the oxidation of an alkaloid to its N-oxide
is pH. Alkaloids are oxidized to their N-oxides in an alkaline environment. The optimum
pH for oxidation is close to the pKa of the alkaloid. Table 1 shows the optimal conditions
for obtaining the studied alkaloid N-oxides. Previously, we reported the preparation of
nefopam N-oxide [39], nicotine N-oxide [42], platyphylline N-oxide [40], and atropine
N-oxide [41]. In this study, we present, for the first time, the synthesis of quinine N-oxide
via this specific method and oxidation reaction (Table 1). Thus, we have standardized the
methodology for the synthesis of alkaloid N-oxides.
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Table 1. Optimal conditions for obtaining alkaloids N-oxides.

Alkaloids L. . ]
Nefopam  Nicotine  PlatyphyllineAtropine  Quinine
Optimal N-Oxide N-Oxide N-Oxide N-Oxide N-Oxide
Conditions [39] [42] [40] [41]
PHoxidation
(provided by BRB) 8.0 9.3 8.4 10.2 9.5
Oxidation temperature, °C 20-25 40 20-25 20-25 20-25

The oxidation reaction of atropine with peroxymonosulfate to atropine N-oxide is de-
picted in Scheme 1. This second-order reaction has a rate constant of 0.193 L-mol~!-min~!,

and its kinetics adhere to the principles of specific acid-base catalysis [41].

H5C
H3C\N 3 “No

PR o P e
o) " 8052_ . (] + SO42—
o (0]

Scheme 1. The reaction of obtaining atropine N-oxide using the oxidant peroxymonosulfate.

2.2. Studies on Structure of Alkaloid N-Oxides by Mass Spectrometry

Identification and characterization of alkaloid N-oxides were achieved by liquid
chromatography coupled with high-resolution mass spectrometry (LC-Q-ToF-MS). Mass
spectra were recorded for both the alkaloids and the synthetically obtained alkaloid N-
oxides to identify the obtained N-oxides and confirm the presence of an additional oxygen
atom in the structure. Table 2 presents the measured and theoretically calculated values
of [M + H]* for all the studied compounds. Moreover, the mass accuracy was calculated
to confirm the chemical formula of the investigated compounds. The mass accuracy for
compounds was computed by calculating the absolute difference between the theoretical
and experimentally observed mass-to-charge ratios (m/z), dividing this difference by
the theoretical m/z, and expressing the result in parts per million (ppm). The obtained
values of mass accuracy did not exceed the permissible threshold of 5 ppm, which is
deemed acceptable for high-resolution mass spectrometry [43,44] and reliably confirms
that N-oxides ALs were obtained.

Table 2. Characteristics of the mass spectra of the studied compounds.

Compound Chemical Theoretical Measured Mass Accuracy,
Formula [M + HJ* [M + HJ* ppm
Nefopam Cy7H19NO 254.1539 254.1542 1.18
Nefopam N-oxide C17H19NO, 270.1488 270.1491 1.11
Atropine C17H3NO3 290.1750 290.1756 2.07
Atropine N-oxide C17Hp3NOy 306.1699 306.1700 033
Quinine CpoH4N>O» 325.1910 325.1918 2.46
Quinine N-oxide CaoHaaN,O5 341.1859 341.1859 0
Platyphylline C15HyyNOs 338.1969 338.1964 —1.48
Platyphylline N-oxide C18Hy7NOg 354.1918 354.1927 2.54
Nicotine CioH1aN, 163.1229 163.1229 0
Nicotine N-oxide C10H14N,O 179.1179 179.1176 —1.67

An essential prerequisite for the structure elucidation of alkaloid N-oxides was a
comprehensive understanding of the fragmentation process of these compounds. Below is
a detailed interpretation of the mass spectra of selected alkaloid N-oxides acquired in MS?.
The following pairs of compounds were studied as research compounds: quinine and its
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N-oxide, atropine and its N-oxide, nefopam and its N-oxide, and nicotine and its N-oxide.
Figures 2-5 illustrate the fragmentation mass spectra of study compounds where the m/z
values correspond to the exact mass values on the mass spectrum. The obtained m/z
values of the fragmented ions were compared with the theoretical values. Figures 2-5 show
theoretical values for the proposed schemes. Figure 3C and Figures 51-S3 (Supplementary
Materials) show the detailed fragmentation scheme of alkaloids and alkaloid N-oxides.
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Figure 2. Elucidation of fragmentation patterns of nefopam (A) and nefopam N-oxide (B).
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Figure 4. Elucidation of fragmentation patterns of quinine (A) and quinine N-oxide (B).

2.2.1. Nefopam and Nefopam N-Oxide

In the fragmentation mass spectrum of the protonated molecular ion of nefopam at
m/z 254, product ions at m/z 181, 179, and 166 were observed, as obtained in Figure 2A.
The major fission fragment product ion at m/z 181 resulted from a loss of C3H7NO moiety
from the benzoxazocine ring. Further detachment of two hydrogen atoms from an ion at
m/z 181 will lead to the formation of an ion at m/z 179. Accurate mass measurement of
these ions confirmed their chemical formulas. The fragmentation pathways are given in

10
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Figure S3 (Supplementary Materials). The obtained mass spectrum is fully consistent with
previous research provided by Yu et al. [45].
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Figure 5. Elucidation of fragmentation patterns of nicotine (A) and nicotine N-oxide (B).

In the fragmentation mass spectrum of nefopam N-oxide, a pattern like that of the
fragmentation mass spectrum of nefopam was observed. However, a small fraction of
nefopam N-oxide underwent fragmentation, resulting in the formation of an ion at m/z
195. This suggests the cleavage of the C3HgNO fragment from the protonated molecular
ion of nefopam N-oxide (m/z 270) (Figure 2B). These results align with those described by
Yu et al. [45].
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2.2.2. Atropine and Atropine N-Oxide

The fragmentation of the protonated molecular ion of atropine results in the main
product ion at m/z 124 (CgHy3N) and of atropine N-oxide at m/z 140 (CgH13NO) (Figure 3).
Additionally, a signal at m/z 142 was detected on the fragmentation mass spectrum for
atropine, serving as a secondary product of atropine fragmentation. These results align
with those described by Chen et al. and Luo et al. [46,47].

2.2.3. Quinine and Quinine N-Oxide

On the fragmentation mass spectrum of the protonated molecular ion of quinine at
m/z 325, product ions at m/z 307, 279, 253, 198, 186, 184, 172, and 160 were observed
(Figure 4A). Also, we registered for the protonated molecular ion of quinine N-oxide at
m/z 341 and product ions at m/z 323, 296, 198, 186, and 160 (Figure 4B). The obtained
fragmentation mass spectrum of quinine is in complete agreement with prior studies [48,49].
Furthermore, we compared the two obtained mass spectra of quinine and quinine N-oxide
among ourselves. The signals at /z 186 and 160 correspond to the fragmentation of the
quinoline ring, and these signals are present in both mass spectra. The difference between
the signals at m/z 307 for quinine and m/z 323 for quinine N-oxide is 16, indicating that
the oxidation of quinine occurs at the tertiary nitrogen atom in the quinuclidine fragment.

2.2.4. Nicotine and Nicotine N-Oxide

The fragmentation mass spectrum of the protonated molecular ion of nicotine at m/z
163 observed product ions at m/z 146, 147, 130, 120, 118, and 117 (Figure 5A). Similarly, for
the protonated molecular ion of nicotine N-oxide at m/z 179, we registered product ions at
m/z 179,149, 132,120, 118, and 117 (Figure 5B). We also compared the two mass spectra of
nicotine and nicotine N-oxide. The signals present in both mass spectra at m/z 120, 118,
and 117 correspond to protonated fragments of pyridine derivatives. This is indicative of
the formation of nicotine N-oxide by the piperidine fragment. These results agree with
Liang et al., Smyth et al., and Tsugawa et al., as described by [50-53]. However, we believe
that the fragmentation of nicotine and nicotine N-oxide is more likely to occur, as depicted
in Figure S2 (Supplementary Materials).

2.3. Studies on Structure of N-Oxide Alkaloids by FT-IR Spectrometry

The IR spectra of alkaloids and their alkaloid N-oxides, presented in Figure 6, indicate
specific characteristics of the molecular structure of the investigated compounds. Table 3
provides vibration signals for all groups present in the structures of alkaloids and their
N-oxides. From the IR spectra data, a notable distinction between the spectra of alkaloids
and their N-oxides is the presence of N-O group vibrations (bands in the range of 928 cm !
to 971 cm~!). These bands, characteristic of the N-O stretch, are crucial for identifying
N-oxides but are relatively weak and fall into the fingerprint region, making them less
prominent. The N-O group vibration signal is highlighted in Figure 6.

The region from 2500 cm ™! to 3660 cm ™! is represented by broad peaks corresponding
to the stretching of O-H and C-H bonds, indicating the presence of active hydrogen bonds
in the molecules of alkaloid N-oxides.

Additionally, these peaks also suggest the presence of hydroxyl and methyl groups.
Peaks in the range of 1403 cm ! to 1608 cm ! reflect vibrations of aromatic systems (C=C
and C-C), indicating the existence of aromatic ring systems in the molecules of alkaloids,
particularly in nicotine, quinine, and atropine. Furthermore, in the case of platyphylline
and atropine N-oxides, absorption bands in the range of 1451 cm~! to 1637 cm~! were
identified, corresponding to the vibrations of C=O in the alkaloid molecules, suggesting
the presence of carbonyl group in the structure of these molecules. In general, the rest of
the IR spectroscopic data of investigated alkaloid N-oxides agree with those reported in
the literature [49,54-56].

The N-O group vibration signal is highlighted in a black circle.
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Figure 6. The FT-IR spectra of alkaloid N-oxides and alkaloids: (A) nefopam N-oxide and nefopam;
(B) atropine N-oxide and atropine; (C) quinine N-oxide and quinine; (D) platyphylline N-oxide and
platyphylline; (E) nicotine N-oxide and nicotine. The N-O group vibration signal is highlighted
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Table 3. Selected assigned IR vibrations of alkaloids and their N-oxides.

Experimental Type of Functional
Alkaloids Wavenumbers, cm—1 Vibration Grou
(Signal Intensity) ? and Bond P
. Alkaloids
Alkaloids N-Oxide
3500-3223 w 3660-2500 w v? (O-H) Hydroxy
3080 w 3066 w v (C-H) Phenyl
1721 m 1724 m v (C=0) Carboxylic
Atropine 1494 w 1403-1500 w v (C=C) Phenyl
120_0 m 1229 m v (C-N) Tropane
_ 971s v (N-O) N-oxide group
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Table 3. Cont.

Experimental Type of Functional
Alkaloids Wavenumbers, cm—! Vibration Grou
(Signal Intensity) ? and Bond P
3044 w 3063 w v (C-H) Phenyl
1600 w 1600 w v (C-0) Phenyl
Nefopam 1497-1437 m 1446-1493 m v (C=C) Phenyl
1240 m 1267 m v (C-N) Benzoxazocine
- 952 m v (N-0O) N-oxide
3550-3053 m 3600-3000 m v (O-H) Hydroxy
2943 w 2955 w v (C-H) Quinoline
1618 m 1617 m v (C-C) Quinoline
.. 1647-1594 m 1668-1571 w v (C=N) Quinoline
Quinine 1473-1431 m 1467-1431 m v (C=C) Quinoline
1235w 1253 m v (C-N) Quinuclidine
1025s 1066 s v (C-0O) 6-Methoxyquinoline
- 928 s v (N-O) N-oxide group
3488-3210 w 3488-3200 w v (O-H) Hydroxy
3067 w 2937 w v (C-H) 12-Hydroxysenecionan
2977 w 2919 w v (C-H) 12-Hydroxysenecionan
Platyffiline 1707 m 1705 w v (C=0) 12-Hydroxysenecionan-11,16-dione
1554 w 1552 w v (C-O) 12-Hydroxysenecionan-11,16-dione
1437 w 1437 w v (C-0O) 12-Hydroxysenecionan-11,16-dione
1241 m 1270 m v (C-N) Pyrrolizidine
- 931s v (N-O) N-oxide
3360-3079 m 3250-3000 m v (C-H) Pyridine
2950 w 2952 w v (C-H) 1-Methylpyrrolidin
1628 m 1628 m v (C-C) Pyridine
Nicotine 1643-1530 w 1650-1579 m v (C=N) Pyridine
1473-1433 m 1467-1431 m v (C=C) Pyridine
1220 w 1253 m v (C-N) Pyrrolidine
- 948 s v (N-O) N-oxide

 Intensity: s = strong; m = medium; w = weak. b Symbol v means stretching deformation.

2.4. Study of Alkaloid N-Oxide Reduction with the Electrochemical Approach

The electrochemical (EC) approach was employed to gain deeper insights into the
metabolism and degradation mechanisms of alkaloid N-oxides in biological systems.
Nowak et al. extensively reviewed the simulation of drug metabolism through various
methods, including EC [57]. From a pharmaceutical perspective, the EC approach offers
several advantages, such as being cost-effective, easy to use, and avoiding ethical concerns
associated with using human or animal materials. This makes it a highly appealing option
for drug metabolism research [58]. This approach was also used in this work.

Alkaloid N-oxides are easily reduced on the surface of mercury-based electrodes over
a wide pH range, resulting in the formation of either one or two peaks (depending on
the alkaloid N-oxides and the pH of the solution). Figure 7A shows the polarograms of
the reduction of alkaloid N-oxides obtained in optimal conditions [39-42]. The arrow in
Figure 7A indicates that polarograms of reduced alkaloid N-oxides were shifted up towards
axis Y for a better view. Previously, we selected optimal conditions for the reduction of
alkaloid N-oxides, including the pH of reduction and the scan rates. In this work, for the
first time, we investigated the electrochemical behavior of quinine N-oxide; namely, the
optimal conditions for its reduction on the surface of a dropping mercury electrode were
established. On the dropping mercury electrode (DME), quinine N-oxide is reduced in the
form of a single peak at a potential of —1.15 V (Figure 7A). It should be noted that the first
peak on the polarogram of quinine N-oxide (E = —1.03 V—Figure 7A) corresponds to the
reduction of quinine itself, according to [59].
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Figure 7. (A) Cyclic polarograms of atropine N-oxide (1), nefopam N-oxide (2), nicotine N-oxide (3),
platyphylline N-oxide (4), and quinine N-oxide (5) under optimal conditions. The concentration of
alkaloid N-oxides was 40 pmol/L. Scan rate—0.5 V/s. (B) Cyclic polarograms of nefopam N-oxide
before and after electrolysis. The concentration of nefopam N-oxide was 20 pmol/L. Scan rate—
0.5 V/s. (C) Cyclic polarograms of quinine N-oxide before and after electrolysis. The concentration
of quinine N-oxide was 20 pmol/L. Scan rate—0.5 V/s.

It was determined that the reduction current of all research alkaloid N-oxides exhibits
a diffusion—adsorption nature. The optimal environment for the reduction of alkaloid
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N-oxides is within the pH range of 3 to 7, which is provided by the Britton-Robinson
buffer (BRB).

Also, we investigated and described the mechanism of alkaloid N-oxide reduction on
the surface of mercury electrodes [39-42]. When we obtained the two peaks of the reduction
of the N-oxides of the alkaloids, this process corresponds to two single-electron transfer
processes. The first single-electron transfer to the N-oxide yields an amine radical cation
together with a hydroxide ion, and the second reduction yields the original structure of the
alkaloid. This process is reflected in the appearance of two peaks on the voltammogram,
as observed in the reduction of atropine N-oxide and nefopam N-oxide [39,41]. In the
case of the polarogram of alkaloid N-oxides showing a single cathodic peak, it indicates
the one-stage reduction of the alkaloid N-oxide, involving one electron and one proton.
In this context, the reduction of the alkaloid N-oxide yields a hydroxylamine derivative.
Subsequently, this hydroxylamine derivative can revert to the original alkaloid through
a protonation reaction in a mildly acidic environment. However, this process cannot be
registered under voltammetry conditions. This one-step reduction process of alkaloid
N-oxides has been observed for nicotine N-oxide and platyphylline N-oxide [40,42]. It is
important to note that both proposed mechanisms of reduction of alkaloid N-oxides are
agreed on by data in the literature [60,61].

To confirm the hypothesis regarding the mechanism of alkaloid N-oxide reduction on
the electrode surface, identification and structural determination were carried out using
mass spectrometry (MS). Initially, prolonged electrolysis of solutions of alkaloid N-oxides
was performed using a macro electrode of mercury as the working electrode (to increase
the surface area and accelerate the process). Electrolysis was conducted for two compounds
at a concentration of 20 uM for 6 h: the nefopam N-oxide at the potential of the first
peak (E = —1.00 V) and the quinine N-oxide at the potential of the peak (E = —1.15 V). By
maintaining such experimental conditions, we aimed to ensure that the reduction reaction
selectively targeted the alkaloid N-oxide compound in accordance with the specified
potential. The primary objective of the prolonged electrolysis duration was to facilitate
the generation of the principal reduction product of the alkaloid N-oxide on the surface of
the mercury electrodes. Throughout this process, we meticulously tracked and observed
the emergence of only one product, aligning precisely with the compound described
within the theoretical framework of the reduction mechanism. The polarograms of the
reduction nefopam N-oxide and quinine N-oxide before and after electrolysis are shown in
Figure 7B,C. Other research shows that alkaloids do not reduce at the DME.

During electrolysis, the signals of reduction alkaloid N-oxides decreased, and after 6 h,
they completely disappeared. This indicates the complete reduction of alkaloid N-oxides.
The same pattern was observed in the chromatograms obtained by the LC-Q-ToF-MS
method. The reduction peak at E = —1.03 V (Figure 7C) was registered on the polarogram
of quinine after 6 h of electrolysis, which corresponds to the reduction of quinine itself and
not its N-oxide (see above).

The mass spectra for nefopam N-oxide and its electrolysis product were received.
We have established that the nefopam N-oxide ([M + H]" = 270.1480) is reduced to the
nefopam ([M + H]" = 254.5434). Similarly, the quinine N-oxide is reduced to the protonated
anionnitroxide radical derivative (M + H]* = 342.1929), which, in turn, transforms back to
the quinine ([M + H]* = 325.1864) due to protonation.

Thus, we have confirmed the reduction of alkaloid N-oxides on the electrode surface
to the original alkaloids. This detailed mass spectrometric analysis provides clear evidence
for the reduction mechanisms proposed. Furthermore, the identification of intermediate
products and final reduction compounds through MS offers a deeper understanding of the
electrochemical reduction pathways and confirms the stepwise reduction processes.

This electrochemical approach offers advantages in terms of ease of handling, prac-
ticality, and environmental friendliness, presenting a viable alternative to conventional
oxidation or reduction reactions commonly employed in organic biomolecule synthesis.
Given the benefits of electrochemical synthesis in producing target molecules, it holds
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promising prospects for surpassing limitations associated with traditional synthesis meth-
ods. Moreover, the ability to simulate metabolic pathways and degradation processes in a
controlled and ethical manner enhances the relevance of this approach in pharmaceutical
and biochemical research, providing novel insights into the behavior of alkaloid N-oxides
and their potential applications in drug development and analysis.

3. Materials and Methods
3.1. Chemical and Reagents

Following alkaloid substances were used in this work: nefopam hydrochloride, at-
ropine sulfate, nicotine sulfate, platyphylline hydrotartrate, and quinine hydrochloride.
Detailed characteristics of alkaloid substances are given in Table 4. Potassium peroxy-
monosulfate (KPMS) (CAS No. 70693-62-8) was used as an oxidizing agent. The Britton—
Robinson buffer (BRB) was used as a background electrolyte. To prepare the BRB, 20.2 g
of NayB40O7-10H,0, 28.7 mL of CH3COOH, and 17.6 mL of H3PO,4 were dissolved in
the volumetric flask [39—42]. Analytical reagent-grade chemicals were purchased from
Sigma-Aldrich (Darmstadt, Germany), EMD Millipore (Darmstadt, Germany), and Baker
(Deventer, The Netherlands). Samples were diluted with deionized water obtained by the
Milli-Q System (resistivity 18.2 M) cm; EMD Millipore, Darmstadt, Germany). Formic
acid (~98%) used for liquid chromatographic purposes was purchased from Honeywell
Chemicals (Bracknell, UK).

Table 4. Characteristics of alkaloid substances.

Compound CAS No. Molecular Mass pKa Purity, %
Nefopam 23327-57-3 253.34 8.98 >99.0
Nicotine 54-11-5 162.23 8.02 99.0
Atropine 5908-99-6 289.36 9.84 99.7

Platyphylline 480-78-4 337.41 8.1 98.5
Quinine 6119-47-7 324.18 8.0 >99.0

3.2. Instrumentation
3.2.1. Mass Spectrometry

An Agilent 1290 Infinity system (Agilent Technologies, Wood Dale, IL, USA) coupled
with an Agilent 6450 UHD Accurate-Mass Q-TOF mass spectrometer (Agilent Technologies,
Wood Dale, IL, USA) was used to obtain high-resolution mass spectra. Electrospray ioniza-
tion (ESI) in positive ion mode was applied. ESI conditions were as follows: nebulizing gas
temperature, 300 °C; nebulizing gas flow, 7 L/min; sheath gas temperature, 350 °C; and
sheath gas flow, 11 L/min. Nitrogen was used as a nebulizer and sheath gas. The collision
energy was 20 eV. Full-scan spectrums and fragmentation mass spectrums were acquired
in the (100-1000) m/z range.

The chromatographic separation of the compounds was carried out using a Synergi
2.5 um Polar-RP 100 A, 100 mm x 2 mm column, and gradient elution. Phase A (0.1% formic
acid in water) and phase B (0.1% formic acid in acetonitrile) were used as mobile phases.
The injection volume was 2 pL. Mass spectra were obtained for the studied compounds at
a concentration of approximately 5 pmol/L in a solution of 1:1 methanol/water.

3.2.2. FT-IR Spectroscopy

The samples of alkaloids and alkaloid N-oxides in dry form were analyzed with a
Fourier-transform infrared spectrophotometer IRSpirit FTIR (Shimadzu, Japan), equipped
with a diamond-tipped ATR accessory. The data were collected in absorbance mode, and
the wavelength ranged from 4400 cm ™! to 400 cm~!. A spectral resolution of 4 cm ! was
used. Software LabSolutions IR 2.13 (Shimadzu, Japan) was used for spectrum collection
and spectrum processing.

To transfer to a dry form, we extracted the alkaloid N-oxides in dry form. Specifically,

alkaloid N-oxides were extracted from the aqueous solution using 10 mL of chloroform
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in three separate extractions. Subsequently, the extracts containing alkaloid N-oxides in
chloroform were dried at room temperature until dry crystals formed.

3.2.3. Electrochemistry

We used the digital device MTech OVA-410 (MTech Lab, Lviv, Ukraine) with three-
electrode cell (working dropping mercury electrode (DME), a saturated calomel reference
electrode, and platinum wire auxiliary electrode) [62]. The applied DME had 7 =12 sin
0.1 mol/L NH4Cl with an open circuit. The current was measured at a fixed time (10 s) in
the life of the drop.

Cyclic voltammetry and linear sweep voltammetry with a scan rate of 0.5 V/s were
used to study the mechanism of reduction of alkaloid N-oxides. The prepared solutions
for measurement were transferred to an electrochemical cell, and dissolved oxygen was
removed with purified argon for 10 min. Polarograms were recorded in the potential range
from 0 V to —1.5 V with a scan rate of 0.5 V/s (and back for cyclic voltammetry).

To establish the detailed structure of the products of the electrochemical reaction of
the reduction of alkaloid N-oxides, a long electrolysis was carried out for 6 h using mercury
macroelectrode as a working electrode.

4. Conclusions

In this work, for the first time, we comprehensively investigated some synthesized al-
kaloid N-oxides using KPMS as an oxidant. The standardized methodology developed here
for the synthesis of alkaloid N-oxides is promising for pharmaceutical research, facilitating
their production for further study and offering avenues for new drug development.

Mass spectrometry and Fourier-transform infrared spectroscopy were used to estab-
lish and confirm the structure. Using electrochemical methods, in particular voltammetry,
the mechanism of reduction of alkaloid N-oxides on the surface of mercury electrodes was
confirmed. For the first time, we have isolated the products of electrochemical reduction of
alkaloid N-oxides and determined their structures using high-resolution mass spectrom-
etry. It turned out that most alkaloid N-oxides are restored to the original form of the
alkaloid itself. Such elucidation of reduction mechanisms using electrochemical methods
in combination with mass spectrometry is a significant step forward in revealing alkaloid
metabolism and degradation pathways. Understanding the electrochemical behavior of
alkaloid N-oxides on electrode surfaces sheds light on potential reactions in living organ-
isms. This research is critical to understanding the fate and effects of alkaloids and has
implications for drug metabolism and toxicity studies.

In addition, the obtained results improve our ability to monitor the content of alkaloids
and their N-oxides in food products, thereby improving food safety practices. Overall,
this comprehensive study represents a significant advance in alkaloid N-oxide research
spanning pharmacology, toxicology, and food science. Further research in this area holds
great potential for harnessing the benefits of alkaloids and their derivatives in biomedical
and agricultural contexts.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules29122721/s1. Figure S1. Proposed fragmentation
pattern of quinine (A) and quinine N-oxide (B). Figure S2. Proposed fragmentation pattern of nicotine
(A) and nicotine N-oxide (B). Figure S3. Proposed fragmentation pattern of nefopam (A) and nefopam
N-oxide (B).
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Abstract: Ursolic acid (UA) and its derivatives have garnered significant attention due to their
extensive pharmacological activity. UA is a pentacyclic triterpenoid found in a variety of plants,
such as apples, rosemary, thyme, etc., and it possesses a range of pharmacological properties. Re-
searchers have synthesized various derivatives of UA through structural modifications to enhance its
potential pharmacological properties. Various in vitro and in vivo studies have indicated that UA
and its derivatives possess diverse biological activities, such as anticancer, antifungal, antidiabetic,
antioxidant, antibacterial, anti-inflammatory and antiviral properties. This review article provides a
review of the biological activities of UA and its derivatives to show their valuable therapeutic proper-
ties useful in the treatment of different diseases, mainly focusing on the relevant structure-activity
relationships (SARs), the underlying molecular targets/pathways, and modes of action.

Keywords: ursolic acid; natural product; triterpenoids; pharmacological activities; derivatives

1. Introduction

Natural products are chemical compounds extracted or isolated from living organisms.
The molecular structural diversity of natural products and their unique pharmacological
activities have attracted the attention of medicinal chemists. Natural products and their
bioactive molecules act as valuable resources for drug discovery in medicinal chemistry [1].
In recent decades, drugs derived from or inspired by natural products have significantly
contributed to disease treatment [2]. Between 1981 and 2019, 1881 drugs were approved,
with 71 (3.8%) being natural products and 356 (18.9%) resulting from semisynthetic mod-
ification of natural products [3]. The discovery of artemisinin stands out as a significant
achievement in the development of natural products [4].

Triterpenoids, the largest group of natural bioactive molecules, have been widely
explored due to their pharmacological properties [5-7]. The IUPAC name of UA (1) is
3-(B-hydroxy-urs-12-en-28-oic acid) and its chemical structure is shown in Figure 1. Itis a
pentacyclic triterpenoid of the ursane type, derived from various plant species. Historically,
UA was first identified in the extract of apple epicuticular waxes during the 1920s [8,9].
Since then, numerous reports have detailed the isolation of UA from different plant species
and the evaluation of its biological activities. Additionally, several studies have introduced
new methods for developing novel formulations of UA and modifying its chemical struc-
ture to enhance its therapeutic effects in both in vivo and in vitro studies by improving
its poor water solubility and bioavailability. In terms of biological activities, UA, with
a basic chemical structure containing five 6-membered rings (A, B, C, D and E), has a
remarkable variety of biological properties such as anticancer [10,11], antiviral [12-14],
anti-inflammatory [15-18], anti-oxidant [19,20], antifungal [21-25], antibacterial [26,27],
antidiabetic effects [28-32], etc. (as depicted in Figure 1).

In this review, we present an update on the structural modifications and therapeutic
effects of UA and its derivatives on various infectious and non-infectious diseases. Addi-
tionally, we summarize the proposed mechanisms of action and molecular targets of UA
and its derivatives.
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Figure 1. The chemical structure of UA with highlighted major active sites and its biological properties.

2. UA Derivatization

The chemical structure of UA features three primary active sites for structural modi-
fication as highlighted in Figure 1. These sites include the carboxylic group at C-28, the
B-hydroxy group at C-3, and an alkene between C-12 and C-13. These sites have been
extensively explored for their potential pharmacological activities, with anticancer deriva-
tives being among the most studied [33]. Modification of the C-28 carboxylic acid or C-3
hydroxyl group not only significantly enhances its biological activity but also decreases its
toxicity [34,35]. In addition to the important role played by the C-28 amide and C-3 ester
groups in inhibiting NF-kB, Jiang et al. reported the antitumor efficacy of long-chain di-
amine derivatives of UA through potential NF-«B inhibition. Derivatives with longer chain
diamine side chains (n = 6) had better activity than those with shorter chains (n = 4 and 5).
The presence of an O-acetyl substitution at C-28 proved to give more activity than the
presence of a hydroxyl group at the same position [36]. Modifications have been employed
in trying to change the oxidation state and /or the lipophilicity at C-3 [33]. Some studies
have revealed that the configuration at C-3 plays a vital role in the antiproliferative activity
of UA, and, at the same time, a free hydroxyl group at the same position decreases its
anticancer efficacy [37]. Modifications such as the retention of the carbonyl at C-28 and the
incorporation of several substituted aromatic rings at C-3 improved the anticancer activity
of UA [38]. The introduction of a tetrazole moiety at the C-28 position of UA increases
HIF-1« inhibitory activity while a bulky group at the C-3 position decreases the activity [39].
Wang et al. reported that compounds containing ester groups showed stronger antitumor
activity towards MCF-7, HeLa and HepG2 cells than compounds with acylhydrazine,
amide and carbonyl moieties. Though the introduction of N,N-dialkylamide decreased
cytotoxicity activity, the compounds containing dimethylamino groups on the amide side
chain displayed the strongest antitumor activity of all the derivatives indicating the role
played by the groups on the amino side chain in enhancing cytotoxicity [40].

In summary, UA derivatization typically involves modifying specific functional groups
on the UA structure. Common UA modifications include:
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Esterification: introducing ester groups can improve lipophilicity and membrane perme-
ability [41,42].

Amidation: converting carboxyl groups to amides can enhance stability and
bioactivity [43—45].

Glycosylation: adding sugar moieties can improve solubility and bioavailability [46].
Oxidation/Reduction: modifying hydroxyl or carbonyl groups to influence activity and
selectivity [47].

Acylation: adding acyl groups to enhance lipophilicity and cellular uptake [37].

3. Pharmacokinetic Studies

Although UA is recognized for its ability to inhibit the proliferation of various cancer
cell lines, its pharmacokinetics are constrained by its low aqueous solubility. The effec-
tiveness of cancer treatment relies on the drug’s ability to reach the tumor at therapeutic
concentrations [48]. Preclinical trials have shown that UA is poorly absorbed through the
intestines and rapidly eliminated by liver metabolism when orally administered. Intra-
venous administration of UA resulted in its diffusion throughout the body with non-specific
distribution [49]. Since the oral route is considered better than the intravenous, efforts have
been made to enhance the bioavailability of phytochemical antitumor agents following
oral administration. The slow release of UA from UA-loaded nanoparticles resulted in
lower cytotoxicity than the free UA [48]. Frolova et al. employed fluorescently labelled UA
to track the penetration and distribution dynamics of UA in vitro. The confocal images
after 12 h of incubation inferred the location of UA on the inner membranes (endosomes,
Golgi apparatus and endoplasmic reticulum). After 18h, the labelled UA was bound to
the mitochondrial receptors while the signal could be identified within the nucleus after
24 h [35].

Khan et al. determined that UA nano lipid vesicles (UALVs) and UA-loaded lipid vesi-
cle gel (UALVG) exhibited distinct pharmacokinetic profiles following intranasal adminis-
tration. UALVs showed a peak plasma concentration (Cpax) at 30 min (142.9 + 5.49 ng/mL)
with a Timax of 30 min, whereas in the brain, the Tmax was 2 h (Cax 325.2 £ 20.86 ng/g).
On the other hand, UALVG had a Tax 0of 2 h (Cnax 184.73 ng/g) in plasma and 6 h (Cpmax
398.9 ng/g) in brain tissue. Penetration enhancement effects of the lipids and vesicular size
meant that the Tax and Cpnax values would differ between the UALV and UALVG. The
nanoformulation was non-toxic both to the nasal mucosa and the brain [50].

4. Biological Activities

UA is known for its diverse biological effects, such as its ability to combat cancer,
diabetes, viruses, etc. (see Figure 1). Reviewing various reported studies, the sections
below briefly introduce the pharmacological activities of UA and its derivatives.

4.1. Anti-Inflammatory Activity

Inflammation is the body’s natural response to a variety of stimuli, including pathogens,
chemicals, and autoimmune triggers. It is essential for tissue repair and defense against
these stimuli and is marked by symptoms like redness, pain and swelling [51]. Inflam-
mation is an intricate process linked to the development of several diseases, such as
cardiovascular conditions, cancer, neurodegenerative disorders, etc. [52].

UA'’s mechanism of action involves an increase in proteins crucial for the termi-
nal differentiation of keratinocytes, such as filaggrin, loricrin, and involucrin [53]. UA
boosts intercellular lipids, especially ceramide, aiding in the restoration of the epidermal
barrier [53,54]. Additionally, UA can reduce intracellular reactive oxygen species (ROS)
production and mitigate the oxidative effects of UVB radiation by preventing lipid peroxi-
dation [55,56]. The anti-inflammatory properties of UA are attributed to the suppression of
NF- and the genes it regulates, including pro-inflammatory cytokines, Cyclooxygenase-2
(COX-2), and lipoxygenase [57].
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Pentacyclic triterpenes are a highly potent class of natural products due to their diverse
biological properties and structural variety [43]. UA, a plant-derived medicinal compound,
targets different extracellular and intracellular mechanisms related to inflammation, angio-
genesis, metastasis, and apoptosis. Moreover, UA synthetic derivatives have demonstrated
good potential in disease prevention [52]. The anti-inflammatory activities of UA and its
derivatives are attributed to their ability to inhibit histamine release from mast cells and
suppress the activities of cyclooxygenase and lipoxygenase enzymes [53]. Additionally,
they inhibit inducible nitric oxide synthase (iNOS) and elastase, reduce the inflammatory
cytokine-induced expression of E-selectin on endothelial cells by preventing NF-kappa B
(NF-kB) activation, and decrease the production of intracellular reactive oxygen species [58].
However, despite these benefits, UA faces some technological challenges, including low
water solubility (~5.6 ug/mL), poor absorption, and low bioavailability, which limit its
clinical potential [59].

Wei et al. [43] developed UA derivatives incorporating piperazine, triazolone, and
oxadiazole groups to develop effective anti-inflammatory agents. Many of these molecules
demonstrated significant anti-inflammatory effects at a dosage of 100 mg/kg. Notably,
compound 2 (Figure 2) demonstrated a potent inhibitory effect on ear inflammation among
all the synthesized molecules, with an inhibition of 69.76%, surpassing that of ibuprofen
(25.17%) and indomethacin (26.83%) at a dosage of 100 mg/kg (i.p.), making it 2- and 3-fold
more potent than these standard drugs used as control. The cytotoxicity of the derivatives
was evaluated using the MTT assay, and none exhibited significant cytotoxic activity, unlike
UA. Additionally, molecular docking results revealed that the UA derivatives showed
a high affinity for the COX-2 active site, suggesting their anti-inflammatory effects are
likely due to COX-2 inhibition. These findings suggest that compound 2 is a promising
anti-inflammatory therapeutic.

O
O
N Ny
n=2
& The Libdock scores of docking (compounds 2 and UA) with COX-2
Compound Inhibition rate (%)  LibDock score(kcal/mol)
2 69.76 151.72
UA 57.67 126.69

Figure 2. UA derivative 2 and its anti-inflammatory outcomes compared to UA.

Zhang et al. [60] designed and synthesized three compounds by attaching 1,2,3-triazole
groups to UA to explore new anti-inflammatory agents. These compounds were evaluated
for anti-inflammatory effects employing an ear edema model. The most potent compound
was subjected to in vitro assays for COX-2/ COX-1 inhibition. Overall, the derivatives
demonstrated significant anti-inflammatory activity. Notably, compound 3 (Figure 3)
showed the highest activity, with an 82.81% inhibition rate following intraperitoneal ad-
ministration, surpassing celecoxib used as a positive control. Molecular docking revealed
the interaction mechanism between the COX-2 enzyme and compound 3. Further studies
indicated that compound 3 had strong COX-2 inhibitory activity, with an ICsy value of
1.16 uM and a selectivity index (SI) of 64.66, comparable to celecoxib with an ICs value of
0.93 uM and SI of 65.47. These findings show that this chemotype holds promise for devel-
oping new anti-inflammatory agents targeting COX-2. It was observed that the position
and the physical and chemical properties of different substituents on the phenyl ring had
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little effect on the anti-inflammatory activities of these compounds. This suggests that the
electronic effect of the group attached to the benzene ring was insignificant.

3\/0
3

Had minimal impact

Significantly enhances the
anti-inflammatory activity

Compound  IC5,(uM) Inhibition rate(%)
3 1.38 + 0.65 82.81
UA 4.80+0.58 55.34

Celecoxib 2.80 +0.65 65.00

Figure 3. UA derivative 3 and its anti-inflammatory outcomes compared to UA and reference drug.

The same authors [61] synthesized and screened two series of novel UA-based 1,2,4-
triazolo [1,5-a]pyrimidine derivatives for their anti-inflammatory properties. They eval-
uated the compounds by examining how these compounds inhibit the inflammatory
response induced by LPS in RAW 264.7 macrophages in vitro. The researchers examined
how varying concentrations of the compounds affected the release of nitric oxide (NO) and
inflammatory cytokines (i.e., TNF-a and IL-6). They also assessed the compounds’ in vitro
toxicity. The findings showed that compound 4 (Figure 4) could significantly decrease the
production of the inflammatory factors. A docking analysis was performed to explore how
compound 4, UA, and Celecoxib interact with the active site of the COX-2 receptor. The
enzyme study conducted in vitro indicated that compound 4 achieves its anti-inflammatory
effects by inhibiting COX-2. This research illustrated that incorporating a 1,2,4-triazolo[1,5-
a]pyrimidine group into UA unexpectedly increased the anti-inflammatory potency of
its derivatives. Previous research [20] showed a significant enhancement in the anti-
inflammatory effect of UA by not modifying the carboxylic acid group (C-28). This study
similarly found that certain compounds demonstrated more potent inhibition of IL-6
compared to compounds with an ethyl group added at the C-28 position.

Increased the
anti-inflammatory potency

Figure 4. UA derivative 4 with the incorporated 1,2,4-triazolo[1,5-a]pyrimidine moiety and its
corresponding effects.
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Wu and colleagues [62] designed, synthesized, and evaluated three sets of UA derivatives
that incorporated an aminoguanidine moiety for their antibacterial and anti-inflammatory
properties. The anti-inflammatory tests revealed that a majority of the compounds demon-
strated strong activity. Notably, compound 5 (Figure 5) showed the highest potency,
achieving 81.61% inhibition following intraperitoneal administration. This was more effec-
tive than UA and the standard reference drugs ibuprofen and indomethacin. SAR analysis
demonstrated that the aminoguanidine group was crucial for anti-inflammatory properties.
These findings suggested that keeping the carboxylic group (C-28) was advantageous for
maintaining this activity.

The aminoguanidine moiety is
crucial for anti-inflammatory
properties.

Compound  IC;5(uM) Inhibition rate(%)
OH _5 1.14+0.3 81.61

UA 276 +041  55.35

Indometacin 3.56 +0.89  42.42

Ibuprfen 335055  45.86

Figure 5. UA derivative 5 and their anti-inflammatory outcomes compared to UA and reference drugs.

Qi et al. [63] conducted a study in which they synthesized 16 new hybrids of UA.
These hybrids were linked through 1,2,3-triazole to modified gallate moieties, employ-
ing CuAAC 1,3-cycloaddition reactions. In the in vitro tests, it was shown that all these
derivatives were successful in reducing oxidative stress and inflammation. Significantly,
compound 6 (Figure 6) effectively reduced the expression of pro-inflammatory cytokines
in lipopolysaccharide (LPS)-induced RAW264.7 cells in a dose-dependent manner, no-
tably suppressing mRNA levels of iNOS (p < 0.05) and COX-2 (p < 0.01). Compound 6’s
ability to inhibit pro-inflammatory cytokines was associated with its suppression of the
LPS-induced PI3K/ Akt signalling pathway. Additionally, in vivo studies using zebrafish
demonstrated that compound 6 effectively reduced inflammation in the gastrointestinal
tract and exhibited favourable safety profiles in cytotoxicity assessments. According to
their analysis of SARS, they noted that the potent anti-inflammatory effects of these new
compounds could be explained by several factors: (1) the incorporation of triazole and
gallate groups as polar components along with a nonpolar triterpene structure create hy-
brid compounds, possessing amphiphilic properties. This improves the solubility and
availability of the hybrid derivatives; (2) the strong anti-inflammatory potency of hybrid
triterpene derivatives containing a triazole linker is linked to the existence of two adja-
cent polar substituents in the aromatic position, consistent with the research findings of
Zhang et al. [62]; (3) incorporating a gallate component into the hybrid compound led to
remarkable antioxidant properties, potentially accountable for the inhibition of ROS; and
(4) the incorporation of shielded gallates featuring a methoxy-methylenedioxy component
enhanced the antioxidant and anti-inflammatory activities. Compounds containing this
methoxymethylenedioxy segment could be seen as a latent form, combining polyphenol
and aldehyde attributes. Reports suggest that integrating 1,3-benzodioxole components
can enhance a compound’s antioxidant, hypolipidemic effect, and anti-inflammatory (i.e.,
COX-2 inhibition) [64,65] properties. Hence, hybrids featuring 1,3-dioxo-lane protection
may outperform derivatives with unbound phenolic OH groups in terms of antioxidant
activity. The amide or ester linkage between the C-28 position of UA and the linker,
along with the ether connection between the linker and the gallate element, exhibits re-
sistance to hydrolysis, ensuring the stability of hybrid derivatives. This study offered
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a new reference for developing molecules for health issues related to antioxidation and
anti-inflammation properties.

OH

The presence of both molecules are
important factors for strong
antioxidant and anti-inflammatory
activity

Figure 6. UA derivative 6 and the corresponding effect of the incorporated moieties.

Li et al. [66] synthesized derivatives of UA and assessed their ability to inhibit HIF-1«
and their anti-inflammatory properties. Compound 7 (Figure 7) demonstrated stronger
inhibition of HIF-1x compared to the standard UA. In vivo tests showed that compound 7
reduced inflammation similarly to celecoxib at the same dose. Additionally, compound
7 moderately inhibited COX-2, akin to celecoxib. Overall, among the newly developed
derivatives, compound 7 shows potential as a starting point for further optimization in the
search for new HIF-1« inhibitors and anti-inflammatory drugs.

OZNV¢N
O~ N\/)
Compound 1C5o(uM) Inhibition rate(%)
7 0.80 + 0.01 68.13
UA 4.80 +0.58 55.34
Celecoxib 2.80 +0.65 65.00

Figure 7. UA derivative 7 and its anti-inflammatory outcomes compared to UA and Celecoxib.

Overall, the reported UA derivatives exhibit notable anti-inflammatory activity by
inhibiting key inflammatory mediators and pathways. These derivatives can suppress the
production of pro-inflammatory cytokines and downregulate the expression of COX-2 and
inducible iNOS. Additionally, some UA derivatives may enhance the activity of antioxidant
enzymes, reducing oxidative stress associated with inflammation. The combined effects of
these mechanisms highlight their potential application for treating inflammatory diseases or
conditions, making them valuable candidates for further research and development in anti-
inflammatory therapies. Below (Table 1) is a summary of the anti-inflammatory activities
of UA derivatives including the method of modification, the tested Models/Assays used,
and the observed effects.
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Table 1. The anti-inflammatory activity of various UA derivatives (2-7), including the method of
modification, the tested cancer cell lines, and the observed effects.

Compounds Modification Method Tested Models/Assays Observed Effects Ref.
Incorporated piperazine, triazolone, and Decreased ear swelling,

2 oxadiazole groups at the C-3 position Ear edema model reduced COX-2 expression [43]
3 attached 1,2,3-triazole groups at the Para-xylene-induced Reduced inflammation, [61]
C-28 position mice ear-swelling reduced COX-2 expression

Incorporated a swlene-induced ear Decreased the production of
4 1,2,4-triazolo[1,5-a]pyrimidine group at ye dema model the inflammatory factors, [61]
C-28 position. inhibited COX-2
5 Incorporated an aminoguanidine moiety xylene;ir;cIlrtll;:ed ear Reduced inflammation [62]
Inhibited pro-inflammatory
Linked UA with modified gallate i}gg}:::fs b}cll Sljlllgil}?fli?g e
6 moieties through 1,2,3-triazole RAW 264.7 si nallinuce athwa [63]
employing CuAAC 1,3-cycloaddition macrophages & &P Y
reactions suppressed mRNA levels of
iNOS (p < 0.05) and COX-2)
(p <0.01).
introduced a 1,2,3-triazoles moiety,
” 1,2,4-triazoles moiety or a xylene-induced ear Inhibited HIF-1x, and [66]
nitroimidazoles ring to the C-28 of UA edema COX-2.

nucleus

4.2. Anticancer Activity

Currently, cancer poses a significant threat to human health in developing countries.
Therefore, there is an urgent demand for new strategies and approaches to develop effective
anticancer agents for cancer treatment. Currently, various studies in cancer research are
focused on UA because of its efficacy throughout different stages of cancer progression
and its minimal toxicity. Even though the exact mechanisms behind its effects are not well
understood, many studies have demonstrated that UA can produce significant anticancer
properties by regulating related factors such as apoptosis, proliferation, metastasis, and
angiogenesis [67-69]. Indeed, UA has strong antitumor activities and its interesting molec-
ular structure with three major active pharmacophores, such as 3-hydroxy (C-3), carboxylic
moiety (C-28), and alkene (C-12—-C-13), makes it a distinctive compound for appropriate
structural modifications to develop more innovative anticancer agents [37,59].

Structural modification of a molecule affects its receptor binding and biological activity
and alters its pharmacokinetic profile and physiochemical properties [70]. To determine the
significant pharmacophores of a molecular drug, a thorough understanding of its synthetic
and natural analogues is required. UA has significant anticancer properties on different
cancer cells without impacting healthy cells. Although the precise molecular mechanisms
of UA are still unclear, scientists have demonstrated that UA exerts its anticancer effects
through various pathways, including the induction of autophagy and apoptosis [35],
inhibition of angiogenesis and metastasis [71], inhibition of cell invasion, arresting the cell
cycle [72], and reversing drug resistance of chemotherapy [73,74].

UA appears to induce apoptosis of many cancer cell lines through various mechanisms.
Apoptosis, also referred to as programmed cell death I, is a conserved intrinsic cellular
mechanism playing a significant role in pathological and physiological conditions [75,76].
Cell death occurs through two distinct mechanisms: the intrinsic pathway (i.e., mitochon-
drial pathway) and the extrinsic pathway (i.e., receptor pathway) [77]. Chuang et al. treated
hepatocellular carcinoma cells (SK-Hep-1) with different concentrations of UA (0, 10, 20, 30,
40, 50, and 60 uM) for 24, 48, or 72 h. The results showed a reduction in cell viability in
a time- and dose-dependent manner, along with nuclear chromatin shrinkage, indicating
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that UA may induce apoptosis by inhibiting the p3SMAPK- and PI3K/AKT-signaling
pathways [78].

In another study by Luo et al., UA was found to trigger apoptosis in hepatoma cells
(HepG2) by activating AMP-activated protein kinase (AMPK) and promoting glycogen
synthase kinase 33 (GSK 3$3) phosphorylation [79]. In gallbladder carcinoma cells (SGC-996
and GBC-SD), UA inhibits cell proliferation and induces S-phase cell cycle arrest and apop-
tosis by modulating the expression of relevant molecules. Moreover, UA administration
via intraperitoneal injection reduced xenograft gallbladder tumor growth in nude mice by
activating caspase-3 and caspase-9 [80].

Fan et al. synthesized twelve novel UA-based hybrid compounds and evaluated them
against glioma cell lines. Among the synthesized compounds, compound 8 (Figure 8)
exhibited stronger inhibition of U251 cell proliferation compared to UA. Compound 8
suppressed the growth of glioma cells, triggered apoptosis, and halted cell cycle progression
by down-regulating metabolic pathways [81]. Mendes et al. [82] prepared a collection of
novel ring-A cleaved UA derivatives and evaluated their impact on inhibiting proliferation
in non-small cell lung cancer (NSCLC) cells using both 3D and 2D culture models. The
most effective compound was found to be compound 9 (Figure 8) with a secondary amine
at position C-3 of a cleaved ring-A. Among the amide derivatives, those with secondary
amides and bulkier side chains exhibited a significant reduction in cytotoxic activity. In
contrast, secondary amides with smaller alkyl side chains resulted in the most potent
compounds, with compound 9 demonstrating five times greater potency than the parent
compound UA across all tested cell lines. The molecular mechanism investigation of this
compound indicated the promotion of apoptosis via the activation of caspase-7/-8, along
with the suppression of Bcl-2. Compound 9 also induced autophagy with elevated levels of
Beclin-1 or LC3A/B-II and reduced levels of mTOR and p62.

The presence of a secondary
amide with a small alkyl side
chain led to the most active

compounds

IC50 (UM)
Compound H460 H322 H460
UA 14.8 0.6 153+28 21.1+1.6
9 2.6+09 3.3+09 44+0.6

Figure 8. UA derivatives (8, 9) and their anticancer outcomes compared to UA.

Derivative 10 (Figure 9) showed higher cytotoxicity than the parent UA in MCF-7 and
TET21N cell lines with ICsj values of 1.59 £ 0.11 and 0.81 £ 0.08 uM, respectively. It was
also significantly more effective in inducing mitochondria-dependent apoptosis, evidenced
by the release of cytochrome ¢, activation of caspase-3, and poly(ADP-ribose)polymerase
cleavage, a known caspase-3 target [83].
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Esterification at C-28 enhances
the anticancer activity

)
{
g

K/ NH
Compound IC50 (UM)
UA >20(MCF-7) >10(TET21N)
10 1.59 + 0.911(MCE-7) 0.81 + 0.8(TET21IN)
UA 26.51 + 1.1(MGC-803) 31.39 + 0.85(Bcap-37)
11 4.99 + 0.40(MGC-803) 8.56 + 0.44 (Bcap-37)
UA 28.9 + 1.3(H460) 26.8 + 2.3(A549)
12 3.9 + 0.2(H460) 3.4 + 0.5(A549)

Figure 9. UA derivatives (10-12) and their anticancer outcomes compared to UA.

Liu et al. assessed the in vitro anticancer effects of compound 11 (Figure 9) on human
breast cancer cells (Bcap-37) and gastric cancer cells (MGC-803) using an MTT assay.
Compound 11 demonstrated a more potent inhibitory effect than UA. The mechanism of
compound 11 was studied by Hoechst 33258 staining, acridine orange/ethidium bromide
staining, terminal deoxynucleotidyl transferase biotin-dUTP nick-end labelling assay, and
flow cytometry, which indicated that compound 11 can initiate apoptosis in MGC-803 cells,
achieving an apoptosis rate of 34.59% after 36 h of treatment with 10 uM concentration [84].
The results indicate that: (1) Substituting the C28-COOH group of UA with a fatty alkyl
group significantly reduced its effectiveness. (2) A notable improvement in cell growth
inhibition was observed when an amino group was introduced at the C28 position. (3)
Esterification of the C3-OH and C28-COOH groups with succinic anhydride and benzyl
bromide, respectively, significantly enhanced the biological activity. However, introducing
aromatic amines at the C-3 position resulted in a loss of activity, highlighting the importance
of maintaining a polar group at the C-3 position for cytotoxic activity.

In a recent study conducted by Gou et al., a novel UA derivative compound 12
(Figure 9) exhibited a potent anticancer effect against lung cancer cells (A549 and H460
cells) than parent UA. It also revealed a stronger antiproliferation effect by inducing cell
apoptosis and G0/G1 phase arrest, which is linked to the ER stress pathway, particularly
the activation of the PERK/elF2a/CHOP axis [85].

Meng et al. designed and synthesized eighteen UA derivatives and evaluated their
cytotoxicity in vitro against two cancer cell lines, namely BEL7402 and SGC7901, by MTT
assay. Four compounds (i.e., 13, 14, 15 and 16 (Figure 10)) showed a significantly higher
inhibitory rate than the parent UA on both cell lines, and the interactions between the four
compounds and NF-«kB were also studied by docking simulations [86].
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The length of the alkyl side chain at
the C-28 position has a great effect
on its activity

1C5 (M)
Compound BEL-7402 SGC-7901
UA >50 >50
13: R, -NO, R, - Ci,cH(CHy, | B 7.08 1562
14: R, = NO, ! R, = CH,(CH,),CHj, ! 14 8.57 6.30
15:R,=Cl, |R,=CH,CH(CH,), ' 15 5.63 8.73
Ry 16:R;=Cl, 'R,=CHy(CHp),CH; : 16 449 7.01

___________________

Figure 10. UA derivatives (13-16) and their anticancer outcomes compared to UA.

Wu et al. reported that UA derivative 17 (Figure 11) bearing an aminoguanidine moiety
possesses the ability to inhibit HIF-1« transcriptional activity in low-oxygen conditions with
an ICsq value of 4.0 pM. Compound 17 decreased HIF-1« protein expression by inhibiting
its synthesis, lowered vascular endothelial growth factor production, and impeded cancer
cell proliferation [38]. Compound 18 (Figure 11) synthesized by Jin et al. exhibited the
most potent activity against three cancer cells (SMMC-7721, HeLa, and MDA-MB-231) and
induced the apoptosis of cervical cancer cells (HeLa cells), halted cell cycle progression at
the GO/G1 phase, decreased mitochondrial membrane potential, and elevated intracellular
reactive oxygen species levels. Moreover, it suppressed MEK1 kinase activity and disrupted
the Ras/Raf/MEK/ERK-signaling pathways [87].

1C50(uM) 1C50(1M)
Compound HRE  Compound MDA-MB-231 Hela SMMC-7721 QSG7701
UA >100 UA >50 >50 >50
17 10 18 0.12+0.01 0.08+0.01 0.34+0.031 0.76+0.72

Figure 11. UA derivatives (17, 18) and their anticancer outcomes compared to UA.

Gu et al. synthesized compounds 20-23 (Figure 12), which exhibited significant
antitumor activities against three different human cancer cell lines (HeLa, SMMC-7721,
MDA-MB-231), demonstrating greater potency than the positive control, etoposide. Com-
pounds 20-23 were synthesized by dissolving UA in acetone and oxidizing it with Jones
reagent, resulting in a 75% yield of 3-oxo-ursolic acid (19). Compound 19 was then treated
with the respective o-amino benzaldehyde under a nitrogen atmosphere to produce com-
pounds 20-23, with yields ranging from 62% to 68%. Compound 21 induced apoptosis
in MDA-MB-231 cell lines in a dose-dependent manner. Additionally, cell cycle analysis
showed that compound 21 promoted G0/G1 phase arrest in MDA-MB-231 cell lines [88].
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20: R=H,
21: R=0CH;
22: R=Cl
23: R=F
1G5 (WM)

B Compound SMMC-7721 HeLa MDA-MB-231
UA >40 >40 >40
Etoposide 21.03 +0.17 7.21+0.79 16.27 + 0.45
20 13.40 + 0.08 0.37 + 0.04 0.75+0.05
21 12.49 + 0.08 0.36 + 0.05 0.61 +0.07
22 14.62 +0.05 1.22 +0.08 1.36+0.03
23 13.34+0.13 1.87 +0.03 0.90 +0.10

Figure 12. UA derivatives (20-23) and their anticancer outcomes compared to UA /model drug.

Meng et al. synthesized eleven novel derivatives by altering positions C-2, C-3, and C-
28 of UA. These derivatives were evaluated for their cytotoxicity against human cancer cells
(BGC-823, HeLa and HepG2) via MTT assay. The results revealed that all the synthesized
compounds had strong antiproliferative activity against HepG2, BGC-823, and HeLa cells,
and the compounds that indicated the most potent activity higher than gefitinib (positive
control) were derivatives 24 and 25 (Figure 13). Converting UA into an amide group at
the C-28 position enhanced the antitumor activity, as observed in compounds 24 and 25.
Additionally, alkyl side chains at the C-3 position, like alkanoyloxy imino chains, play a
crucial role in inhibiting tumor cell growth [89].

Amide group at C-28 position and alkyl
side chains at C-3 such as alkanoyloxy
imino chain increased the antitumor
activity

IC50 (UM)
Compound HeLa HepG2 BGC-823
O UA >50 >50 >50
/MON/ Gefitinib 17.1 20.7 19.3
25 R = CH,OH _24 9.25 21.2 8.06
25 13.8 23.7 9.15

Figure 13. UA derivatives (24, 25) and their anticancer outcomes compared to UA or a model drug.

Wang et al. [40] synthesized indolequinone derivatives of UA 26-28 (Figure 14) which
inhibited cell migration, triggered apoptosis, and induced their cell cycle arrest of MCE-7
cells at the S phase in a concentration-dependent manner. When tested against MCF-7,
HeLa, and HepG2 cells, compound 28 exhibited the best activity with ICsy values of 1.66,
3.16, and 10.35 uM, respectively with very low cytotoxicity against gastric mucosal cell lines
(Ges-1, IC5p = 20.74 uM). Treating the cells with different concentrations of compound 28
raised ROS levels from 3.99% (control) to 43.23% (4 uM), suggesting that apoptosis induced
by 28 was attributed to the production of ROS. The fact that 28 decreased the expression lev-
els of p-AKT and p-mTOR indicated its ability to inhibit the P13K/AKT/mTOR-signaling
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pathway, an intracellular pathway important in cell cycle regulation and directly related
to cell proliferation and cancer. The SAR analysis demonstrated that compounds with
dimethylamino groups on the amide side chain displayed much stronger cytotoxic activities
than all of the other derivatives, indicating that such moieties on the amide side chain were
beneficial to their cytotoxic activity.

Dimethylamino groups are
advantageous for enhancing

cytotoxic activity. \

‘s,
2

Compound IC5, (UM)

MCE-7 HeLa HepG2 Ges-1
26 252+007 347+016 21.27+201 21.63+0.27
27 223+0.19  338+0.60 1490+1.79 20.89+0.45
28 1.66 +0.21 316+0.24 10.35+1.63 20.74+0.61
Etoposide 514+032  574+042 873+1.21 20.71+0.49

Figure 14. UA derivatives (26-28) and their anticancer outcomes compared to UA /reference drug.

Zhang et al. developed a series of new UA containing tetrazole derivatives and
assessed their inhibitory activity on the hypoxia-inducible factor 1« (HIF-1ct), migration,
angiogenesis, and proliferation. The most potent compounds were 29 (ICs5p = 0.8 uM), 30
(IC50 = 1.4 uM), 31 (IC50 = 1.6 uM), 32 (IC5p = 2.2 uM), and 33 (ICsg = 4.7 uM) (Figure 15).
Of the compounds tested, compound 33 showed the most promising HIF-1« inhibitory
activity and did not show any significant cytotoxicity at a concentration of 30 uM against a
Hep3B cell line. Analysis of the SARs of the compounds showed an increase in the HIF-1«
inhibitory effect upon introducing a tetrazole moiety at C-28 of UA while bulky groups at
C-3 proved to decrease the HIF-1o inhibitory activity [39].

Critical for increasing the HIF-1ax
inhibitory activity

Compound 1G5 (uM)

HRE Cytotoxicity
29 0.8+0.2 18.5+0.2
30 14+02 47+02
31 1.6+0.2 6.4+0.2
32 22+0.1 11.9+0.2
33 47+02 >100

Figure 15. UA derivatives (29-33) and their anticancer outcomes.
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Popov et al. synthesized novel UA derivatives with a combination of two different
azole types (1,3,4-oxadiazole and 1,2,3-triazole or 1,2,5-oxadiazole and 1,2,3-triazole) at
different positions of UA. These hybrid compounds were evaluated for their cytotoxicity
against immortalized human fibroblasts, A549, U-87 MG, HepG2, and MCEF-7 cell lines.
Compounds 34 and 35 (Figure 16) showed cytotoxicity comparable to that of UA on MCF-7
cells. Compound 35 had a 3-O-acetyl group which is known to have the potential of
enhancing cytotoxicity [90]. Though 35 was less active than UA against the three cell lines,
it exhibited excellent cytotoxicity against MCF-7 cells with IC5y = 1.55 uM, even better
than doxorubicin (ICsy = 4.51 uM). Linking heterocyclic fragments of 1,2,3-triazole and
3-(methyl)-4-methyl-1,2,5-oxadiazole-2-oxide to the C-28 position of UA creates a favorable
condition for the cytotoxic activity of these hybrid derivatives [91].

Creates conditions that enhance
the cytotoxic activity

“,
2

Compound (@
Immortalized human MCE-7 U-87 MG A549 HepG2
fibroblasts
Doxorubicin  3.33 +0.67 451+1.12 205+022 617+1.17 10.02+1.67
UA 90.89 +5.5 25.05+3.17 43.82+3.88 41.02+3.77 37.28+5.02
34 25.85 +3.04 22.9+10.02 29.71+6.52  >100 12.89 +2.63
35 104112 1.55+0.08 >100 >100 >100

Figure 16. UA derivatives (34, 35) and their anticancer outcomes compared to UA or a model drug.

Zhang et al. synthesized a series of NO-donating UA-benzylidine derivatives and
evaluated their in vitro antitumor activity against four human cancer cell lines (HepG-2,
MCEF-7, HT-29, and A549). The different constituents of the benzylidene at C-2 resulted in
different inhibitory activity. Compound 36 (Figure 17) was found to be the most promising
candidate with ICsg values of 65.8, 4.28, and 78.39 uM on HepG2, HT-29, and A549 cells,
respectively. The cytotoxicity of 36 against these different cancer cell lines was attributed to
replacing the 4-H atom at benzylidene with chlorine, introducing nitrooxyethyl at C-28,
and the oxidation of C-3. Compound 36 induced apoptosis via arrest of the cycle at the G1
phase and mitochondria-mediated pathway. The very low ICsq (4.28 uM) of compound 36
against HT-29 showed its potential application for the treatment of colon cancer [92].

The replacement of 4-H atom at benzylidene by
chlorine atom along with oxidation of C-3 and
introduction of nitrooxyethyl at C-28 significantly
enhanced the cytotoxicity

1C50 (UM)
Compound  HepG2 MCEF-7 HT-29 A549
36 65.8+6.3 >100 428+35 7839+5.6
UA 4435+4.9 >100 41.86+1.3 48.13+2.2
DDP 2221+21 2297+34 1223+1.2 21.48+3.7

Figure 17. UA derivative 36 and its anticancer outcomes compared to UA or model drug.
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Compound 37 (Figure 18), one of the most active compounds synthesized by Wang
and colleagues, lowered the ratio of the apoptosis regulators BCL2/BAX, resulting in
disrupted mitochondrial potential and triggering apoptosis. Additionally, this compound
effectively suppressed the growth of Hela xenografts in nude mice. Furthermore, a SAR
analysis showed that several factors significantly influenced the cytotoxicity. These factors
include the acetylation of the C-3 group, the type of nitrogen heterocycle, the length of
linkers between the C-28 (COOH) and nitrogen heterocycles, and various substituents on
the piperazine ring [93].

O~ R
Inhibition rates (%) IC5y (ULM)
Compound HeLa  MKN45 HeLa MKN45
/\©\F UA 13 18 15.1+2.7 167 +1.4
37 89 84 26+1.1 21+0.3
Cisplatin 77 62 15.1+0.9 28+0.1

Figure 18. UA derivative (37) and its anticancer outcomes compared to UA Cisplatin.

Spivak et al. evaluated the anticancer properties of their novel C-28 guanidine-
functionalized UA-based derivatives. Compounds 38 and 39 (Figure 19) exhibited better
anticancer activity than UA when tested against HeLa, Jurkat, Hek293, K562, and U937 cell
lines. Although compound 39 showed a weaker apoptotic effect, especially on the Jurkat
cell line, it showed comparable results in decreasing the number of vital Jurkat cells (6.8,
14.3, and 20.7% of early and late apoptotic cells and necrotic cells, respectively). Based
on the biological evaluation, compound 39 is assumed to trigger programmed cell death,
which includes apoptotic mechanisms and arresting of the cell cycle in the S-phase [94].

NH

38: R= ?{gJ\

TFA
NH,

NH

JJ\ HCl1

OH 39.r - %E NH,
OH
Compound IC5; (umol/L)
Jurkat K562 U937 HEK293  HelLa Fibroblasts
UA 23+0.34 68+0.11 17+0.12 96+022 88+0.35 324+0.16
38 6.8+032 40+029 21+041 13+0.19 11+0.27 47+0.15
39 3.8+023 11+0.18 53+0.29 14+034 12+0.29 51+0.26

Figure 19. UA derivatives (38, 39) and their anticancer outcomes compared to UA.

Li et al. developed a novel UA derivative, having a nitrogen heterocyclic scaffold,
which suppressed cell proliferation and triggered apoptosis in breast cancer cell lines.
ICsp values for suppression of SUM149PT and HCC1937 cell viability by compound 40
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(Figure 20) were 4-6 uM compared to 8-10 uM by UA on the same cell lines. Compound
40 arrested the Gy/Gy cell cycle, thereby inducing suppression of cancer cell viability.
Treatment of SUM149PT and HCC1937 cells with 5 uM of 40 and UA revealed that the
ability of 40 to induce apoptosis was higher than that of UA. The results showed that the
incorporation of piperazine and thiourea at the C-28 and C-3 positions of UA significantly
inhibits breast cancer cell viability [95].

40 R= }fN
NH

Figure 20. UA derivative 40 incorporated with nitrogen heterocyclic scaffolds.

Jiang et al. synthesized a series of UA derivatives having long-chain diamine gallic
acid moieties as potential NF-«B inhibitors. Compound 41 (Figure 21) had the best activity
against the four cell lines. The C-3 carbonyl moiety on compound 41 interacted with key
residues on NF-«B through hydrogen bonding, thereby inhibiting its activity. Compound
41 inhibited the binding of NF-«kB to DNA, suppressed NF-«B activation, inhibited A549
cell migration in vitro, and arrested A549 cell line at the G1 phase. The results showed the
potential of the UA derivatives in inhibiting the NF-«B pathway, thus being able to suppress
migration and reverse MDR in A549 lung cancer cells [36]. The SAR study reveals that
diamide linkers at the C-28 position play an important role in the biological activity of the
compound. Comparing the inhibitory concentrations of the pairs (with similar substitution
and variation in n) indicated that the longer diamide side chain (n = 6) showed relatively
enhanced activity than the shorter diamide side chain (n = 4 and 5).

The activity increases as the
diamide linker lengthens

N

Compound IC54 (UM)
T24 A549 HepG2 SKOV3 HL-7702
41 6.01+0.87 522+0.65  6.82+1.07 895+1.26 >50
UA 3788+1.12  4091+092 4237+0.87 4553+1.21 >50
HCPT 11.69£0.75  2.73+1.02 3.19+0.56 6.01+0.67 14.83+1.01

Figure 21. UA derivatives and their anticancer outcomes compared to UA or model drug.

Fontana et al. evaluated the involvement of NF-kB in the cytotoxicity of UA derivatives
towards the cell lines HepG2, Hep3B, and HA22T/VGH of hepatocellular carcinoma.
Methylation of the carboxylic acid moiety did not improve the activity of the compounds
while oxidation of C-3 resulted in the loss of activity. Compound 42 (Figure 22) showed
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inhibitory effects on NF-kB comparable to the ones of UA against the selected cell lines,
showing its potent cytotoxicity towards hepatocellular carcinoma [33].

Methylation of the carboxylic acid
moiety did not improve the activity

Compound ICs5y (uM)
HA22T/VGH HepG2 Hep3B

UA 23.1+87 40.8+11.9 52.0+1.0

42 38.0 +4.0 45.0+5.0 38.0+2.0

Figure 22. UA derivative 42 and their anticancer outcomes compared to UA.

UA derivatives have shown significant anticancer activity through various mecha-
nisms, including induction of apoptosis, inhibition of tumor cell proliferation, and modula-
tion of signaling pathways, such as NF-«B, which is associated with cancer progression.
These derivatives can disrupt the cell cycle, promote the generation of ROS, and enhance
the expression of pro-apoptotic proteins while downregulating anti-apoptotic factors. Ad-
ditionally, these derivatives have demonstrated the capability to inhibit angiogenesis by
affecting tumor microenvironment interactions and inflammatory responses. Overall, the
structural modification of UA has led to the development of derivatives with superior
anticancer properties, making them promising candidates for further preclinical and clin-
ical development in cancer therapy. Table 2 summarizes the anticancer activities of the
reported UA derivatives, including the method of modification, the tested cancer cell
lines, and the observed effects. Subsequent research is still needed to explore the in-depth
structure-activity relationships and the antitumor mechanism of these derivatives.

Table 2. The anticancer activity of various UA derivatives, including the method of modification, the
tested cancer cell lines, and the observed effects.

Compounds Modification Method Tested Cancer Cell Lines  Observed Effects Ref.

Used Jones reagent to deliver the C-3 tsrlilp P rressed the:[ griowtl}:;flglltotrina Tle 1ls,

8 oxidized UA derivative then U251 (Glioblastoma) ggered apoplosis, a atted cel! [81]
. . cycle progression by down-regulating
incorporated benzaldehyde and indole. .

metabolic pathways

Introduced a secondary amine at .

9 position C-3 of a cleaved ring-A NSCLC (Lung cancer) Induced apoptosis and autophagy [82]
Linked the triphenylphosphor}i}lm MCF-7 (Breast ' .
group to a UA at the C-28 position . Induced mitochondria-dependent

10 . adenocarcinoma) and . [83]
through the hydrophobic n-butyl or apoptosis

e TET21N (Neuroblastoma)

hydrophilic triethylene glycol spacer
Reacted UA with 1,2-dibro-moethane,
1,3-dibromopropane,
1,4-dibromobutane or butyl bromide in Bcap-37 (Breast cancer)

11 DMEF in the presence of K,CO3, and and MGC-803 (Gastric Induced apoptosis on MGC-803 cells, [84]
then reacted with corresponding cancer)
amines to yield the targeted
compounds.
UA was coupled with
1,4-dibromo-butane in the presence of Inhibited cell proliferation, induced

12 K,COj3 and KI in DME. The resulting AS49 all(;lr{_cl:go (Lung apoptosis, Increased cell cycle arrest in [85]

intermediate was subsequently reacted
with piperazine.

the GO/G1 phase
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Table 2. Cont.

Compounds Modification Method Tested Cancer Cell Lines  Observed Effects Ref.
They oxidized the UA via John reagent
(PCC), introduced various
13-16 bromo-alkanes at the C-28 position, BEL7402 (liver cancer) and izeti?giii:un;izg;ﬁ:ﬁﬂ; Znt};?enls;c}kB [86]
and then added SGC7901 (Gastric cancer) y th %t 11
1-(4-nitrophenyl)hydrazine at the C-3 pathway of tumor cetis.
position.
HCT116 (Colon cancer), FEd.UC.Ed HIF-L & pro tein levels .
Fused aminoguanidine moiety at the A549: (Lung cancer) inhibited hypoxia-induced expression
17 s ! of VEGF at both the mRNA and [38]
UA skeleton. Hep3B (Liver cancer), in levels and inhibited th
HelLa (Cervical cancer) prot.em evels and inhibited the
proliferation of cancer cells in vitro.
Enhanced cytotoxicity, Induced
apoptosis of HeLa cells, arrested cell
SMMC-7721 (Liver cycle at the GO/G1 phase, elevated
18 Incorporated hydrazide, and cancer), HeLa (Cervical intracellular reactive oxygen species 187]
oxadiazole moieties into UA structure. cancer), MDA-MB-231 level, decreased mitochondrial
(Breast cancer) membrane potential, inhibited MEK1
kinase activity, and impeded Ras/Raf/
MEK/ERK transduction pathway
SMMC-7721 (Liver Induced apoptosis in MDA-MB-231
21 Incorporated hydrazide derivatives cancer), HeLa (Cervical cell lines in a dose-dependent manner. [88]
into UA structure. cancer), MDA-MB-231 Additionally, promoted G0/G1 phase
(Breast cancer) arrest in MDA-MB-231 cell lines.
They oxidized UA using Jone’s reagent,
followed by treatment with
NH,-OH-HCI. The resulting Hela (Cervical cancer)
24 25 intermediate was then reacted with HepC2 (Li ! Inhibited cell proliferation, Enhanced
’ Ac0O. This intermediate was epG2 ( 1verAcancer), cytotoxicit [89]
2 . . BGC-823(Gastric cancer) y y
subsequently condensed with suitable
amino and phenol compounds in the
presence of triethylamine.
Enhanced cytotoxicity, suppresses the
migration of MCF-7 cells, elevates
intracellular reactive oxygen species
Designed novel indolequinone MCEF-7 (Breast cancer), (ROS) levels, and decreases
26-28 derivatives of UA-bearing ester, HeLa (Cervical cancer), mitochondrial membrane potential. [40]
hydrazide, or amide moieties HepG2 (Liver cancer) upregulated Bax, cleaved caspase-3/9,
cleaved PARP levels and
downregulated Bcl-2 level of MCF-7
cells, inhibited cell proliferation
UA was modified by introducing a
tetrazole moiety, with the tetrazole
group directly attached to the nitrogen
29-33 atom of the amide group at the C-28 Hep3B cells (Liver cancer)  Inhibited the HIF-1x [39]
position. The C-3 hydroxy group was
either left unmodified, oxidized,
esterified, or converted to hydrazine
Combined UA with two different azole MCEF-7 (Breast cancer),
types (1,3,4- oxadiazole and 1,2,3- HepG2 (Liver cancer), ..
34,35 tl}"i};zole or 1,2,5- oxadiazole and 1,2,3- A§49 (Lung cancer), Enhanced cytotoxicity [90]
triazole) at different positions of UA. U-87MG (Glioblastoma)
. Induced apoptosis via arrest of the
36 Incorporated different constituents of E?FPZC;Z (Liver cancer), cycle at thle9 Cl;pl phase and
. -29 (Colon cancer), . . . [92]
the benzylidene at C-2 A549 (Lung cancer) mitochondria-mediated pathway.
8 Enhanced cytotoxicity
Acetylation of the hydroxyl group at
the C-3 position. Introduction of Decreased th tosis reeulator
2-chloroethanol at the C-28 position. A o APOPTO8IS TEEUIAto
Addition of methanesulfonyl chloride (BCL2/BAX) ratio, disrupted
37 4 MKN45 (Gastric cancer) ~ mitochondrial potential, induced [93]

(MsCl) in pyridine. Reaction with
piperazine. Oxidation with PCC.
Introduction of 4-fluorobenzyl bromide
at the piperazine moiety

apoptosis, and suppressed the growth
of Hela xenografts in nude mice.
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Table 2. Cont.

Compounds Modification Method Tested Cancer Cell Lines  Observed Effects Ref.
3839 Converted the UA into HelLa, Jurkat, Hek293, Inducted the cell cycle arrest at the [94]
! C-28-amino-functionalized derivatives K562, and U937 S-phase and apoptosis.
UA was treated with acetic anhydride
in dry pyridine under the
4-dimethylamino pyridine. The
40 3-acetyl UA was treated with oxalyl SUMI149PT (Breast cancer),  Suppressed cell proliferation and [95]
chloride to produce an intermediary HCC1937(Breast cancer),  triggered apoptosis in both cell lines
28-acyl chloride. This compound was
then mixed with piperazine to produce
the targeted compound.
Acylated the C-3(OH) position.
Converted the carboxylic group at the o .
C-8 position oxalyl ch%’oricige ((CpO)zClz). A549 (Lung cancer), gll}\}l:ltEd the bmgmg of NF_FB tf)
The intermediated was reacted with HepG2 (Liver cancer) N4, suppresse NF._ <B a?ctlv.atlo.n,
41 h L. p . inhibited A549 cell migration in vitro, [36]
examethylenediamine KOV3 (Ovarian cance) and arrested A549 cell line at the G1
(H,N(CH3)¢NH3). Then reacted with T24 (Bladder cancer) hase
3,4,5-triacetoxybenzoic acid to form the p ’
amide bond.
Methylated the C-28 carboxylic group HepG2, Hep3B and Inhibited cell growth and induced an
42 of UA using diazomethane to produce HA22T/VGH (Liver inhibition of NF-«kB activation in [33]
the methyl ester cancer) hepatocellular carcinoma cell lines

4.3. Antimicrobial

The extensive use and misuse of antibiotics give rise to microbial drug resistance,
which is a serious challenge. Currently, several therapeutic compounds are being de-
veloped, however, the issue of drug resistance is increasing. Drug resistance is one of
the world’s most serious health issues [96]. Bacterial infections caused by drug-resistant
pathogens are much worse compared to antibiotic-susceptible ones [97]. The only way to
combat these bacterial infections is to develop novel antibiotics or combinations of two or
more antibiotics with different modes of action. Previous research suggests that UA and
its analogues may inhibit bacterial growth by disrupting metabolic pathways [9]. Other
research has found that lipophilic molecules like pentacyclic triterpenoids can disrupt
membrane stability and halt cell growth [98]. Triterpenoids are thought to inhibit bacterial
efflux pumps, DNA synthesis, and macromolecular synthesis in Gram-positive bacteria [98—
100]. Due to the lack of data, the exact antibacterial mechanism for triterpenoids is not
yet known, but it was demonstrated that the lack of 3-hydroxyl group in position C-3 of
betulinic acid derivatives did not exert antibacterial activities against Staphylococcus aureus
and Escherichia coli [101]. Triterpenoids” biological activity is enhanced by modifying them
at the C-28 COOH position via amination and esterification [102-105]. It has been brought
to light that triterpenoids and their derivatives may be useful weapons to solve the issue of
multidrug resistance and reduce the side effects of antibiotics [101].

4.3.1. Antibacterial Activity

UA and its derivatives present a multifaceted antibacterial approach, targeting mem-
brane integrity, biofilm formation, enzyme activity, efflux mechanisms, oxidative stress,
and metabolic pathways. These diverse mechanisms not only reduce bacterial growth and
survival but also enhance the effects of conventional antibiotics, making UA a promis-
ing candidate in the fight against bacterial infections, especially those involving resistant
strains. Additionally, studies have explored the use of UA in conjunction with antibiotics
as a promising alternative for treating bacterial infections. For instance, Wojnicz et al. [106]
investigated the combination of UA and ciprofloxacin, which is used to treat recurrent
urinary tract infections caused by E. coli. Their findings revealed an improved antibiofilm
efficacy against E. coli, potentially due to the acidic nature of UA.

UA (32 pg/mL) also reportedly synergizes with colistin when used to treat clinical
Klebsiella pneumoniae BC936 and E. coli U3790 isolates [107]. Cunha et al. reported that
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UA isolated from Miconia ligustroides was active against Bacillus cereus with a MIC value
of 20 pg/mL. The ester methylation and acetylation of UA improved the inhibitory ac-
tivity against Streptococcus pneumonia [108]. Furthermore, UA derivatives demonstrated
broad-spectrum antibacterial activities against both Gram-negative and Gram-positive
bacteria. Do Nascimento and colleagues [109] synthesized two semi-synthetic compounds
by modifying the UA structure at C-3. They investigated how UA and its derivatives
affected the susceptibility of certain bacterial pathogens to aminoglycoside antibiotics,
including neomycin, amikacin, kanamycin, and gentamicin. The most notable synergistic
effect was observed with derivative 33-formyloxy-urs-12-en-28-oic acid (43) (Figure 23)
at a concentration of 32 pg/mL against Shigella flexneri and E. coli, a multidrug-resistant
clinical isolate from sputum.

MIC (pg/mL)
Compounds K. pneumoniae (ATCC 10031) S. flexneri (ATCC 12022) E coli (ATCC 25922)
UA 64 64 64
43 64 32 32

Figure 23. UA derivative 43 and its antibacterial outcomes compared to UA.

Zhao et al. extracted UA from the Ilex hainanensis Merr. leaves and synthesized
seven UA-based derivatives. They assessed their antibacterial efficacy by measuring their
MIC against both Gram-positive (Streptococcus mutans ATCC 25175) and Gram-negative
(Fusobacterium nucleatum ATCC 10953) bacterial strains. Among the synthesized derivatives,
compound 44 (Figure 24) demonstrated a notable effect against S. mutans, with a MIC of
9.7 ug/mL, but showed minimal antibacterial activity against F. nucleatum [110]. Oloyede
et al. investigated the antibacterial properties of UA by examining how reactive oxygen
species and oxidative stress contribute to its effectiveness against Pseudomonas aeruginosa,
S. aureus, and E. coli. They found that the viability of bacteria treated with UA decreased
over time with MIC of 256 mg/mL for E. coli and P. aeruginosa, and 64 mg/mL for S. aureus.
Interestingly, when bacteria were treated with UA in the presence of 2,20-bipyrydyl, cell
viability increased. The study also observed a significant (p < 0.05) increase in superoxide
anion production in bacteria treated with UA. Furthermore, the ratio of NAD+/NADH
significantly increased (p < 0.05) in these bacteria. Moreover, UA treatment led to a
significant decrease in reduced glutathione levels and an increase in glutathione disulphide,
malondialdehyde, and fragmented DNA in E. coli, P. aeruginosa, and S. aureus. These
findings strongly indicate that UA shows promise as an effective antibacterial agent [27].

Previous studies indicate that several triterpenoids demonstrate synergistic effects
with various classes of antibiotics, highlighting the potential of plant-derived compounds
to enhance antibiotic efficacy against multidrug-resistant pathogens. To elucidate the
mechanism by which triterpenoids combat these resistant bacteria. Wang and colleagues
analyzed the SAR of UA against S. aureus. They investigated how UA could affect both
bacterial and mammalian membranes. They employed 2D proteomic analysis to study how
methicillin-resistant S. aureus responds at the proteomic level to treatment with UA [111].
Another study by Pandey et al. explored the antibacterial effect of UA derived from Oci-
mum sanctum against E. coli. They observed dose-dependent enhancement in its activity
at concentrations of 15, 20, and 25 mg/mL. At these concentrations, the effectiveness of
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UA showed comparable efficacy to the standard drug albendazole. The study utilized both
disk diffusion and well diffusion methods to screen UA’s antibacterial efficacy. In vitro
antimicrobial tests indicated that UA exhibited promising antibacterial properties [112].
Furthermore, Park et al. [113] explored the antibacterial potential of three distinct saponin
triterpenoids, including UA, employing diverse methodologies. They employed quan-
titative real-time PCR (qPCR) and microarray analysis to investigate the expression of
genes linked to key metabolic pathways in S. mutans UA159 after incubation with UA. An
oligonucleotide array containing 5363 probes was designed to examine 1928 of the 1963
genes in the S. mutans UA159 genome. Genes exhibiting a 2-fold change in expression
due to the treatment were identified, and qPCR was used to analyze a selection of target
genes involved in central metabolism. The gene expression patterns of UA-treated cells,
as revealed by microarray analysis, indicated alterations in the antimicrobial mechanism.
This finding suggests that UA-treated cells exhibit a promising antimicrobial mechanism
worthy of further investigation.

OH
MIC (ug/mL)
Compounds
S. mutans (ATCC 25175) F. nucleatum (ATCC 10953)
44 9.7 9.7

Figure 24. UA derivative 44 and its antibacterial outcomes compared to UA.

Qian et al. [114] evaluated the antimicrobial mechanism of UA against carbapenem-
resistant Klebsiella pneumoniae (CRKP). Their findings indicate that UA is effective against
CRKP at a minimum inhibitory concentration (MIC) of 0.8 mg/mL. UA was found to
compromise the integrity of CRKP cell membranes, inhibit biofilm formation and the
expression of biofilm-related genes, and inactivate CRKP cells within biofilms. This study
investigated the antibacterial properties and mechanisms of UA against CRKP, using the
agar dilution method to determine UA’s MIC. To assess UA’s impact on the cell membrane,
researchers monitored changes in intracellular pH, ATP content, and cell membrane poten-
tial. The results suggest that UA could be a promising treatment for multidrug-resistant K.
pneumoniae infections when used alongside other antibiotics.

To find treatments that inhibit the development of biofilms, numerous researchers
have reported intriguing results. Nine derivatives of UA were evaluated for their in vitro
antibacterial efficacy against both planktonic and biofilm cells of gram-positive pathogens
like Enterococcus faecalis, S. epidermidis, and S. aureus. The researchers assessed the an-
tibiofilm properties of these analogues, including UA, using the crystal violet method,
and measured their antibacterial effectiveness through absorbance (OD600) at different
concentrations (5, 25, and 100 uM). Additionally, they evaluated the in vitro cytotoxicity
of similar molecules on African green monkey (VERO) cells using the MTT assay at the
same concentrations. They observed that a C-3 substitution in the UA chemical structure
enhanced antibiofilm activity. Notably, among all the promising UA analogues, compound
45 (Figure 25) emerged as the most active molecule with minimal or no toxic effects against
mammalian cells [115].
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VERO Cells Viability (%) of Compounds

Compounds

100 uM 25 uM 5uM
UA 13+12 32+7 37 +4
45 72+26 105+ 10 113+ 32

Figure 25. UA derivative 45 and its antibacterial outcomes compared to UA.

The few UA derivatives exhibit significant antibacterial activity against a wide range
of pathogenic bacteria, including both Gram-positive and Gram-negative strains. Studies
have shown that these compounds can effectively inhibit the growth of antibiotic-resistant
strains, making them promising candidates for addressing the growing issue of antibiotic
resistance. Additionally, UA derivatives may enhance the efficacy of conventional antibi-
otics when used in combination, potentially leading to synergistic effects. Overall, the
diverse antibacterial properties of UA derivatives underscore their potential as effective
natural agents for treating bacterial infections. The summary of the antibacterial activity of
UA derivatives is shown in Table 3 below, including the method of modification, the tested
bacterial strains, and the observed effects.

Table 3. The summary of the antibacterial activity of compounds (43-45), including the method of
modification, the tested bacterial strains, and the observed effects.

Compounds Modification Method Bacterial Strain Effects Ref.
UA was reacted with acetic K. pneumoniae (ATCC ~ Enhanced antibacterial activity
43 anhydride (Ac;O) in pyridine at ~ 10031) Shigella flexneri  against Shigella flexneri and [109]
room temperature for 24 h to (ATCC 12022) E. coli E. coli, a multidrug-resistant
yield compound 54 (ATCC 25922) clinical isolate from sputum
Hybridization of UA with S. mutans ATCC 25175, Showed sienificant antibacterial
44 hydrazide and 1,3,4-oxadiazole Fusobacterium nucleatum activity a iins ¢ S. mutans [116]
groups ATCC 10953 ty against >.
The commerc%al anl}yf:lrlde was . . .. An antibiofilm activity against
added to UA in pyridine E. faecalis, S. epidermidis .
45 S. aureus without any effect on [115]
(CH,Cly, 2 mL) to form an ester and S. aureus .
R mammalian cells.
derivative

4.3.2. Antiviral Activity

UA and its derivatives have shown promising antiviral activities against a variety of
viruses such as HIV, influenza, etc. UA can inhibit Hepatitis B Virus (HBV) replication
and suppress HBx-mediated pathways, which are crucial for the virus’s lifecycle. This
includes the suppression of RhoA activation, beclin-1 promoter activation, and autophagy
induction, as well as reversing HBx-induced drug resistance [117].

Human Immunodeficiency Virus (HIV)

It is estimated that approximately 36.7 million people worldwide were living with
AIDS at the end of 2017. Year after year, morbidity and mortality rates have risen dramati-
cally. More than thirty drugs targeting various stages of the HIV viral life cycle have been
approved so far for the management of HIV/AIDS. However, serious issues such as the
emergence of extensively drug-resistant bacteria and negative side effects remain [118].
Hence, there is a necessity to develop anti-HIV/AIDS drugs that exhibit potent therapeutic
effects and favorable pharmacokinetic profiles, with minimal or no adverse effects. Several
pentacyclic triterpenoids and their saponin derivatives have shown anti-HIV activity [119].
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UA and its hydrogen malonate derivative 46 (Figure 26), extracted from the stems of
Cynomorium songaricum, exhibit HIV-1 protease inhibition with ECs values in the micro-
molar range. Additionally, the glutaryl hemiester compound 47 (Figure 26) of UA has
demonstrated anti-HIV-1 protease activity at a concentration of 4 Mm [120].

46: R = COCH,COOH
47: R = CO(CH,);COOH

Figure 26. UA derivatives (46, 47) extracted from stems of Cynomorium songaricum.

Zhu et al. [118], developed a series of derivatives of UA, utilizing them as P2 ligands,
along with phenyl sulfonamide as P2’ ligands, to investigate their SAR as inhibitors of
HIV-1 protease. The results indicated that these derivatives exhibited micromolar inhibitory
activity. Specifically, compound 48 (Figure 27) demonstrated potent inhibition of HIV-1
protease with ICsg = 0.12 uM), which was reported to be 67 times more effective than
the parent compound UA (ICsp = 8.0 uM). These findings suggest that P2 ligands may
not effectively complement the residues of the protease S2 subsite. Further research is
recommended to explore pentacyclic terpenoid fragments, like those in UA, as potentially
superior inhibitors of HIV targets beyond HIV-1.

1C50(uM) CCsp(uM) ST
Compound
48 0.12 +0.04 >100 > 833
DRV 0.57+0.17nM > 100 >175,000

Figure 27. UA derivative 48 and its antiviral outcomes compared to model drug.

Influenza Virus

Several viral changes have led to the formation of consistent strains of influenza A
viruses (IAVs) within vulnerable human populations: (HIN1, HIN2, H2N2, and H3N2) [121].
Because of genetic changes caused by antigenic shifts and occasional antigenic drifts, IAVs
exhibit high pathogenicity and are responsible for annual epidemics and occasional global
pandemics of respiratory diseases. The highly pathogenic avian influenza (HPAI) H5N1
virus, specifically, has posed significant health and economic risks worldwide. Interestingly,
certain protease inhibitors, such as pentacyclic triterpenoids, have demonstrated effective
inhibition of IAVs through straightforward modifications of established natural pentacyclic
triterpenoids or through innovative discovery methods [122]. Li et al. [122] synthesized
derivatives of UA (49 and 50) (Figure 28) in their search for an effective inhibitor against
IAVs. Compounds 49 and 50 were evaluated for their ability to inhibit the H5N1 virus
and two other strains using a cytopathic effect reduction assay in A549 cells. Additionally,
compounds 49 and 50 were subjected to an MTT assay on A549 cells to determine their cy-
totoxic effects relative to their antiviral activity. The results indicated that these derivatives
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demonstrated effective inhibition against the H5N1 virus at micromolar concentrations,
although their antiviral potency was comparable to or slightly less than that of the standard
drug (oseltamivir). Compound 50 was found to interfere with viral hemagglutinin, thereby
preventing infection by H1, H3, and H5 types of influenza A viruses. Furthermore, the
antiviral efficacy observed in experimental assays correlated well with docking studies,
suggesting that compound 50 merits further optimization and development as a promising
new lead compound.

HO e

HO HO
HO

HO 4o
Compound  CCsy(uM) 1C55(uM)

H5N1c PR/8 (HIN1)  JX/312 (H3N2)
49 >200 6.62+0.73 21.33+1.05 2559+1.22
50 >200 413 +0.51 18.18 +0.83 20.12+0.78
Oseltamivir > 200 4.18+046 4.61+0.84 4.25+0.36

Figure 28. UA derivatives and their antiviral outcomes compared to reference drug.

Liao et al. [123] prepared a range of pentacyclic triterpene saponins modified at
C-28 through conjugation with diverse amide derivatives. They assessed the antiviral
properties of these compounds against the influenza A /Duck/Guangdong/99 virus (H5N1)
using MDCK cells. Among these derivatives, compound 51 (Figure 29) significantly
inhibited influenza A virus replication in a dose-dependent manner, aligning well with
cytopathic effect reduction results. The SAR analysis indicated that introducing specific
amide structures at the COOH position of UA could notably enhance both antiviral activity
and selective index. The study highlighted that attaching a methoxy group or a Cl atom
to the phenyl ring at the ortho- or para-position was essential for improving inhibitory
activity. Mechanism studies showed that these triterpenoids could bind tightly to the viral
envelope hemagglutinin, blocking the virus’s attachment to host cells, consistent with
docking studies.

Introduction of specific amide structures at the
C-28 position could notably enhance both
antiviral activity and selective index

1C5p(uM) — CCsp(uM) SI

O
O C d
HO ompoun
}01 51 51 1.05+0.12 >1000 >952.4
HO

Figure 29. UA derivative 51 and its antiviral outcomes.
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A new codrug, referred to as compound 52 in Figure 30, which combines lamivudine
and UA through an ester bond, had the dual action of anti-hepatitis B virus activity and
hepatoprotective effects against acute liver injury [124]. The antiviral screening of the
cyanoethyloximino derivative (53) of UA against human papillomavirus type 11 showed a
selectivity index of 30, with no observed cellular cytotoxicity [14].

Figure 30. UA derivatives 52, 53 linked with lamivudine at C-28 and cyanoethyloximino at C-3.

It has been observed that UA derivatives exhibit significant antiviral activity against a
range of viral pathogens, demonstrating their potential application as therapeutic agents
for treating viral infections. These compounds exert their antiviral effects through various
mechanisms, including the inhibition of viral entry into host cells, disruption of viral
replication, and modulation of the host immune response. Studies have shown that UA
derivatives can interfere with viral enzymes, such as proteases. Overall, the diverse antiviral
mechanisms of UA derivatives highlight their potential use for the development of effective
therapeutics against various viral diseases. Table 4 below summarizes the antiviral activity
of various UA derivatives, including the method of modification, the tested viruses, and
the observed effects.

Table 4. The antiviral activity of various UA derivatives, including the method of modification, the
tested viruses, and the observed effects.

Compounds Modification Method Target Virus Notes Ref.
Demonstrated HIV-1
o . protease inhibition,
48 Mh(;ilﬁles:ilzﬁailsﬁliize l;gapnzc/lshar;i ds HIV-1 exhibiting 67 times greater [118]
pheny & inhibitory activity compared
to its precursor, UA
Attached the privileged fragment 50 Inhibited infection of H1-,
2-(piperidin-1-yl)ethan- H5NT1, H3-. and H5-tvped influenza
49, 50 1-amine or its bioisosteric surrogate PR/8 (HIN1), JX/312 ! P . . [122]
. A viruses by interfering with
2-(1,3- oxazinan-3-yl)ethan-1- (H3N2) the viral hemaeelutinin
amine into UA by a crucial amide linker ev emags
MOdlf.led the C_2.8 po.smon.of UA . Inhibited influenza A virus
51 saponins via conjugation with a series of H5N1 S [123]
. R replication
amide derivatives
Coupled lamivudine and UA with ethyl Ha§1 the dgél act1.0 n of .
. anti-hepatitis B virus activity
52 chloroacetate through an amide and . [124]
. and hepatoprotective effects
ester linkage . A
against acute liver injury
UA was oxidized using Jones’ reagent.
The resulting compound was then
53 reacted with hydroxylamine Human papillomavirus  Inhibited human [14]
hydrochloride (NH,OH-HCI). The type 11 papillomavirus type 11

intermediate was further reacted with
acrylonitrile (CH,CHCN).

46



Molecules 2024, 29, 3384

4.3.3. Antioxidant Properties

UA acts as a potent antioxidant by scavenging reactive oxygen species (ROS) and
upregulating endogenous antioxidant enzymes [111]. This helps protect cells from oxida-
tive stress-induced damage, which is implicated in various chronic diseases, including
neurodegenerative disorders. It can act effectively as a radical scavenger, a chain-breaking
antioxidant, or a chelator of metals that generate radicals. It is widely recognized that
many commonly used drugs, such as anticancer agents, non-steroidal anti-inflammatory
drugs, antiretroviral agents, antipsychotics, and analgesics, can induce harmful free-radical
toxicity. The metabolism of these drugs can produce reactive intermediates that directly
reduce molecular oxygen, leading to the formation of reactive oxygen species [125].

In a study by Do Nascimento et al. [109] compound 54 (Figure 31) demonstrated antiox-
idant properties by inhibiting DPPH. They effectively scavenged the DPPH radical, with
ICs values of 5.97 x 1072 +£1 x 1073 mg/mL and 0.73 £ 9.3 x 102 mg/mL, respectively.
In comparison, Trolox and Vitamin C, used as positive controls in this study, had ICs, values
0f 2.6 x 1073 +2.3 x 107* mg/mL and 4.3 x 1072 £ 1.9 x 1072 mg/mL. Popov et al. [116]
developed new hybrid derivatives of UA (55 and 56) (Figure 31), incorporating hydrazide
and 1,3,4-oxadiazole groups, which demonstrated significant antioxidant activity.

Samples IC5, (mg/mL)

UA 597x 102+ 1 x 1032
Trolox 26x10%+23x10*

VitaminC ~ 4.3x102+1.9x 1072

54 0.73+9.3x 102 !
|

ICso(HM)

R Compound DPPH ABTS
UA Inactive Not studied
55 18.6 +0.57 10.19 + 0.45
56 13.8 +0.49 5.21+0.26

Ascorbic acid  23.8 +1.30 39.38 +2.14

Figure 31. UA derivatives (54-56) and their antioxidant outcomes compared to UA /reference drugs.

The reported UA derivatives possess potent antioxidant properties, which are at-
tributed to their ability to scavenge free radicals and reduce oxidative stress in biological
systems. Table 5 summarizes the antioxidant activity of UA derivatives, including the
method of modification, the antioxidant assays, and the observed effects.

Table 5. The antioxidant activity of UA derivatives (54-56), including the method of modification,
the tested models or assays, and the observed effects.

Compounds Modification Method Antioxidant Assay Notes Ref.
UA was react(?d' with acetic anhydride DPPH Radical Strong antioxidant
54 (AcpO) in pyridine at room temperature Scavenging Assa activit [109]
for 24 h to yield compound 54 s y Y
e . . DPPH Radical and High antioxidant
55, 56 Hybridization of UA with hydrazide and ABTS Radical activity compared to [116]
1,3,4-oxadiazole groups . . .
Scavenging Assay ascorbic acid

47



Molecules 2024, 29, 3384

4.3.4. Antidiabetic Activity

UA and its derivatives hold significant promise as antidiabetic agents due to their
multifaceted mechanisms of action, including improving insulin sensitivity, reducing
gluconeogenesis, anti-inflammatory and antioxidant effects, and activating AMPK [126].
In recent years, researchers have investigated structural modifications of UA to develop
new derivatives with improved antidiabetic properties.

In a research conducted by Wu et al. [28] various derivatives of UA displayed notable
inhibitory effects, particularly compounds 57-60 (Figure 32), with ICs, values of 2.66 + 0.84,
1.01 £ 0.44, 3.26 & 0.22, and 3.24 £ 0.21 uM, respectively. These compounds exhibited
greater potency against x-glucosidase compared to acarbose, the positive control. To un-
derstand their inhibitory mechanisms, kinetic studies were conducted. Compound 57 was
identified as a non-competitive inhibitor with an inhibition constant (Ki) of 2.67 £ 0.19 uM.
On the other hand, compounds 58-60 were found to be mixed-type inhibitors through
kinetic inhibition studies. Furthermore, the practical pharmacological effects of synthesized
compounds 57 and 58 were demonstrated by their ability to lower postprandial blood
glucose levels in normal Kunming mice.

o
=\)L;§ ' R, = OH
0

a-Glucosidase inhibitory activity

/\)J\ Compounds —
58 R, - N R, = OH Joinhibition ICs5,(uM)
o 57 68.89 + 3.58 2.66 + 0.40
» 58 99.84 + 5.09 1.01+ 0.14
59: R, = ©, Ry=OH 59 69.31 + 3.91 3.26 + 0.52
0 N 60 6452+ 2.38 324+ 0.21
60: R, -~ 5 . R, - \©\ UA 4865+ 685 504+ 0.80
Cl

Figure 32. UA derivatives (57-60) and their antidiabetic outcomes compared to UA.

Guzman Avila et al. [29] synthesized seven derivatives of UA. Among them, com-
pounds 61, 62, and 63 (Figure 33) showed substantial inhibitory effects on the PTP-1B
enzyme in a reversible manner. Compound 63 exhibited the highest activity, demonstrating
significant effects both in vitro and in vivo. Furthermore, acetyl and crotonyl esters were
identified as the most potent derivatives in experimental setups. Molecular docking analy-
sis indicated that acetyl and crotonyl derivatives exhibited better binding scores compared
to the parent compound, UA.

The findings from Wu et al.’s study indicated significant inhibitory activity among
most analogues of UA, particularly analogues 64 and 65 (Figure 34), which displayed
ICs¢ values of 1.27 = 0.27 pM and 1.28 £ 0.27 uM, respectively. These values were lower
compared to other synthesized analogues and the control. Among these, analogues with
electronegative (-F, -Cl, -Br) substitutions at the para position were more active than those
with substitutions at the ortho position, particularly analogues 64 and 65. 2D-QSAR and
molecular docking analysis were conducted to demonstrate that the C-3 position could
interact with the hydrophobic region of the active pocket, forming hydrogen bonds to
enhance the binding affinity of the ligand to the homology-modelling protein. Conse-
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quently, these findings offer insights into the correlation between binding mechanisms and
bioactivity, aiding in the design of improved inhibitors derived from UA analogues [127].

R,0

- 0O
61: R, = )L gg\ ,R, =COOH Compounds a—Glucos.iéa'se inhibitory activity
0 %Reversibility IC5o(uM)

. —/\)J}f‘} R~ COOL 61 943+ 5.0 56+ 0.2
TR =N SR T 62 99.3+ 1.0 47+ 0.2

63:R;, =H, R, =CH,OH 63 88.3+ 1.1 4.6+ 0.2

Figure 33. UA derivatives (61-63) and their antidiabetic outcomes.

Electronegative (-F,-Cl,-Br) substitutions
at the para position analogues were more
active than the ortho ones

/E

=

S 2

=~ X

] ]
ol
© €6

"o Compounds a-Glucosidase inhibitory activity
IC50(1M)
64 1.27+ 0.27
65 1.28 + 0.27

Figure 34. UA derivatives (64, 65) and their antidiabetic outcomes.

In another study conducted by the same researchers [128], compounds 66 and 67
(Figure 35) exhibited significant inhibition of 2-NBDG uptake under both sodium-dependent
and sodium-independent conditions. This inhibition was achieved by reducing the ex-
pression of SGLT-1 and GLUT-2 in the Caco-2 cell model. Subsequent in vivo studies
demonstrated that compound 66 notably alleviated hyperglycemia by enhancing serum
insulin levels, total protein, and albumin. Moreover, it effectively normalized fasting blood
glucose levels, body weight, and food intake, bringing them closer to those of healthy rats.
Compounds 66 and 67 also demonstrated hypolipidemic effects by reducing total choles-
terol and triglyceride levels. Additionally, compound 66 exhibited antioxidant properties,
as evidenced by increased levels of glutathione and superoxide dismutase, along with
decreased levels of malondialdehyde in the liver and kidneys of diabetic rats.
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~
1
J\\,\{N:

)
I
P\?

Cell toxicity on Caco-2 Cells

Compounds —
Inhibition Rate %
66 7.84+4.15
67 2.29 +6.08
UA 9.86 +2.68

Figure 35. UA derivative (66, 67) and their antidiabetic outcomes compared to UA.

Huang et al. [129] developed and synthesized a novel series of UA derivatives aimed
at potentially serving as anti-diabetic agents through the inhibition of x-glucosidase. Their
findings from half-maximal inhibitory concentration assays indicated that all tested com-
pounds exhibited greater potency against a-glucosidase compared to acarbose. Notably,
compounds 68-71 (Figure 36), which featured specific long hydrophilic groups at the C-3
or C-8 positions, demonstrated inhibitory activity ranging from twelve to thirty-seven
times higher than the parent compound UA. However, compounds bearing free carboxyl
groups at both the C-3 and C-28 positions showed reduced enzyme inhibition activity.
Additionally, UA derivatives conjugated with hydrophobic groups displayed diminished
inhibitory effects against Baker’s yeast «-glucosidase. Mechanistically, compounds 68 and
69 were found to inhibit x-glucosidase through a mixed-type inhibition, while compounds
70 and 71 exhibited a non-competitive inhibition mechanism. Moreover, the correlation
between ICs values and binding free energies indicated that docking simulations provided
valuable predictive insights. These results suggest that UA derivatives modified with polar
and hydrophilic moieties could represent a promising new class of compounds worthy of
further investigation in animal studies or clinical trials as potential anti-diabetic agents.

68: R, = CO(CH,),COOH  a-Glucosidase inhibitory activity

R, =Bn Compounds 1Cs,
OOR, 69: R, = CO(CHG,);COOH “gg 0.149 +0.00729
R, = Bn N
70: R, = OCCH,CH, o g'iiz ;88?—2
R, = CH,COOH 466 0.
71: R, = OC(CH,),CH, 71 0.298 +0.021
R, = CH,COOH UA 552 +0.054

Figure 36. UA derivatives (68-71) and their antidiabetic outcomes compared to UA.

UA derivatives demonstrate promising antidiabetic activity through several mecha-
nisms that enhance glucose metabolism and improve insulin sensitivity. These compounds
have been shown to increase glucose uptake in muscle and adipose tissues by upregulating
glucose transporter proteins, such as SGLT-1 and GLUT-2. Additionally, UA derivatives
can inhibit x-glucosidase activity, and the PTP-1B enzymes in a reversible manner. Overall,
the multifaceted actions of UA derivatives position them as valuable candidates for the de-
velopment of novel therapeutic agents in diabetes management. Table 6 below summarizes
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the antidiabetic activity of various UA derivatives, including the method of modification,
the tested models or assays, and the observed effects.

Table 6. The antidiabetic activity of various UA derivatives, including the method of modification,
the tested models or assays, and the observed effects.

Compounds Modification Method Assay/Model Used Notes Ref.
57-60 UA was esterified in anhydrous a-Glucosidase Strolng m.lélbltlon of d 28
a pyridine with different anhydrides Inhibition Assay a-glucosidase cor.n.pare to [28]
acarbose, the positive control
For compounds 61 and 62 the reaction
was initiated by adding a base to the
UA at 0 °C in (CH,Cly) or (THF).
Then, an acyl or alkyl halide was Significant inhibitory activity
61-63 added at C-3, and the mixture was PTP-1B inhibition assay ~ on PTP-1B enzyme in a [29]
subjected to microwave irradiation reversible manner
and refluxed.For compound 63, UA
was reacted with (LiAlHy) in
tetrahydrofuran (THF) for 8 h
Displays an inhibitory effect
UA was esterified in anhydrous Glucose Uptake in L6 on 2-NB DG uptake through
66, 67 1 ith different anhvdrides Mvotubes inhibiting SGLT-1 and [128]
pyridine with differe Y Y GLUT-2 transporter protein
expression in Caco-2 cells
Inhibited «-glucosidase
through a mixed-type
68-71 Conjugation of hydrophilic and polar x-Glucosidase inhibition, while compounds [129]
groups at C-3 and/or C-28 position Inhibition Assay 70 and 71 exhibited a
non-competitive inhibition
mechanism

4.3.5. Conclusions

The synthesis of UA derivatives is currently of great interest to medicinal and organic
chemists because of its strong pharmacological effects. The structural modification of UA
significantly enhances its biological activities. Ongoing research in this field continues to
uncover new derivatives with promising pharmacological properties aiding in the design
of more effective therapeutic agents. Most identified derivatives of UA have shown greater
potency than both standard drugs and the original compound, UA.

After reviewing the wide range of pharmacological activities of UA derivatives, it
was noted that the anticancer properties of UA derivatives have garnered significant
attention over the past decade, as most of the derivatives discussed in this study originate
from the development of anticancer drugs. UA has been observed to impact numerous
targets throughout different stages of cancer progression, including apoptosis, proliferation,
angiogenesis, and metastasis. Compounds 8-42 (Figures 8-22) are representative UA-based
compounds that demonstrate enhanced anticancer effects in comparison to either UA itself
or the model drug.

In anti-inflammatory terms, UA derivatives suppress the activation of NF-«B, a
transcription factor that plays a crucial role in regulating the expression of various pro-
inflammatory cytokines and enzymes. They can downregulate cyclooxygenase-2 (COX-2)
and inducible nitric oxide synthase (iNOS), enzymes involved in the production of in-
flammatory mediators. Compounds 2-7 (Figures 2-7) exemplify UA derivatives that
exhibit superior anti-inflammatory effects compared to UA and the standard drugs used
as controls.

The antidiabetic activities of the UA derivatives include the inhibition of x-glucosidase,
an enzyme involved in carbohydrate digestion, thereby reducing postprandial blood
glucose spikes. They enhance insulin-signaling pathways, improving glucose uptake
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in peripheral tissues. Compounds 57-71 (Figures 32-36) are representative UA-based
compounds with enhanced antidiabetic activity.

UA exhibits significant antibacterial activity against Gram-negative and Gram-positive
bacteria such as S. aureus, including methicillin-resistant S. aureus (MRSA). It disrupts
bacterial cell walls and inhibits bacterial enzymes essential for survival and replication.
Compounds 43-45 (Figures 23-25) are representative UA-based compounds with enhanced
antibacterial activity.

In the field of antivirals, the derivatives of UA showed strong antiviral activity, mainly
against HIV, influenza, and herpes. UA derivatives have demonstrated activity against
HIV by inhibiting key enzymes such as reverse transcriptase and protease, essential for
viral replication. UA has been shown to inhibit the replication of influenza viruses. It
interferes with the viral entry into host cells and the replication of viral RNA. Studies have
demonstrated that UA can reduce the production of pro-inflammatory cytokines, which
are typically elevated during influenza infection. Compounds 46-53 (Figures 26-30) are
representative UA-based compounds with antiviral activity. However, UA derivatives
against other viral pathogens such as HSV and HCV have not been reported. Experiments
show that the introduction of ester at the C3 or C28 position of UA can enhance the
pharmacological activity, and further modification of the position of C3 may be an effective
strategy to obtain compounds with stronger activity.

In summary, the structural properties of derivatives of UA modifications at the C3
position or within the ring A and C-28 positions of the UA skeleton have been widely
reported. Additionally, to discover the potential of UA derivatives, further development
and more evaluation of UA derivatives for other pharmacological activities are necessary,
similar to the efforts focused on anticancer UA derivatives. This review can be useful to
researchers working in the field of medicinal chemistry, as it will aid in the design and
development of novel UA-based compounds with potent therapeutic activities.
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Abstract: The therapeutic properties of turmeric essential oil have been extensively documented in
both preclinical and clinical studies. Research indicates that its primary active compounds are promis-
ing candidates for addressing a wide range of pathologies, exhibiting anticancer, anti-inflammation,
antioxidant, cardiovascular, hypoglycemic, dermatological, hepatoprotective, neurological, antipar-
asitic, antiviral, insecticidal, antifungal, and antivenom activities. While numerous compounds
possess similar potential applications, the isolated active constituents of turmeric essential oil stand
out due to their unique pharmacological profiles and absence of toxicity. This literature review
meticulously compiles and analyzes the bioactivities of these constituents, emphasizing their molecu-
lar mechanisms of action, reported pharmacological effects, and potential therapeutic applications.
The aim of this review is to provide a comprehensive synthesis of currently available clinical and
preclinical findings related to individual turmeric essential oil compounds, while also identifying
critical knowledge gaps. By summarizing these findings, this work encourages further research into
the isolated compounds from turmeric oil as viable drug candidates, ultimately contributing to the
development of innovative therapeutic strategies.

Keywords: turmeric; Curcuma longa; turmeric oil; curcuma oil; bioactivity; toxicity

1. Introduction

Curcuma longa L., commonly known as turmeric, belongs to the Zingiberaceae fam-
ily and is a native Southeast Asian herb. Its dried rhizome powder has been used for
centuries as food, spice, or medicine. Due to its significant biological activities, turmeric
is considered an attractive source of drug candidates for preventing or treating various
diseases. Most of these pharmacological properties are attributed to the extensively studied
curcuminoids [1-4]. Turmeric rhizomes contain around 2-5% curcuminoids, including
curcumin, demethoxycurcumin, and bisdemethoxycurcumin [5].

In addition to curcuminoids, turmeric exhibits a wide variety of chemical constituents
with diverse pharmacological activities attributed to its active constituents, including
antioxidant, anticancer, anti-inflammatory, cardiovascular, immunomodulatory, hepatopro-
tection, neuroprotective, antimicrobial, antivenom, and chemo-preventive action, among
others [5,6].

Turmeric essential oil, responsible for the spice’s aromatic taste and smell, is isolated
from Curcuma longa rhizomes and does not contain curcuminoids. Dried turmeric rhizome
typically includes 3—6% essential oil [7]. Turmeric rhizome essential oil (TEO) is traditionally
obtained by hydro-distillation using the conventional Soxhlet technique.

The chemical composition of TEO exhibits a remarkable consistency on a global scale;
however, the concentration of individual compounds varies significantly based on factors
such as the geographical origin of the crops, the specific part of the plant utilized, and
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the methods employed during the drying process. Table 1 illustrates the variation in the
content of the essential oil extracted from the rhizome, highlighting differences attributable
to geographical location [8-11].

Table 1. Variations in major compound content of turmeric essential oil.

India Korea Ecuador
ar-turmerone 16.7-25.7% 19.54-32.24% 1.08-45.5%
x-turmerone 30.1-32.0% 3.72-6.50% 13.4-19.8%
[-turmerone 14.7-18.4% 2.86-5.60% 7.35%
x-zingiberene 1.5-4.2% - 5.3%

The primary constituents of TEO with documented pharmacological activities are
terpenoids, specifically monoterpenes and sesquiterpenes (Figure 1). Sesquiterpenoids
are synthesized by the assembly of three isoprenoid units. Many sesquiterpenoid carbon
skeletons originate from the common precursor farnesyl pyrophosphate, undergoing
various cyclization processes that are frequently followed by skeletal rearrangements.
Consequently, the predominant categories of sesquiterpenes identified in TEO include
bisabolane, elemane, germacrane, and guaiane types [12,13].

a. MONOTERPENE

Bt

B-sesquiphellandrene
b. SESQUITERPENES

BISABOLANE-TYPE

T

ar-turmerone a-turmerone B-turmerone

o

a-atlantone bisacurone

ELEMANE-TYPE

el

B-elemene

GERMACRANE-TYPE

germacrane curdione

GUAIANE-TYPE

P

curcumol curcumenol

Figure 1. The main chemical constituents of turmeric essential oil with reported bioactive properties.
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2. Bioactivities of Turmeric Essential Oil Constituents
2.1. Anticancer Activity

Cancer is a chronic and often fatal disease with a high global mortality rate and
generally poor survival outcomes. Cancer-related deaths can result from the heterogeneous
nature of cancerous cells or the failure of pharmacological treatments [14]. Interestingly,
ar-turmerone, germacrone, and (3-elemene have shown potential as anticancer agents.

Ar-turmerone has been shown to induce apoptosis in human lymphoma and lym-
phoblast cells through the activation of caspase-3 [15,16]. This bisabolane sesquiterpenoid
also downregulates the secretion of growth factor and the phosphorylation of epidermal
growth factor [17]. Additionally, ar-turmerone significantly inhibits the TPA-induced
upregulation of MMP-9 and COX-2 expression in human breast cancer cells, effectively
blocking critical signaling pathways such as NF-kB, PI3K/Akt, and ERK1/2. Importantly,
ar-turmerone suppresses TPA-induced invasion, migration, and colony formation in these
cells, underscoring its promising therapeutic potential [18]. Furthermore, ar-turmerone in-
duces a highly selective apoptotic process in human leukemia Molt 4B and HL-60 cells [19].
Both o-turmerone and ar-turmerone also enhance the proliferation of peripheral blood
mononuclear cells (PBMCs) and stimulate cytokine production. Notably, x-turmerone
induces apoptosis in MDA-MB-231 cells and human leukemia cells, as evidenced by a
significant reduction in the levels of procaspases-3, -8, and -9 [20].

Regarding benign prostatic hyperplasia, germacrone has been shown to inhibit an-
drogens by selectively targeting the steroid 5-alpha reductase in vitro. This inhibitory
effect is attributed to the structural similarity between the «,-unsaturated carbonyl of
germacrone and testosterone. Key factors contributing to its androgenic activity include
the conformation of the cyclodecadiene ring and the presence of the ,[3-unsaturated ke-
tone/hydroxyl moiety in the germacrone molecule [21]. Additionally, germacrone induces
apoptosis in a concentration-dependent manner, with treated cells exhibiting elevated
levels of LC3B-II protein and distinctive punctate patterns, indicative of the initiation of
protective autophagy. Moreover, germacrone suppresses the phosphorylation of Akt and
mTOR in prostate cancer cells [22].

On the other hand, 3-elemene has demonstrated efficacy in overcoming drug resis-
tance in tumor cells. It inhibits the proliferation of A549/DDP cells in a manner that is
dependent on both time and dosage. Furthermore, 3-elemene enhances the sensitivity of
these cells to cisplatin, effectively reversing drug resistance. Notably, 3-elemene induces
a reduction in mitochondrial membrane potential, an increase in intracellular reactive
oxygen species (ROS) concentration, and a decrease in cytoplasmic glutathione levels. The
combined treatment with 3-elemene and cisplatin results in elevated protein expression
of cytochrome c, caspase-3, and Bad, while concomitantly decreasing the protein levels
of Bcl-2 and procaspase-3. This suggests the involvement of a procaspase-3-f3-elemene
pathway that impacts mitochondrial membrane potential, initiating apoptosis through the
release of cytochrome c into the cytoplasm and modulating apoptosis-related genes [23].

Collectively, these findings suggest the potential efficacy of turmeric essential oil con-
stituents against cancer cells. However, it is important to note that the primary limitations
of these studies stem from their preclinical nature. Therefore, further clinical research is
necessary to confirm the positive effects of these isolated compounds on human health.

2.2. Anti-Inflammatory Properties

Inflammation is a complex biological and pathological response that typically arises as
a protective mechanism against harmful stimuli, such as infections and tissue injuries, with
the aim of maintaining homeostasis within the body. Inflammation can be broadly classified
into two categories: acute and chronic. Acute inflammation is a transient and generally
beneficial response; however, when inflammation persists over an extended period, it
can evolve into chronic inflammation, which is associated with various persistent health
conditions, including obesity, diabetes, arthritis, pancreatitis, cardiovascular disorders,
neurodegenerative diseases, metabolic disorders, and certain types of cancer [24].
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While the anti-inflammatory properties of turmeric have traditionally been attributed
to curcumin, bisabolene sesquiterpenes have emerged as a significant class of anti-
inflammatory agents [25]. For instance, ar-turmerone has been shown to inhibit CD8+
T cells in the epidermis, leading to the reduced expression of NF-kB and COX-2, as well as
the inhibition of p38 MAPK phosphorylation [26]. Additionally, ar-turmerone effectively
inhibits critical inflammatory cytokines, including IFN-y and IL-2, in CD4+ T cells without
adversely affecting their proliferation rates upon stimulation [27].

Ar-turmerone also mitigates skin inflammation by lowering the levels of TNF-o and
IL-6 while downregulating the mRNA synthesis of IL-17, IL-22, and IL-23. Furthermore,
ar-turmerone decreases the production of TNF-«, IL-1§3, IL-6, and MCP-1 in A-stimulated
microglial cells by inhibiting the NF-«B, JNK, and p38 MAPK signaling pathways [28-30].

In murine models, germacrone demonstrated anti-inflammatory effects by significantly
reducing the expression of pro-inflammatory cytokines IL-6 and TNF-« while promoting
the expression of anti-inflammatory mediators such as TGF-f31 and IL-10 [31]. It has been
suggested that germacrone plays a crucial neuroprotective role by modulating autophagy
through regulation of the PI3K III/Beclin-1/Bcl-2 and PI3K I/ Akt/mTOR pathways [32].

Curcumol inhibits the LPS-induced nitric oxide (NO) production by suppressing the
expression of iNOS mRNA and protein levels, although it does not affect iNOS activ-
ity. Furthermore, curcumol reduces the LPS-induced production of TNF-«, IL-1§3, and
IL-6 at both transcriptional and translational levels, accompanied by a decrease in JNK
phosphorylation [33].

The anti-inflammatory potential of these turmeric essential oil constituents has been
demonstrated both in vitro and in experimental animal models. While historical reports
indicate the use of TEO to treat inflammatory diseases [34], further investigation through
randomized and controlled clinical studies is warranted to elucidate the underlying mecha-
nisms of action.

2.3. Antioxidant Action

Free radicals are generated through the accumulation of reactive oxygen species
(ROS) resulting from exposure to oxidizing substances. Free radicals can contribute to
the development of various chronic and degenerative diseases. However, the risk of such
diseases can be mitigated by employing external antioxidants or enhancing the production
of endogenous oxidants [35]. In vitro studies have demonstrated the potent antioxidant
capacity of ar-turmerone in scavenging free radicals [36]. Additionally, turmerone Q has
been shown to inhibit lipopolysaccharide-induced NO production [37].

A comparative analysis of the chemical composition and antioxidant activity of es-
sential oils highlighted the significant impact of sample processing, storage, distribution,
and preservation on the quality of antioxidant properties. This research compared the
antioxidant capabilities of essential oils and crude extracts from the Zingiberaceae family,
including turmeric, revealing notable variations in antioxidant activity based on the extrac-
tion method employed [38]. Furthermore, the study examined the chemical composition
and antioxidant activity of both fresh and dried turmeric samples, finding that the essential
oil from fresh turmeric exhibited superior antioxidant activity. Chemical analysis identified
a-turmerone as the predominant constituent of this TEO [39].

Antioxidants play a vital role in human physiology and food preservation. Research on
turmeric has demonstrated its effectiveness in controlling lipid peroxidation in hamburger
and chicken meat during cooking processes [40,41]. Given the antioxidant activity of
isolated turmeric compounds, such as ar-turmerone, turmerone Q, and «-turmerone,
further characterization of these compounds is essential for potential pharmacological and
nutraceutical applications.

2.4. Cardiovascular Activity

Endothelial dysfunction and vascular inflammation are key contributors to atheroscle-
rosis, which is the leading cause of cardiovascular disease and a significant risk factor
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for mortality worldwide [42]. Curdione, a sesquiterpene derived from turmeric essen-
tial oil, has demonstrated protective effects against cardiovascular diseases. This com-
pound exhibits potent anticoagulant and anti-thrombotic properties, effectively inhibiting
platelet activation. Curdione modulates the expression of vinculin and Talinl through
its interaction with 31-tubulin, thereby influencing the integrin signaling pathway and
subsequently restraining platelet activation. Notably, 3-1 tubulin serves as a critical tar-
get for curdione, suppressing the thrombin-induced activation of human platelets [43].
Furthermore, curdione reduces P-selectin expression in platelet-activating factor (PAF)
by elevating cyclic adenosine monophosphate (cAMP) levels and decreasing intracellular
calcium mobilization [44].

Similarly, ar-turmerone has been shown to inhibit platelet aggregation triggered by
collagen and arachidonic acid, although it does not significantly affect aggregation induced
by PAF or thrombin [45]. Additionally, 3-elemene has been found to attenuate atherosclero-
sis and enhance plaque stability through its antioxidative and anti-inflammatory features.
In murine models, $-elemene protects against endothelial dysfunction by significantly
improving plasma nitrite and nitrate levels, as well as promoting the phosphorylation of
endothelial nitric oxide synthase (eNOS) [46]. Moreover, a derivative of 3-elemene has
demonstrated protective effects on endothelial cells from HyO;-induced injury by engaging
antioxidant mechanisms and activating the PI3K/Akt/eNOS/NO signaling pathways [47].

2.5. Hypoglycemic Action

Type 2 diabetes mellitus is the most prevalent chronic metabolic disorder impacting
global health. The primary therapeutic approach for managing this condition involves
the use of antidiabetic medications aimed at controlling glucose levels. However, the
chronic administration of these drugs can lead to clinically significant side effects and drug
interactions. Consequently, there is a growing interest in alternative drug candidates with
hypoglycemic properties [48].

Terpenes and terpenoids are recognized for their antidiabetic activities, which inhibit
the action of enzymes responsible for insulin resistance, thereby restoring physiological
plasma glucose and insulin levels [49]. The antidiabetic effects of curdione and germacrone
have been demonstrated in glucose consumption assays using HepG2 Cells [50]. Addition-
ally, studies in murine models revealed the hypoglycemic potential of ar-turmerone through
the activation of peroxisome proliferator-activated receptor gamma (PPAR-g), suggesting a
synergistic effect between curcuminoids and sesquiterpenoids such as ar-turmerone [51].

Collectively, these findings indicate that curdione, germacrone, and ar-turmerone offer
protective effects against chronic conditions such as insulin resistance and diabetes. How-
ever, most research to date has been conducted using cell and animal models, necessitating
further clinical trials to establish their therapeutic efficacy. Future studies should focus on
prolonged intervention periods and specific endpoints for evaluating health outcomes to
comprehensively assess the long-term safety and efficacy of these turmeric essential oil
compounds.

2.6. Dermatological Application

Turmeric essential o0il is widely utilized in cosmetic and pharmaceutical applications
due to its antimicrobial, anti-inflammatory, antioxidant, and insect-repelling properties.
The major TEO component, ar-turmerone, has alleviated skin inflammation in both in vitro
and in vivo psoriasis models [26,52]. Given that psoriasis is an immune-mediated inflam-
matory skin disorder, ar-turmerone appears to exert its effects through a dose-dependent
suppression of cell proliferation, promotion of apoptosis, and reduction in interleukin
(IL)-1B, IL-6, and IL-8 induced by TNF-« in HaCaT cells, as evidenced by the decreased
expression levels of Shh, Glil, and SMO [52]. Additionally, ar-turmerone inhibits CD8+ T
cell migration into the epidermis and lowers the expression of NF-«B and COX-2, along
with the phosphorylation of p38 MAPK. In imiquimod-induced murine models, the topical
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application of ar-turmerone reduced the levels of TNF-oc and IL-6 while downregulating
the mRNA synthesis of IL-17, IL-22, and IL-23 [26].

Moreover, ar-turmerone has the potential to serve as a therapeutic agent for hyperpig-
mentation disorders by inhibiting the expression of tyrosinase and by inactivating c-MSH-
and IBMX-induced melanin synthesis and tyrosinase activity [53].

Germacrone-type sesquiterpenes have been shown to regulate the UVB-induced
mRNA upregulation and protein expression levels of MMP-1, MMP-2, and MMP-3 in hu-
man keratinocytes, indicating their potential as photoprotective and anti-aging agents [54].
Furthermore, germacrone may address skin conditions such as acne, hirsutism, and an-
drogenic alopecia due to its inhibitory action on steroid 5-alpha reductase in vitro [21].
These findings underscore the promising dermatological applications of ar-turmerone and
germacrone as natural bioactive compounds.

2.7. Hepatoprotection

Chronic liver diseases can lead to significant injuries, contributing to conditions such
as cirrhosis and liver cancer. These chronic injuries stimulate the release of inflammatory
cytokines and reactive oxygen species (ROS), while damaged hepatocytes secrete extracel-
lular matrix protein, resulting in fibrosis. The hepatoprotective effect of TEO sesquiterpenes
have been demonstrated in a murine model of D-galactosamine-induced liver injury where
ar-, x-, and 3-turmerone effectively suppressed the elevated levels of lactate dehydrogenase
(LDH), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) [55].

Ar-turmerone and bisacurone have also shown protective effects against ethanol-
induced hepatocyte injury, a common cause of alcohol-related liver damage [56]. In vitro
studies have indicated that turmeric essential oil sesquiterpenes, including ar-turmerone,
3-sesquiphellandrene, and curcumenol, exhibited cytotoxic activity through the inhibition
of cell growth and the induction of apoptosis in the HepG2 cell line [57].

Curcumol has been shown to effectively inhibit hepatic stellate cells (HSCs), reducing
the secretion and expression of POSTN, and inhibiting the NF-kB signaling pathway along
with the production of pro-inflammatory factors [58].

Collectively, ar-turmerone, x-turmerone, 3-turmerone bisacurone, 3-sesquiphellandrene,
curcumenol, and curcumol appear to exert hepatoprotective effects by modulating various
signaling pathways. Further investigations are warranted to elucidate the molecular
mechanisms underlying their protective actions against hepatic pathologies.

2.8. Neurological Action

The neuroprotective properties of turmeric essential oil and its constituents are closely
associated with their anti-inflammatory and antioxidant activities at the neuronal level [59].
-elemene has been shown to reduce the expression of pro-inflammatory cytokines, such
as tumor necrosis factor-a (TNF-«), interleukin-13 (IL-1$3), and IL-6, while mitigating the
translocation of nuclear factor-kB (NF-«B) p65 from the cytoplasm to the nucleus in BV-2
cells exposed to lipopolysaccharide. Additionally, 3-elemene inhibits the activation of
RAC1, mixed-lineage protein kinase 3 (MLK3), and p38 mitogen-activated protein kinase
(MAPK), while increasing the phosphorylation of the RAC1 Ser71 site [60]. Germacrone
has also improved motor dysfunction, spatial learning issues, and memory deficits induced
by traumatic brain injury in murine models, with this mechanism of action involving Nrf2
upregulation and downregulation of the pro-inflammatory protein p-p65 [61].

Ar-turmerone and its analogs have demonstrated the ability to inhibit dopaminer-
gic neurodegeneration by activating nuclear factor erythroid 2-related factor 2 (Nrf2) in
dopaminergic neurons. Furthermore, ar-turmerone inhibits acetylcholinesterase activity
and mitigates dopaminergic neurodegeneration through significant anti-inflammatory ac-
tion in microglial BV2 cells [62,63]. Given that Parkinson’s disease (PD) is characterized by
the loss of dopaminergic neurons in the substantia nigra due to the inflammatory activation
of microglia, ar-turmerone is a compelling candidate for the prevention and treatment of
PD. Additionally, elevated levels of monoamine oxidase A (MAO-A) are linked to major
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depression [64], and ar-turmerone has been shown to exert antidepressant-like effects by
reducing MAO-A levels and alleviating stress in a murine model [65].

The neuroprotective effects of ar-turmerone are further supported by its ability to
enhance the survival of primary cerebellar granule neuronal cultures by restraining caspase-
3 cleavage. Conversely, in cancer cell lines, ar-turmerone promotes apoptosis and inhibits
cell proliferation, indicating a degree of target specificity that may correlate with a lower
likelihood of adverse effects [66]. Therefore, further development of ar-turmerone as a
potential therapeutic agent for neurological disorders is strongly warranted.

Moreover, the regenerative capacity of endogenous neural stem cells is crucial in the
context of neurodegenerative diseases. Ar-turmerone has been shown to promote the dose-
dependent differentiation and proliferation of neural stem cells in vitro and in vivo [67].
Similarly, 3-elemene has been reported to stimulate neurite outgrowth and axonal regener-
ation in ventral spinal cord motoneuronal cells and primary cortical neurons by inhibiting
the RhoA signaling pathway, effectively preventing the activation of RhoA kinase, and
enhancing the expression of GAP43 [68]. Thus, both ar-turmerone and 3-elemene exhibit
the potential to regenerate neuronal tissue and demonstrate neuroprotective properties,
positioning them as promising candidates for the prevention and treatment of neurodegen-
erative diseases.

Regarding anticonvulsant activity, bisabolene sesquiterpenoids, including ar-, -, 3-
turmerone, and x-atlantone, have displayed anticonvulsant properties in zebrafish and
murine models [69]. Further evaluation of ar-turmerone revealed its ability to control
seizures in the intravenous pentylenetetrazole (PTZ) and 6-Hz murine models, as well as its
ability to decrease the expression of c-fos and brain-derived neurotrophic factor (bdnf), two
genes associated with seizure activity in zebrafish. Additionally, the neurological safety
of ar-turmerone was assessed in mice using the beam walking test, revealing no adverse
effects on balance or motor function. Notably, brain concentration analysis confirmed the
ability of ar-turmerone to cross the blood-brain barrier and persist in brain tissue for up to
24 h following intraperitoneal administration [70].

Likewise, curcumol has been shown to enhance GABA-induced currents in cultured
mouse hippocampal neurons and human embryonic kidney cells in a concentration-
dependent manner. In murine models of seizures induced by PTZ and kainate, curcumol
increased the latency period for both clonic and tonic seizures, reduced mortality rates, and
decreased seizure susceptibility, indicating that curcumol exerts its anticonvulsant effects
by enhancing GABAergic inhibition [71].

This comprehensive body of evidence underscores the potential of TEO constituents,
particularly ar-turmerone, x-turmerone, 3-turmerone, «x-atlantone, 3-elemene, and curcu-
mol, as therapeutic agents for neurological disorders, warranting further investigation into
their mechanisms of action and clinical applications.

2.9. Antiparasitic Properties

In vitro studies have demonstrated that ar-turmerone exhibits activity against Plas-
modium falciparum 3D7 (chloroquine-sensitive), with its efficacy being contingent upon the
specific stage of the parasite’s life cycle. Notably, ar-turmerone has been shown to inhibit
the transition from the ring stage to the trophozoite stage during the intraerythrocytic life
cycle of the parasite’s development. This compound displays high cytotoxic specificity, sug-
gesting its potential as a promising non-toxic candidate for antimalarial drug development,
warranting further research into the molecular mechanisms underlying its antiplasmodial
action [72].

Additionally, turmerones have demonstrated a dose-dependent capacity to inhibit the
growth of Leishmania amazonensis promastigotes [73]. However, comprehensive research is
essential to elucidate the mechanisms that govern their antileishmanial effects.
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2.10. Antiviral Activity

Influenza is a viral respiratory illness associated with seasonal outbreaks and sporadic
pandemics, affecting approximately 10% of the global population annually and resulting
in nearly half a million deaths [74]. While vaccine efficacy is generally high, it remains
suboptimal in elderly populations [75]. Consequently, there is an urgent need for new
influenza vaccines and antiviral therapies. The severity of influenza can be exacerbated by
the disruption of cytokine regulation induced by the virus. Bisabolene sesquiterpenoids
from turmeric oil have been proposed as potential modulators of this dysregulation, as
they may inhibit the expression of virus-induced inflammatory cytokines by regulating the
NF-kB/MAPK and RIG-1/STAT-1/2 signaling pathways in vitro [76].

Moreover, germacrone has been shown to inhibit the replication of HIN1 and H3N2
influenza A viruses, as well as influenza B virus, in a dose-dependent manner. In vitro
studies indicate that germacrone reduces viral protein expression, RNA synthesis, and the
production of infectious progeny virus. Additionally, this compound inhibits viral attach-
ment during the early stages of the replication cycle. In vivo, germacrone has demonstrated
protective effects against lethal infection in mice, significantly reducing viral titers in lung
tissue. A synergistic effect was observed when germacrone was combined with oseltamivir
in both in vitro and in vivo models [77].

Furthermore, germacrone exhibits antiviral activity against pseudorabies virus (PRV),
a member of the Herpesviridae family responsible for various acute infections in animals,
particularly pigs. Given the significant public health implications, there is an urgent need
for innovative therapeutic options to effectively manage the transmission and severity
of PRV infections, as current treatments have shown limited efficacy. In this context,
germacrone emerges as a promising candidate, demonstrating the ability to inhibit PRV
replication in vitro in a dose-dependent manner [78].

Consequently, both bisabolane sesquiterpenes and germacrone represent promising
avenues for further development as therapeutic agents or adjuncts in the treatment of
influenza and pseudorabies virus infections.

2.11. Insecticidal Action

Synthetic insecticides are the predominant method for vector control; however, their
widespread use has led to the emergence of resistant strains and significant environmental
contamination. Ar-turmerone has demonstrated larvicidal properties and the ability to
deter biting by Aedes aegypti L. and Anopheles quadrimaculatus mosquitoes [79]. Additionally,
ar-turmerone exhibits notable larvicidal activity against Culex pipiens pallens, inducing
disruptions in the myofibrils of ventral muscle cells in larvae. This effect is mediated
through an increase in detoxifying enzymes, including carboxylesterase (CarE), glutathione-
S-transferase (GST), and cytochrome P450 monooxidases (P450) [80].

Given these findings, long-term studies are essential to elucidate the specificity of ar-
turmerone’s insecticidal action and to objectively assess its safety for both the environment
and human health.

2.12. Antifungal Properties

Dermatophytosis, caused by pathogenic keratin-digesting fungi known as dermato-
phytes, affects both humans and animals [81]. Timely and effective treatment is crucial to
prevent substantial cosmetic and health issues. However, the presence of adverse effects
and the emergence of drug-resistant strains underscore the necessity for novel therapeutic
agents. In this context, ar-turmerone has demonstrated in vitro antidermatophytic activity
against the genera Trichophyton, Microsporum, and Epidermophyton [82]. Further clinical
assessment of the antifungal properties of ar-turmerone will provide valuable insights into
its molecular mechanisms of action, safety profile, and overall efficacy.
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2.13. Antivenom Activity

The antivenom activity of turmeric essential oil appears to be closely linked to the
anti-inflammatory properties of ar-turmerone. This compound has been shown to inhibit
lymphocyte proliferation and their natural killer activity. In murine models, ar-turmerone
neutralized the hemorrhagic effects induced by Bothrops jararaca venom and the lethal
impact of Crotalus durissus terrificus venom. Moreover, numerous immunological studies
have demonstrated that ar-turmerone can inhibit lymphocyte proliferation and the natural
killer activity of human lymphocytes [83].

Further investigation into ar-turmerone and its pharmacological targets is essential to
fully comprehend its potential for antivenom applications. Additionally, the mechanisms
by which this compound operates and its safety in humans require additional exploration.

Table 2 summarizes published research studies concerning the anticancer, anti-
inflammatory, antioxidant, cardiovascular, hypoglycemic, dermatological, hepatoprotec-
tive, neurological, antiparasitic, antiviral, insecticidal, antifungal, and antivenom properties
of the constituents derived from turmeric essential oil.
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3. Safety of the Bioactive Constituents of Turmeric Essential Oil

TEO exhibits a favorable safety profile when consumed in dietary contexts [7], with no
documented cases of toxicity associated with its oral intake. The cytotoxic effects observed
in laboratory settings are context-specific and dose-dependent, primarily occurring under
conditions such as simulated oncological changes. Importantly, these effects do not translate
to adverse outcomes in typical dietary consumption. While the potential cytotoxicity of
turmeric essential oil components warrants further research, it is essential to recognize
that such effects do not reflect the overall safety of the oil as a food additive or dietary
supplement.

Currently, there is a notable lack of clinical studies assessing the individual toxicity of
the various constituents of TEO. Notably, only one clinical report has documented a single
case of a cutaneous allergic reaction potentially linked to the oral consumption of turmeric
essential oil, although the specific association was not specifically analyzed [84]. Given that
Ayurvedic medicine traditionally endorses the use of turmeric for treating allergies [85],
there is an urgent need for clinical studies to establish the therapeutic range of turmeric
essential oil and its active constituents for specific routes of administration. Defining these
parameters will enhance our understanding of their safety and pharmacokinetics, thereby
facilitating their integration into contemporary therapeutic practices.

4. Conclusions

This review provides a comprehensive overview of the intricate pharmacological
characteristics of the components found in TEO and their potential applications for preven-
tive and therapeutic purposes. Among its chemical constituents, sesquiterpenes represent
the predominant group in turmeric essential oil, demonstrating a diverse array of note-
worthy bioactivities, including anticancer, anti-inflammatory, antioxidant, cardiovascular,
hypoglycemic, dermatological, hepatoprotection, immunological, antiparasitic, antiviral,
insecticidal, antifungal, and antivenom properties.

The primary focus of this work was to elucidate the mechanisms that potentially
underlie the attributes of monoterpenes, bisabolanes, germacranes, elemanes, and guaianes
found in TEO. It is noteworthy that some of these isolated constituents exhibit similar effects
or activity pathways, suggesting possible synergistic interactions when co-administered.
Furthermore, studies have reported additive effects when isolated compounds are utilized
alongside commercially available pharmaceuticals, presenting an intriguing avenue for
investigation. Such studies may offer the potential to reduce medication dosages, particu-
larly in the context of chronic conditions, thereby minimizing adverse effects, enhancing
therapeutic outcomes, and improving medication adherence.

Most of the studies discussed in this review are preclinical in nature. Therefore, further
clinical investigations are imperative to achieve a more comprehensive understanding of
the pharmacokinetic profile, therapeutic index, efficacy, and safety of the compounds
isolated from turmeric essential oil.
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Abstract: Ageratum conyzoides L. is native to Tropical America, and it has naturalized in many other
tropical, subtropical, and temperate countries in South America, Central and Southern Africa, South and
East Asia, Eastern Austria, and Europe. The population of the species has increased dramatically as
an invasive alien species, and it causes significant problems in agriculture and natural ecosystems. The
life history traits of Ageratum conyzoides, such as its short life cycle, early reproductive maturity, prolific
seed production, and high adaptive ability to various environmental conditions, may contribute to its
naturalization and increasing population. Possible evidence of the molecules involved in the defense of
Ageratum conyzoides against its natural enemies, such as herbivore insects and fungal pathogens, and the
allelochemicals involved in its competitive ability against neighboring plant species has been accumulated in
the literature. The volatiles, essential oils, extracts, residues, and/or rhizosphere soil of Ageratum conyzoides
show insecticidal, fungicidal, nematocidal, and allelopathic activity. The pyrrolizidine alkaloids lycop-
samine and echinatine, found in the species, are highly toxic and show insecticidal activity. Benzopyran
derivatives precocenes I and II show inhibitory activity against insect juvenile hormone biosynthesis and
trichothecene mycotoxin biosynthesis. A mixture of volatiles emitted from Ageratum conyzoides, such as
[3-caryophyllene, B-bisabolene, and (3-farnesene, may work as herbivore-induced plant volatiles, which are
involved in the indirect defense function against herbivore insects. Flavonoids, such as nobiletin, eupalestin,
5'-methoxynobiletin, 5,6,7,3' 4’5’ -hexamethoxyflavone, and 5,6,8,34’ 5'-hexamethoxyflavone, show in-
hibitory activity against the spore germination of pathogenic fungi. The benzoic acid and cinnamic acid
derivatives found in the species, such as protocatechuic acid, gallic acid, p-coumaric acid, p-hydroxybenzoic
acid, and ferulic acid, may act as allelopathic agents, causing the germination and growth inhibition of
competitive plant species. These molecules produced by Ageratum conyzoides may act as defense molecules
against its natural enemies and as allelochemicals against neighboring plant species, and they may con-
tribute to the naturalization of the increasing population of Ageratum conyzoides in new habitats as an
invasive plant species. This article presents the first review focusing on the defense function and allelopathy

of Ageratum conyzoides.

Keywords: allelochemical; herbivore; invasive species; natural enemy; nematode; pathogen; precocene;

pyrrolizidine alkaloid

1. Introduction

Ageratum conyzoides L., belonging to the family Asteraceae, is an annual or subshrub
and grows to 20-150 cm in height. The stems are erect and round, covered with villi, and
they branch well. The opposite leaves are simple, ovate, serrate, pubescent, 2-8 cm long,
and 1-5 cm wide, with long petioles. It has a fibrous root system. The capitula are 4-6 cm
in diameter, generated in panicles at the ends of the twigs, and a single capitulum contains
30-50 tubular florets. The corollas of the florets are white to mauve. The fruits are black

and liner achenes, having aristate pappi [1-4] (Figure 1).
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Figure 1. Ageratum conyzoides. Photos were kindly provided by Dr. Poonpaiboonpipat, T.

The native range of Ageratum conyzoides consists of Tropical America. The species
is thought to have been introduced into different countries as an ornamental plant, but
it has naturalized and spread in many tropical, subtropical, and temperate countries in
South America, Central and Southern Africa, South and East Asia, Eastern Austria, and
Europe [1-5]. Primary infestation may occur along road margins because the density of
the species population is correlated with the distance from roads [2]. It was estimated that
40% of the geographical areas in the Eastern Ghats of India would be covered by Ageratum
conyzoides by the end of 2100 [6].

The population of Ageratum conyzoides has been reported to have increased dramat-
ically and it causes significant problems in agriculture in the introduced ranges. The
infestation of Ageratum conyzoides has suppressed the production of more than 30 crops
over 40 countries [6-9]. For example, the species reduced the production of direct-seed
rice by 15-65%, soybean by 50-75%, maize by 15-65%, and groundnut by 45-70% [10].
Ageratum conyzoides also acts as a host for many crop diseases, such as okra enation leaf
curl virus, capsicum chlorosis virus, cotton leaf curl virus, and tomato yellow leaf curl
virus [11-13], and as a host of aphids that carry papaya ringspot virus [14]. The infestation
of Ageratum conyzoides in grasslands reduced the production of grass fodder, causing a
shortage in the fodder supply for livestock [15]. The infestation of Ageratum conyzoides has
also been reported to significantly affect natural ecosystems. The species formed dense
monocultural stands on forest floors and grasslands, reducing the species diversity by 32%,
fresh biomass by 40%, and dry biomass by 49% in the introduced ranges [16]. Its infestation
has been reported to threaten the survival of protective indigenous plant species on the
Hawaiian islands, including Isodendrion longifolium and Brighamia insignis [4,17].

Its life history traits, such as its high growth rate, high reproduction rate, and high
adaptivity, including phenotypic plasticity, contribute to the naturalization of this invasive
plant species and to increasing its population in the introduced ranges [18-22]. Agera-
tum conyzoides has a short life cycle and early reproductive maturity. The species can
complete its life cycle in less than 2 months, and it bears flowers when two leaves ex-
pand [23,24]. Ageratum conyzoides produces two generations a year under favorable growth
conditions [24]. The species produces 40,000-95,000 seeds per plant [4,15,24]. The seeds
are small and lightweight, and dispersed through water and wind, the attachment of the
aristate pappus to stick to animals and human clothes, and the contaminant in crops and
soil [3-5]. The average dispersal distance was recorded to be 2.4 km per year [25]. The seeds
did not show any marked dormancy, and half of the seeds germinated [15,23,24,26-29].

Ageratum conyzoides thrives in open areas with high humidity and high soil fertility
and at temperatures ranging between 20 °C and 25 °C [4,5]. Its chromosome number was
reported to be 2n = 20 or 40 [1,4,30]. The species has great morphological variety and is
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highly adaptive to different moisture and temperature conditions and shade conditions [31].
The species has survived at temperatures between 15 °C and 30 °C [5]. The species was
found in mountain areas at up to 1800 m elevation [28,32]. Ageratum conyzoides also
maintains its dense population under dry and shaded conditions [33-35]. The species has
infested protective forests, in which the forest floor was relatively dark, and destroyed the
community of the native undergrowth species [34,35]. These observations suggest that the
life history traits of Ageratum conyzoides, such as its short life cycle and early reproductive
maturity, prolific seed production, and high adaptivity to various environmental conditions,
may contribute to the invasiveness of the species.

Many of the invasive plant species are also reported to possess defense molecules,
which are involved in defense functions against natural enemies, such as herbivores
and pathogens, as well as allelochemicals involved in allelopathy against competitive
plant species [19,20,36-39]. These compounds may also contribute to the invasiveness of
Ageratum conyzoides. However, there has been no review article focusing on the defense
molecules, including allelochemicals, of Ageratum conyzoides involved in such functions.
This work provides an overview of the defense responses and allelopathy of the species, and
the compounds involved in its defense functions. The action mechanisms of the molecules
involved in the defense functions are also discussed. The literature has been searched using
a combination of the predominant online search engines, i.e., Scopus, ScienceDirect, and
Google Scholar, and all possible combinations of Ageratum conyzoides with the following
terms: botany, biology, habitat, reproduction, adaptively, plasticity, invasiveness, impact,
natural enemy, insecticidal activity, fungicidal activity, nematode, symbiosis, rhizobium,
allelopathy, allelochemical, pharmacology, and second metabolite.

2. Defense Molecules against Herbivore Insects

One of the essential factors for plant species to survive invasion is their defense
ability against herbivore insects as natural enemies. Herbivore insects sometimes cause
significant damage to plant growth, development, and regeneration [40-42]. Therefore,
some plant species have developed a chemical defense strategy against their natural
enemies [19,20,43,44].

Aqueous extracts of Ageratum conyzoides stems and leaves increased the mortality of
an adult polyphagous grasshopper (Zonocerus variegatus) [45]. Hexane extracts of Ageratum
conyzoides leaves also increased the mortality of the adult insects of Diaphania hyalinata,
Musca domestica, Periplaneta americana, and Rhyzopertha dominica [46]. The whole plant
extracts of Ageratum conyzoides, using aqueous solutions, methanol, and other organic
solvents, showed insecticidal activity against several crop pest insects, such as a stalk borer
(Chilo partelus) [47], a rice weevil (Sitophilus oryza), a rice bug (Leptocorisa chinensis) [48], and
a mosquito (Anopheles gambiae), which is the most important vector of malaria [49]. The
essential oil of Ageratum conyzoides also showed insecticidal activity against a crop grain
insect (Tribolium castaneum) [50] and inhibitory activity regarding the metamorphosis of a
cowpea weevil (Callosobruche naculatus) [51]. The essential oil showed ovicidal activity and
reduced the fertility of a cotton strainer (Dysdercus angulatus) [48].

Two isomeric pyrrolizine alkaloids, lycopsamine and echinatine, were found in ex-
tracts of Ageratum conyzoides [52]. Pyrrolizidine alkaloids consist of a necine base and a
double five-membered ring with a nitrogen atom in the middle, esterified with mono-
or dicarboxylic acids, called a necic acid [53]. Pyrrolizidine alkaloids have been found
in more than 300 different compounds in the plant families of Asteraceae, Boraginaceae,
Fabaceae, and Orchidaceae [54]. These compounds are synthesized from L-arginine, and the
specific intermediate is a homospermidine (polyamine). Pyrrolizidine alkaloid N-oxides are
some of the primary products of pyrrolizidine alkaloid biosynthesis [55]. These plant species
may produce these pyrrolizidine alkaloids as chemical defense agents against herbivores, such
as insects and mammals [56-59]. The compounds are highly toxic, showing highly hepatotoxic,
genotoxic, cytotoxic, tumorigenic, and neurotoxic activity. After absorption by insects and
mammals, the first step in the activation of pyrrolizidine alkaloids is dehydrogenation catalyzed
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by cytochrome P450 monooxygenases [60,61], and the activated compounds interrupt several
types of metabolism in the cell functions of these insects and mammals [62,63]. Therefore,
the pyrrolizidine alkaloids in Ageratum conyzoides may be involved in the insecticidal activity
caused by the extracts and essential oil of the species, as described above, and contribute to the
protection of the species from herbivore attacks (Figure 2).
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Figure 2. The compounds involved in the insecticidal activity of Ageratum conyzoides.

However, certain specialist herbivores have evolved tolerance to pyrrolizidine alka-
loids. These specialists accumulate and store pyrrolizidine alkaloids in certain organs. The
accumulated pyrrolizidine alkaloids are used for protection from their predators as poison
and as precursors to synthesize mating pheromones. Some of these insects also transfer
the pyrrolizidine alkaloids to their eggs for the protection of their offspring [53,64,65].
However, Ageratum conyzoides may seldom meet these specialist insects in its introduced
ranges, because there may be no such coevolutionary history between these insects and
Ageratum conyzoides in the introduced ranges.

The extracts and essential oil of Ageratum conyzoides were reported to contain two benzopy-
ran derivatives, precocene I and precocene II (formerly named ageratochromene) [48,66,67].
These compounds are toxic and have shown anti-juvenile hormone activity, such as the in-
hibition of the reproduction of a bean beetle (Epilachna varivestis), the induction of diapause
in a potato beetle (Leptinotarsa decenlineata) [66], and the inhibition of the metamorphosis of a
moth (Spodoptera manuritta) [68]. The juvenile hormone is known to control several aspects of
insect development, such as reproduction, diapause, and metamorphosis [69]. Precocene II
was reported to inhibit the biosynthesis of the juvenile hormone [70]. In addition, precocene II
was reported to cause morphological abnormalities in the pupae development of a crop pest
beetle (Epilachna vigintioctopunctata) [71] and to interrupt mitochondrial function in rat cells [72].
These observations suggest that precocene I and precocene II may suppress insect growth
and development due to the interruption of juvenile hormone biosynthesis and contribute to
protection from herbivore insect attacks as defense molecules (Figure 2).

The intercropping of Ageratum conyzoides in citrus orchards increased the population of a
predator mite, Amblyseius newsami, which hunts for a herbivore mite, Panonychus citri. Panonychus
citri is the natural enemy of citrus and reduces citrus production significantly [68,73]. Ageratum
conyzoides emits a mixture of volatiles, such as precocenes I and II, and three sesquiterpenes:
[3-caryophyllene, 3-bisabolene, and (3-farnesene (Figure 3). The concentrations of these volatiles
in the air of Ageratum conyzoides-intercropping citrus orchards were greater than those in non-
intercropping citrus orchards [67].
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Figure 3. The compounds that act as HIPVs involved in indirect defense function.
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When herbivore insects attack, certain plants emit a mixture of volatiles consisting of
different chemical classes, called herbivore-induced plant volatiles (HIPVs) [70]. HIPVs stim-
ulate predators to hunt herbivores as their prey. The predator insects sense HIPVs via the
olfactory sensilla located on their antennae [74]. The responses of predator insects to HIPVs vary
among predator species, and only a particular mixture of HIPVs (chemical competition and
concentration) serve as signals for specific insects [75]. Then, the sensorial functions trigger the
hunting behavior of these insects against the herbivores. HIPVs are considered to be involved in
the indirect defense function of plants against herbivores [74,75]. The essential oil of Ageratum
conyzoides and a volatile mixture of precocenes I and II, 3-caryophyllene, 3-bisabolene, and
[-farnesene attracted Amblyseius newsami [67]. Therefore, the volatile mixture emitted from
Ageratum conyzoides may serve as HIPVs involved in indirect defense function. (3-Farnesene is
known to act as a HIPV in several other plant species [75].

3. Defense Molecules against Nematodes

Plant-parasitic nematodes, such as root-knot nematodes Meloidogyne spp., are some of
the major plant pathogens [76,77]. The host range of Meloidogyne spp. is wide, and their
parasitism causes significant growth retardation in the host plant species. The nematodes
creates galls in the plant roots and reduce the photosynthates and nutrients available
to their host plants, leading to the loss of plant vigor and defense capabilities against
other pathogen attacks [78-80]. Aqueous extracts of Ageratum conyzoides leaves increased
the mortality of Meloidogyne incognita [81] and Meloidogyne javanica [82]. Its aqueous leaf
extracts also suppressed the parasitic gall formation of Meloidogyne incognita [83]. Although
the active compounds in the extracts have not yet been determined, these observations
suggest that Ageratum conyzoides may possess certain compounds that have nematicidal
activity. As described in Section 2, Ageratum conyzoides contains pyrrolizidine alkaloids,
which are highly toxic to insects and mammals [60,61]. Therefore, these pyrrolizidine
alkaloids may be involved in the nematicidal activity of the species.

4. Defense Molecules against Fungal Pathogens

The defense ability against fungal pathogens is one of the essential factors for plants
to survive an invasion. Some Fusarium spp. are fungal plant pathogens, causing diseases
such as rot, blights, cankers, and wilts in the host plant tissue [84-86]. Fusarium also
produces a number of mycotoxins, such as trichothecenes and fumonisins [87,88]. Aqueous
n-hexane and methanol extracts of whole plants of Ageratum conyzoides suppressed the
growth of Fusarium solani, which causes rot and wilt diseases [89]. Methanol extracts of the
aboveground parts of Ageratum conyzoides suppressed the growth of Fusarium oxysporum,
which causes blight and wilt diseases [90]. In addition, extracts of the aerial parts of
Ageratum conyzoides inhibited the growth of a rice blast fungus, Pyricularia oryzae, and a
sugar beet root rot fungus, Rhizoctonia solani. Precocene Il and four flavonoids, nobiletin,
5’-methoxynobiletin, eupalestin, and 5,6,7,3,4’ 5’ -hexamethoxyflavone, were identified in
the extracts as the active compounds, and the inhibitory activity of precocene Il was the
highest among them [91] (Figure 4).

The intercropping of Ageratum conyzoides in citrus orchards decreased the populations of the
soil-pathogenic fungi Phytophthora citrophthora, Pythium aphanidermatum, and Fusarium solani. Pre-
cocenes I and II and three flavonoids, 5-methoxynobiletin (5,6,7,8,3 4’ 5'-heptamethoxyflavone),
5,6,7,3' A' 5'-hexamethoxyflavone, and 5,6,8,3,4’,5'-hexamethoxyflavone, were found in the soil
where Ageratum conyzoides was intercropped. These compounds inhibited the spore germination
of these pathogenic fungi [92]. These observations suggest that Ageratum conyzoides possesses
antifungal activity and precocenes I and II, as well as the mentioned flavonoids, may be involved
in this activity.
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Figure 4. The compounds involved in the fungicidal activity of Ageratum conyzoides.

The intercropping of Ageratum conyzoides in citrus orchards decreased the populations of
the soil-pathogenic fungi Phytophthora citrophthora, Pythium aphanidermatum, and Fusarium solani.
Precocenes I and IT and three flavonoids, 5'-methoxynobiletin (5,6,7,8,3,4’,5'-heptamethoxyflavone),
56,73 4 5'-hexamethoxyflavone, and 5,6,8,3 4’ 5'-hexamethoxyflavone, were found in the soil
where Ageratum conyzoides was intercropped. These compounds inhibited the spore germination
of these pathogenic fungi [92]. These observations suggest that Ageratum conyzoides possesses
antifungal activity and precocenes I and II, as well as the mentioned flavonoids, may be involved
in this activity.

Precocenes I and II were reported to inhibit the production of trichothecene mycotoxin
in a pathogenic fungus, Fusarium graminearum. The inhibitory activity of precocene II was
much greater than that of precocene I [93,94]. Trichothecene is synthesized from farnesyl
pyrophosphate, which is produced through the mevalonate pathway, and its synthesis
is regulated by the TRI6 (trichothecene biosynthesis positive transcription factor) protein
encoded by Tri6 genes [95,96]. Precocenes II binds to a mitochondrial outer membrane
protein and elevates the mitochondrial superoxide levels. The high levels of superoxide in
mitochondria decrease the Tri6 gene levels and TRI6 protein, resulting in the suppression
of trichothecene production [95-97]. In addition, the insect juvenile hormone is also
synthesized from farnesyl pyrophosphate in the corpus allatum cells of insects [98]. As
described in Section 2, precocene Il was reported to interrupt mitochondrial function [72]
and to inhibit the biosynthesis of the juvenile hormone [70]. Therefore, precocene Il may
bind to the mitochondrial membrane proteins of the corpus allatum cells and interrupt
juvenile hormone biosynthesis.

These observations suggest that precocenes I and II and these flavonoids may work
as defense molecules against fungal pathogen attacks and help the invasion of Ageratum
conyzoides into the introduced ranges.

5. Inhibitors for Symbiosis

When the whole plant residues of Ageratum conyzoides were mixed with soil, the soil
suppressed the growth and nodulation of a leguminous plant chickpea (Cicer arietinum) [99].
Leguminous plants generally coexist with symbiotic rhizobia [100-102]. Rhizobium nodula-
tion enhances the host plant’s performance through the supply of nitrogen and ammonium
to the host plant [103,104]. Ageratum conyzoides may possess certain compounds that
degrade the nodulation of nearby legume plants. A reduction in rhizobium nodulation
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weakens the ability of these legumes to perform nitrogen and ammonium acquisition,
which may cause the growth suppression of these plant species. Some other invasive plant
species were also reported to suppress the colonization of the rhizobia and arbuscular
mycorrhiza of native plant species [105,106]. Certain flavonoids released from leguminous
plant species are known to act as signals for the induction of the nodulation genes in
rhizobia and the initiation of symbiosis [103,104]. The compounds in Ageratum conyzoides
may reduce the rhizobium population and interfere with the flavonoid signals and/or
nodulation, resulting in the interruption of the symbiosis between the legumes and rhizobia.
However, there is no information available on the compounds involved in the interruption
of this symbiosis. The identification of these compounds is necessary.

6. Defense Molecules against Neighboring Plants

Allelopathy is the plant-to-plant interaction in the local plant community, occur-
ring through certain secondary metabolites defied as allelochemicals. The donor plant
species produce and release allelochemicals into their neighboring environments, and
these released allelochemicals suppress the germination, growth, development, and/or
regeneration process of the receiver plant species. Subsequently, the donor plants gain a
relatively large quantity of resources, such as light, water, and nutrients, in the local plant
community [107-110]. The competitive ability of invasive plant species against indigenous
plant species for resource acquisition is one of the most important factors for their success
in the introduced ranges [19,20,111,112]. The allelopathic potential of invasive plant species
against indigenous plant species is often reported to be high [113-115].

The inhibitory effects of certain allelochemicals in invasive plant species against
competitive plant species are considered to be greater in the introduced ranges than in
the native ranges of the invasive plant species. In their native ranges, the competitive
plant species may have developed tolerance to these allelochemicals because of their
coevolutionary history. However, in their introduced ranges, the competitive plant species
may not have had an opportunity to acquire tolerance to these allelochemicals because they
had not existed together before. Therefore, according to the novel weapons hypothesis, the
allelochemicals released from invasive plant species are more effective on indigenous plant
species in the introduced ranges and contribute to their invasiveness [36,111,112].

Allelochemicals are synthesized, stored in certain plant organs, and released into the
neighboring environment through volatilization, root exudation, and the decomposition
of plant residues in the rhizosphere soil [107-110]. Therefore, allelochemicals have been
identified in the extracts of plant organs (leaves, stems, and roots), essential oils, volatiles,
root exudates, and rhizosphere soil [116-118].

Aqueous extracts of Ageratum conyzoides leaves inhibited the germination and growth
of Parthenium hysterophorus [119]. Acetone extracts of Ageratum conyzoides leaves and roots
inhibited the germination and growth of Oryza sativa [120]. Acetone extracts of Ageratum
conyzoides shoots (leaves and stems) inhibited the germination and growth of Amaranthus
caudatus, Digitaria sanguinalis, and Lactuca sativa in an extract concentration-dependent
manner [121]. Meanwhile, n-hexane and ethyl acetate extracts of Ageratum conyzoides leaves
inhibited the growth of Amaranthus spinosus, and a major constituent in both extracts was
precocene II [122,123]. These observations suggest that Ageratum conyzoides contains certain
extractable allelochemicals, including precocene II.

The whole plant powder of Ageratum conyzoides incorporated into the soil inhibited the
germination and growth of Echinochloa crus-galli, Monochoria vaginalis, and Aeschynomene
indica. Coumalic acid, gallic acid, and benzoic acid were major constituents in the aqueous
methanol extracts of Ageratum conyzoides whole plants [124]. When the root residues
of Ageratum conyzoides were incorporated into soil, the soil suppressed the growth of
Oryza sativa [125], and protocatechuic acid, p-coumaric acid, gallic acid, ferulic acid, and
p-hydroxybenzoic acid were identified in the aqueous extracts of the soil as allelopathic
agents [8]. The aqueous extracts of soil previously infested by Ageratum conyzoides inhibited
the growth of Triticum aestivum [126]. The root exudates of Ageratum conyzoides suppressed
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the germination and growth of Abelmoschus esculentus, Solanum lycopersicum, Phaseolus
vulgaris, Zea mays, Cicer arietinum, and Cucumis sativus [127]. These observations suggest
that Ageratum conyzoides may contain certain allelochemicals, which are released into the
rhizosphere soil through the root exudation and decomposition processes of plant residues.
Protocatechuic acid, p-coumaric acid, gallic acid, ferulic acid, and p-hydroxybenzoic acid
may be some of these allelochemicals.

The intact fresh leaves of Ageratum conyzoides and its essential oil inhibited the growth
of Cucumis sativus, Lolium ultiforum, Raphanus sativus, Phaseolus aureus, Triticum aestivum,
and Lycapesicon spp. in sealed bottles. Precocenes I and II and p-caryophyllene were
found as active compounds [128]. This observation suggests that certain allelochemicals,
including precocenes I and II and 3-caryophyllene, may be released into the air through
volatilization from Ageratum conyzoides.

Precocenes I and II elevate the mitochondrial superoxide levels in the cells of insects
and fungi, leading to insecticidal activity and fungicidal activity, as described in Section 4.
High levels of superoxide were also reported to cause allelopathic activity, such as germi-
nation and growth inhibition against several plant and alga species [129-131]. Therefore,
the allelopathic activity of precocenes I and II may also be caused by the elevation of
the superoxide levels in plant cells. Three sesquiterpenes, 3-caryophyllene, 3-bisabolene,
and p-farnesene, emitted from Ageratum conyzoides showed allelopathic activity [132]. In
addition, p-caryophyllene was identified in another invasive plant species, Mikania mi-
crantha [133], and was considered to act as a allelochemical due to the elevation of the
superoxide levels in the cells of the receiver plant species [134-136]. Therefore, these
sesquiterpenes emitted from Ageratum conyzoides may induce allelopathic activity due to
the elevation of the superoxide levels in the cells of the receiver plant species.

Soil samples obtained from Ageratum conyzoides-intercropped citrus orchards suppressed the
growth of Bidens pilosa, Digitaria sanguinalis, and Cyperus difformis. Precocene Il and three flavonoids,
5-methozynobiletin, 5,6,7,3' A' 5'-heptamethoxyflavone, and 56,834,
5-hexamethoxyflavone, were identified in citrus orchard soil as allelopathic agents [92]
(Figure 4). Flavonoids are polyphenolic secondary metabolites synthesized from phenylalanine
through chalcone. Many flavonoids are reported to have anti-fungal, anti-herbivore, anti-bacterial,
and allelopathic activity [137-140]. Ageratum conyzoides is rich in polyoxygenated flavonoids [141].
Therefore, some of these identified flavonoids and precocene I in Ageratum conyzoides may be re-
leased into the rhizosphere soil through the decomposition of plant residues and act as allelopathic
agents. However, the molecular targets of the flavonoids in plant cells are unknown.

Benzoic acid and cinnamic acid derivatives, such as protocatechuic acid, gallic acid,
p-coumaric acid, p-hydroxybenzoic acid, and ferulic acid, were identified in extracts of
the roots, leaves, and stems of Ageratum conyzoides and/or in soil mixed with its root
residues [8,124,125]. Cinnamic acid and its derivatives are synthesized via the shikimic
acid pathway from phenylalanine [142,143]. These compounds have been identified in a
wide range of plant extracts, plant residues, and plant rhizosphere soil. The involvement of
benzoic acid and cinnamic acid derivatives in allelopathy and the mechanisms of their al-
lelopathic action have been investigated in other plant species [144-146]. These compounds
cause structural alterations in the plasma membrane lipids and proteins of plant cells and
reduce the transmembrane electrochemical potential, which causes the depolarization of
the membranes. The depolarization of the membranes induces the nonspecific efflux of
both cations and anions, including phosphate, potassium, magnesium, and nitrate ions, and
affects the water balance in the cells. These compounds also interrupt the activity of various
enzymes involved in several types of metabolism, such as photosynthesis, respiration, phy-
tohormone synthesis, protein synthesis, and the synthesis of other secondary metabolites,
and they affect plant cell division, growth, and development [144-147]. Therefore, benzoic
acid, protocatechuic acid, gallic acid, p-coumaric acid, p-hydroxybenzoic acid, and ferulic
acid may affect the plasma membrane structure and certain enzymes’ activity and act as
allelopathic agents (Figure 5).
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Figure 5. The compounds involved in the allelopathy of Ageratum conyzoides.

These allelochemicals identified in Ageratum conyzoides may contribute to the sup-
pression of the germination and growth of indigenous plant species and increase the
competitive ability of Ageratum conyzoides for the acquisition of nutrients, water, and light
in the introduced ranges.

7. Contributions of Defense Molecules to Invasive Traits of Ageratum conyzoides

Ageratum conyzoides produces several defense molecules against insects, nematodes,
fungal pathogens, and competitive neighboring plant species. Among them, precocenes
I and II showed insecticidal activity through the inhibition of insect juvenile hormone
biosynthesis [70]. Precocenes I and II also have fungicidal activity [92], and they exhibit
inhibitory activity regarding trichothecene mycotoxin biosynthesis through the elevation
of the mitochondrial superoxide levels [93,94]. Both compounds have shown allelopathic
activity and suppressed the germination and growth of several plant species [122,123,128].
In addition, a mixture of volatiles, including precocenes I and II and three sesquiterpenes,
namely (3-caryophyllene, 3-bisabolene, and (3-farnesene, emitted from Ageratum conyzoides,
may work as HIPVs involved in the indirect defense function against herbivore insects [67]
(Figure 6).

Pyrrolizidine alkaloids, such as lycopsamine and echinatine, are highly toxic and
possess insecticidal activity through the interruption of metabolism in insect cells, re-
sulting in protection from herbivore insect attacks. These compounds may also work as
defense agents and be involved in nematicidal activity. Flavonoids, such as nobiletin, 5'-
methoxynobiletin, eupalestin, 5,6,7,3' 4’ 5'-hexamethoxyflavone, and 5,6,8,3,4’ 5’ -hexamethoxyflavone,
found in Ageratum conyzoides were reported to show inhibitory activity regarding the spore
germination of pathogenic fungi [91,92]. Benzoic acid, protocatechuic acid, gallic acid,
p-coumaric acid, p-hydroxybenzoic acid, and ferulic acid may act as allelopathic agents,
causing the inhibition of the germination and growth of other plant species [124-126]. The
sesquiterpene [3-caryophyllene and the flavonoids found in Ageratum conyzoides may also
act as allelopathic agents [128] (Figure 6).

Pharmacological and phytochemical investigations have shown that Ageratum cony-
zoides contains many other secondary metabolites in several chemical classes, such as
monoterpenes, sesquiterpenes, flavonoids, and sterols. Some of these compounds are
related to pharmacological activity, such as anti-pyretic, anti-inflammatory, cardiovascular,
and analgesic activity, which is exploited in medicinal treatment, and anti-microbial activity,
which benefits food security [94,148-153]. Although the identified compounds have not yet
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been related to the invasiveness of Ageratum conyzoides, some of them may act as defense
molecules for unknown functions.
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Figure 6. Defense molecules involved in the invasive abilities of Ageratum conyzoides. These com-
pounds act as nematicidal, insecticidal, fungicidal, and allelopathic agents of Ageratum conyzoides.
Purple arrow: direct action; blue arrow: secondary and tertiary action.

In conclusion, the defense responses of invasive plants to their natural enemies, such
as herbivores and pathogens, is one of the essential functions for their naturalization and
population expansion in their introduced ranges. The allelopathy of invasive plants against
indigenous plant species is also one of these functions. As described above, Ageratum
conyzoides produces several compounds that act as defense molecules against its natural
enemies, such as herbivore insects, parasitic nematodes, and fungal pathogens, and act
as allelochemicals against neighboring plant species. Therefore, these compounds may
contribute to the naturalization and expanding population of Ageratum conyzoides in new
habitats as an invasive plant species. These compounds may be used in the development
of insecticides, fungicides, and/or herbicides.
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Abstract: The angular triquinane carbocyclic ring system is a component of many natural products
found in numerous terrestrial and marine plants. A strategy for the synthesis of functionalized
angular triquinanes utilizing two trimethylenemethane (TMM)-based [3+2] cycloaddition reactions is
presented. This synthetic strategy employs the intermolecular dyil-trapping reaction to give eventual
access to the bicyclo[3.3.0]oct-1-en-3-one system. A subsequent [3+2] cycloaddition with a TMM
equivalent provides the angular triquinane carbocyclic framework.

Keywords: angular triquinane; trimethylenemethane; TMM; diradical; bicyclo[3.3.0]Joctenones

1. Introduction

Triquinanes, or polycarbocyclic ring systems composed of three five-membered rings,
occur in numerous terrestrial and marine plants. These naturally occurring quinanes have
been the subject of synthetic and biological investigations for many decades [1,2]. The
five-membered rings can be adjoined in a linear, angular, or propellane pattern. These
triquinane molecules possess biological and medicinal value [3-5]. The family of angular
triquinanes is characterized by three five-membered rings fused in an angular pattern so
that all three rings share a common quaternary carbon in an all-cis-fused fashion. Sub-
families of angular triquinanes are characterized by the position of the methyl groups on
the carbocyclic skeleton. Specific angular triquinanes are characterized by their specific
structure, including their stereochemistry, such as silphinene, pentalenene, and subergorgic
acid. Natural angular triquinanes also serve as biosynthetic precursors to pentalenolactone
antibiotics [6]. We are interested in angular triquinanes because we believe that synthetic
access to unique derivatives has the potential to deliver new drug lead molecules. This
belief leads us not toward the total synthesis of a particular natural product but to the
development of a general synthetic methodology to angular triquinane-bearing functional
groups readily usable for analog synthesis.

We envisioned a relatively quick access to the angular triquinane ring system, with
each ring bearing a synthetically useful functionalization, by the direct [3+2] cycloaddition
of a trimethylenemethane (TMM) unit with a functionalized bicyclo[3.3.0]oct-1-en-3-one.
This ring system can be accessed by the [3+2] addition of a TMM-based diradical with an
olefin (Scheme 1) [7-9]. Reports in the literature of the direct cyclopentyl-annulation of
bicyclo[3.3.0]oct-1-en-3-ones toward angular triquinanes are limited to two-step annula-
tions using conjugate-addition reactions with sulfinylallyl anions or bifunctional cuprates,
sometimes as one-pot reactions [10-13]. The drawbacks of using bifunctional reagents are
additional synthetic reactions, the use of organotin reagents, and potentially sensitive trans-
metallation steps. There are also examples of Danheiser annulation with similar substrates

Molecules 2024, 29,

5358. https:/ /doi.org/10.3390/molecules29225358 96 https://www.mdpi.com/journal /molecules



Molecules 2024, 29, 5358

having been successful in giving access to angular tetra- and triquinanes [14-16]. The draw-
back of employing this approach is the use of a strong Lewis acid that may not be tolerated
by some functional groups. There are no examples of the direct cyclopentyl-annulation
of bicyclo[3.3.0]oct-1-en-3-one with a TMM equivalent. We are aware of one other TMM-
based diradical strategy toward angular triquinanes that involves the intramolecular [3+2]
cycloaddition of a diazene-derived TMM in route to the total synthesis of crinipellin
A [17-19]. Our motivation for investigating this synthetic route is the production of a useful
intermediate for elaboration into non-natural angular triquinane analogs for the eventual
identification of new antimicrobial and anticancer drug lead molecules.

12

4 R ./\ R /R
1M [3+2] [3+2] ~—CH’
> O —

o— 0 — L 7
3

1 2

Scheme 1. Retrosynthetic scheme depicting the TMM-based [3+2] cycloaddition strategy to access
functionalized angular triquinanes.

2. Results and Discussion

To test our proposed route to the creation of functionalized angular triquinanes, we
used diazene 4 (Scheme 2) [20,21]. This compound provides the functionalization of
one of the rings of the product in the form of a tether that could be used for the future
attachment of various labeling moieties. Heating 4 in degassed acetonitrile to generate
the corresponding TMM diyl, in the presence of phenylvinylsulfone as the diylophile,
resulted in the formation of 5 as a mixture of isomers. Phenylvinylsulfone was chosen as
the diylophile because of its ability to serve as an ethylene and a ketene equivalent [22-24].
The phenylsulfone group was removed under reducing conditions with sodium amalgam
to provide compound 6 and reveal relative stereoselectivity in the diyl-trapping reaction.
Purification by column chromatography provided the major isomer contaminated with
a small amount of the minor isomer. The nuclear magnetic resonance (NMR) spectra
(H, 13C, TOCSY, HMQC, NOSEY) were consistent with the syn-relative stereochemistry
of the predominant isomer. The vinyl and ring juncture methine 'H chemical shifts in
the major isomer of 6 appeared downfield of the same resonances for the minor isomer.
Additionally, the *C resonances of the ring juncture methine carbon and the ring juncture
vinyl were downfield in the case of the major isomer, and the methinyl vinyl carbon was
upfield compared to the minor isomer (Figures S4-56). This type of stereoselectivity in the
intermolecular diyl-trapping reaction has previously been observed [25-28]. Attempts at
the allylic oxidation of TBDMS-protected 6 in order to access 9 using SeO, or chromium
oxide were unsuccessful. A multistep procedure through epoxide 7 and allylic alcohol 8
provided the desired enone. The epoxidation of 6 with m-chloroperbenzoic acid (mCPBA)
exhibited a low facial selectivity and provided a mixture of diastereomers, presumably
due to steric hinderance or hydrogen bonding effects of the tether moiety. The integration
of the two epoxide methine proton resonances, present in the product 'H NMR spectra,
indicated a 4:1 ratio of isomers. This result is consistent with the formation of both cis- and
trans-fused products resulting from the epoxidation of similar systems [29]. Attempts to
open the epoxide with a strong base to obtain allylic alcohol 8 were unsuccessful, but the
phenylselenide ion facilitated nucleophilic opening of the epoxide, followed by oxidative
elimination, producing allylic alcohol 8 [30,31]. Finally, oxidation of the allylic alcohols
using pyridinum chlorochromate (PCC) provided the desired enone, 9 [32].
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Scheme 2. Synthesis of bicyclo[3.3.0]octeneone 9.

Enone 9 was subjected to [3+2] cycloaddition with Trost’s TMM precursor
(Figure 1(1)) [33-37]. To our disappointment, a mixture of isomers was observed as the
product. The expectation that the reaction of the bicyclo[3.3.0]oct-1-en-3-one system should
exhibit facial selectivity to produce the thermodynamically more stable all-cis-fused angu-
lar triquinane product was not realized. The mixture of isomers consisting of the expected
all-cis-fused product and the mixed cis—trans-fused product was not readily separable.
Mass spectrometry confirmed the presence of 10. The 'H NMR of the product mixture
showed two distinct pairs of methylene vinyl peaks in a 60:40 ratio, estimated by inte-
gration (Figure S17). This result is consistent with our initial assignment of the relative
stereochemistry of a major isomer of 6 and its subsequent epoxidation result. We believe
that the tether present in the allylic position of molecule 9 presents a significant steric effect
to the approach of the palladium-TMM complex.

O‘quBDMS T O$2BDMS (1)
(]
H
9
(@)
o CH, CH,
o CH, 75% CH,
H

1"

Figure 1. The [3+2] cycloaddition of 9 and 11. Conditions: a—TMSCH,;C(CHy)CH,OAc, Pd(Ph3P)y,
dppe, THF, and reflux.

To test whether the tether present in the allylic position was the cause of the creation of
the isomeric mixture in the [3+2] cycloaddition reaction, we subjected enone 11 to the same
reaction conditions. Only one major isomer, 12, was isolated from the reaction (Figure 1(2)).
It is likely that another isomer was also formed. The NMR (H, 13C, TOCSY, NOESY) data
support product 12 as the all-cis-fused angular triquinane. The NMR chemical shifts were
consistent with similar angular triquinanes [13,38]. Notable nuclear Overhauser effects
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(NOEs) were observed between C2Hf3 and C8H and between the ketal methylene protons
and both C2H« and C5H (Figure 2). It should be noted here that 12 possesses a carbonyl or
carbonyl equivalent in each of the cyclopentane rings, thus having the synthetic potential
to further functionalize all but the quaternary carbon atom.

A B

Figure 2. Observed NOEs for compound 12: (A) 3-face and (B) x-face views.

3. Conclusions

In conclusion, we have demonstrated that the intermolecular trapping of a diazene-
derived TMM-based diyl may be used in route, via [3+2] cycloaddition with an olefin,
to the bicyclo[3.3.0]oct-1-en-3-one system. The subsequent [3+2] cyclopentyl annulation
of this ring system with a TMM equivalent can give access to the angular triquinane
carbocyclic framework. The synthesis of 9 was plagued by the persistence of a minor
isomer and low facial selectivity in the epoxidation step. Low facial selectivity was again
observed in the [3+2] cycloaddition of 9 to give a mixture of two major isomers. To test
the hypothesis that the allylic substituent in 9 was the cause of the formation of significant
amounts of the undesired isomer, 11 was subjected to the reaction conditions. The reaction
formed one major isomer of 12, and this result supports the hypothesis. The advantage of
using this TMM equivalent strategy is that the TMM precursor is commercially available
and provides a masked carbonyl in the product. The route presented here complements
previous approaches but possesses the drawback of sensitivity to allylic substitution in
the bicyclo[3.3.0]oct-1-en-3-one substrate, which reduces facial selectivity, resulting in the
formation of significant amounts of undesired isomers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29225358 /51, Experimental procedures and compound
characterization data.
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Abstract: The synthesis of 7-O-carboxymethyl-4'-fluoroisoflavone 4 and 7-O-carboxymethyl-
4'-fluoro-2-trifluormethylisoflavone 7 involved the cyclization of 2,4-dihydroxy-4’-fluoro
deoxybenzoin 1, followed by 7-O-alkylation with methyl bromoacetate and subsequent
acid-catalyzed hydrolysis. The structures of the novel compounds were validated using a
range of techniques, including XRD crystallography (*H, 1F, 13C)-NMR, and IR. Only inter-
halogen contacts were detected in 5, while they were completely lacking in 2 and 4, owing
to the presence of crystalline ethanol in the crystal structure. The %F. . .F in 5 was 12.2%
based on Hirshfeld calculations. The aromatic -7t stacking interactions were important
only in 2 and 4 but not observed in 5. Isoflavones 4, 5, and 7 displayed anticancer activity
against MCF-7 cancer cells, with ICsy values of 13.66, 15.43, and 11.73 uM, respectively.

Keywords: 4'-fluoroisflavones; 7-O-carboxmethyl-4'-fluoroisoflavone; XRD crystallography;
anticancer; MCF7 cancer cells

1. Introduction

Scientists and health enthusiasts have expressed significant interest in isoflavones
owing to their fascinating properties and prospective health benefits. Isoflavones are the
primary subgroup of a broader category of isoflavonoids, which collectively form a subset
of flavonoids. Unlike other flavonoid subclasses, isoflavones demonstrate a restricted
distribution throughout 20 plant families, attributable to the scarce presence of isoflavone
synthase, which is a crucial enzyme involved in the synthesis of isoflavones [1-3]. Soybeans
serve as the primary source of isoflavones, predominantly in glycosylated forms, including
the following prominent isoflavone aglycones: genistein, daidzein, glycitein, and biochanin
A (Figure 1).
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Daidzein Glycitein R = H Genistin
R = CH; Biochanin A

Figure 1. The predominant isoflavones found in soy.

Plant isoflavones can be classified into three categories: isoflavone glycosides, preny-
lated derivatives, and isoflavones of basic substitution patterns such as hydroxy, methoxy,
methylenedioxy, hydroxymethyl, and acetyl patterns [3]. Furthermore, in whole-cell
biotransformation, microbes such as fungi and actinomycetes have been used to synthe-
size non-plant-chlorinated isoflavones, as well as simple and complex isoflavones [3-5].
Isoflavones are well known for their high pharmacological activity and low toxicity, mak-
ing them a focus of interest in medicinal research and development [5,6]. They play an
important role in plant growth and development, as well as in the prevention of bacterial
infections and illnesses [7-9]. Notably, they demonstrate a diverse range of biological ca-
pacities, encompassing antibacterial [10], antifungal [11], antiviral [12], anticancer [13-15],
anti-inflammatory [16], antiplatelet [17], and antiaging [18] properties. Isoflavones have
estrogenic effects as they share structural and functional similarities with 173-estradiol,
the primary form of estrogen in the human body. They predominantly bind to estrogen
receptors (ERs), specifically ER-oc and ER-f3 [19]. Epidemiological studies have revealed
that Asian women have a reduced incidence of breast cancer, the most common malignant
tumor among women, in contrast to their Western counterparts, which is a difference
ascribed to their elevated consumption of phytoestrogens [20]. Thus, phytoestrogens
may function as a viable strategy in the prevention and treatment of breast cancer via
mechanisms such as estrogen receptor modulation and anti-angiogenesis [21].

Despite the potential of natural isoflavones for pharmaceutical development, their
advancement in the drug discovery process is impeded by various issues, including inad-
equate solubility, bioavailability, and selectivity [22]. Various efforts have been made to
improve the therapeutic effectiveness of isoflavones by including functional groups such
as halogens, amino groups, and amino acids [22]. Fluorinated pharmaceuticals have con-
siderable emphasis in pharmaceutical science, with around 20% of medications containing
one or more fluorine atoms [23]. The diminutive atomic size and elevated electronegativ-
ity of fluorine significantly influence the characteristics of medicinal compounds. These
characteristics encompass drug-target interactions, selectivity, metabolic stability, acidity
or basicity, membrane permeability, and toxicity. The fluorine atom can function as a
bioisostere for amino and hydroxyl groups, as well as hydrogen atoms, modifying the
processes of pharmacological action and their impacts on biological systems [24]. The
incorporation of fluorine into an aryl ring or other 7m-system enhances lipophilicity due to
the resonance donation of fluorine’s lone-pair electrons [25].

To further advance our endeavors in identifying potential therapeutic candidates,
we introduced the synthesis of the novel fluorinated isoflavone-bearing carboxymethyl
group at the 7-O-position. The anticancer potential of these compounds was subsequently
assessed against the MCF-7, B16F10, and MEF-1 cell lines. An analysis of this unique
chemical’s structure was conducted utilizing IR, (*H, F 13C)-NMR, HR ESI-MS, and
single-crystal XRD.
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2. Results

Schemes 1 and 2 illustrate the synthetic procedures for the new fluorinated isoflavone
4 and 7 analogs, starting with 2,4-dihydroxy-4'-fluorodeoxybenzoin 1. A highly efficient
and pure synthesis of 4’-fluoro-7-hydroxyisoflavone 2 was achieved by formylating and
cyclizing deoxybenzoin 1 using dry DMF in the presence of BF3.Et,O and methanesulfonyl
chloride (CH3S0,Cl) at a temperature of 70 °C [26]. Deprotonation of the 7-OH group
of isoflavone 2 with non-nucleophilic potassium tert-butoxide (t-BuOK) at ambient tem-
perature under an N, atmosphere generated the phenoxide. Subsequently, the phenoxide
was treated with methyl bromoacetate to produce methyl 2-((3-(4-fluorophenyl)-4-oxo-4H-
chromen-7-yl)oxy)acetate 3 in excellent yields. The desired acid 4 was obtained in high
yield and purity by subjecting ester 3 to p-toluenesulfonic acid-catalyzed hydrolysis in
formic acid at 75 °C.

\©;m 1- BF3.Et,O, DMF, rt %

2- CH3S0,Cl, 70 °C, 6h
1 2(90.5%)

2- BrCH,COOMe, DMF, rt, 6h

1- HCOOH, PTSA o o)
75 °C, 8h L O
MeO (@)

2-rt, pour into H,O

‘ 1- t-BuOK, DMF, rt, 15 min

B6' '
4 (83.4 %) 5 3 (77.3%) F
Scheme 1. Total synthetic pathway of 2-((3-(4-fluorophenyl)-4-oxo-4H-chromen-7-yl)oxy)acetic acid
4.
HO OH HO o CF;
1- TFAA, Py., tt, 4h |
X X

! 2- HCI (10%) !
o N A\p O SANp

1 5 (83.3%)

1- -BuOK, DMF, rt, 15 min.
2- BrCH,COOMe,
DMF, rt, 6h
| 3 dil. HC
1- HCOOH, PTSA 0
75 °C, 8h \OJ\/O
seeh

2- rt, pour into H,O

7 (81.4%) 6 (78.5 %)

Scheme 2. Total synthetic pathway of 2-((3-(4-fluorophenyl)-4-oxo-2-(trifluoromethyl)-4H-chromen-
7-yl)oxy)acetic acid 7.
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Hydroxyl groups were acylated in deoxybenzoin 1 with an excess of trifluoroacetic
anhydride (TFAA) in dry pyridine under cooling, followed by the Baker-Venkataraman
rearrangement and Allan—-Robinson reaction, which afforded 3-(4-fluorophenyl)-7-hydroxy-
2-(trifluoromethyl)-4H-chromen-4-one 5 in high yield (Scheme 2). After being treated with
t-BuOK, the latter chemical 5 was subjected to 7-O-alkylation with methyl bromoacetate,
resulting in the formation of methyl 2-((3-(4-fluorophenyl)-4-oxo-2-(trifluoromethyl)-4H-
chromen-7-yl)oxy)acetate 6. Upon treatment with a catalytic quantity of p-toluenesulfonic
acid in formic acid at 75 °C, this compound produced the intended acid with a high yield
and purity. The structures of the synthesized compounds were confirmed using IR, 'H
NMR, 13C NMR (DEPTQ), HRMS and F NMR spectroscopy. IR spectra exhibited a broad
band in the range of 3262-3204 cm ™!, indicating the presence of phenolic OH groups for
compounds 2 and 5; additionally, the C=O group manifested as a sharp band in the region
of 1763-1624 cm~! for compounds 2-7.

The structures of the synthesized compounds were confirmed using IR, 'H NMR, 13C
NMR (DEPTQ), and '°F NMR spectroscopy. IR spectra exhibited a broad band in the range
of 3262-3204 cm !, indicating the presence of phenolic OH groups for compounds 2 and 5;
additionally, the C=O group manifested as a sharp band in the region of 1763-1624 cm ™!
for compounds 2-7. The 'H NMR spectra of the final product 4 exhibited six resonances
corresponding to eight aromatic protons and one peak for methylene protons at 4.91 ppm.
A singlet at 8.49 ppm was assigned to H-2. A doublet of doublets for two protons (H-2',6')
at 7.63 ppm, with 3]y 113 = 8.7 Hz and #J{y,. = 5.6 Hz, and another doublet of doublets
appearing as a triplet for two protons (H-3',5) at 7.14 ppm, with ®J;;y 153 = 8.7 Hz and
3t = 8.7 Hz, were designated. The DEPTQ spectra displayed fifteen peaks, and the
positioning of the F atom at the 4-position was validated by the !] ca p value of 244 Hz, in
conjunction with the 2 JcF 3 Jc p, and 41 cF values of 21.2, 8.2, and 3.1 Hz, respectively, which
corresponded with the expected values. The 'H NMR of isoflavone 7 was distinguished
by the absence of the H-2 proton. The DEPTQ spectra for compound 7 indicated the
positioning of the CF3 group at the C-2 site, corroborated by a quartet between 119.3 and
147.0 ppm (C-2), with !Jc g = 275 Hz and ?]c = 35.5 Hz. Finally, the FNMR of compounds
4 and 7 showed a singlet signal at dF -114.22 (s, F) and two different signals at dp —62.77
(CF3), —113.38 (1F) for compounds 4 and 7, respectively.

3. Crystal Structure Description

The X-ray structure of compounds 2, 4, and 5, showing the atom numbering for the
heavy atomes, is presented in Figure 2. The crystal parameters and some important bond
distances and angles are depicted in Tables 1 and 2, respectively. The structure of the
three compounds comprised a planar 4H-chromen-4-one moiety with the p-fluorophenyl
group as a substituent at C3. The 4H-chromen-4-one and fluorophenyl moieties were not
in the same plane, whereas the mean planes between the two moieties showed different
degrees of twists in the three compounds. The twist angles were 41.43, 32.30, and 62.22°
for 2, 4, and 5, respectively. The values of the twist angles were close to one another
for both 2 and 4, while it was significantly higher in 5, which could be attributed to
the presence of the trifluoromethyl substituent at C2. Hence, the presence of two bulky
substituents in the neighborhood increased the twist angle between the 4H-chromen-4-
one and fluorophenyl moieties due to the steric-electronic factors. Another interesting
difference between the three compounds was the presence of a crystal solvent (methanol) in
the case of compounds 2 and 4 but not in 5, which had a significant impact on the molecular
packing of the studied compounds.
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Figure 2. Structure with atom numbering for 2, 4, and 5.

The molecular packing of the three compounds was controlled by the O-H. . .O hydro-
gen bonds shown in Figure 3. For 5, the O-H, which is the hydrogen bond donor, makes
with carbonyl oxygen (O4), which is the hydrogen acceptor for the significantly strong
08-H8. ..04 hydrogen bond, where the hydrogen-to-acceptor (A) distance is only 1.70(2)
A, and the donor (D)-to-acceptor (A) distance is 2.664(3) A. In addition, there is another rel-
atively longer C7-H7.. .04 interaction where the D. . .A distance is 3.092(3) A. The presence
of the methanol molecule as a crystal solvent in the case of 2 increases the number of O. . .H
interactions. The O8-H8. ..020 and O20-H20...04 hydrogen bonds, which have H. ..A dis-
tances of 1.91(4) and 1.91(3) A, respectively, in addition to the C2-H2. . .O4 interaction with
the D.. .A distance of 3.121(4) A are the important O...H contacts. Moreover, compound 4
not only has a methanol molecule as a crystal solvent but also has the polar COOH in its
structure, which maximizes the hydrogen bonding interaction in this case (Table 3).
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Table 1. Crystal data for the studied compounds.
Compound 2 5 4
CCDC 2382565 2382566 2382567
Empirical formula C16H13FO4 C16H803F4 C18H15F06
Formula weight 288.26 324.22 346.3
Temperature/K 100 173 173
Crystal system monoclinic orthorhombic triclinic
Space group P2;/c Pccn P-1
a/A 6.3586(2) 26.4115(18) 9.2015(5)
b/A 33.5685(13) 13.5418(11) 9.2999(5)
c/A 6.7957(4) 7.7907(4) 9.8368(6)
«/° 90 90 89.288(5)
B/° 107.328(5) 90 71.493(5)
v/° 90 90 86.818(5)
Volume/ A3 1384.70(11) 2786.4(3) 796.99(8)
z 4 8 2
Pealeg/cm? 1.383 1.546 1.443
i/mm~? 0.108 1.248 0.991
F(000) 600 1312 360
Crystal size/mm3 0.2 x 0.04 x 0.02 0.14 x 0.08 x 0.015 0.14 x 0.06 x 0.04

Radiation

20 range for data collection/®

Index ranges

Reflections collected

Independent reflections

Data/restraints /parameters
Goodness-of-fit on F2

Final R indexes [I > 20 (I)]
Final R indexes [all data]

Mo Ka (A = 0.71073)
4.854 to 58.114
—8<h<8, —43 <k < 45,
—9<1<9
27,429
3374 [Ryp; = 0.0848,
Rsigma = 0.0681]
3374/0/193
1218
Ry =0.1001, wR, = 0.1961
Ry =0.1396, wR, = 0.2092

Cu Ko (A = 1.54184)
6.694 to 163.266
—30<h<32,-16<k< 16,
—9<1<9

2911 [Rip; = 0.0847,
Rsigma = 0.0312]
2911/1/212

Ry =0.0596, wR; = 0.1810
Ry =0.0785, wR, = 0.2073

Cu Ko (A = 1.54184)
9.482 to 133.29
~10<h<9,-9<k<11,
—11<1<11
14,066
2774 [Rip = 0.0258,
Rgigma = 0.0183]
2774/2/235
1.039
Ry = 0.0350, wR, = 0.0981
Ry =0.0371, wR, = 0.1002

25,327

1.07

Largest diff. peak/hole/e A3 0.42/-0.31 0.28/—-0.33 0.27/-0.23
Table 2. Bond lengths (A) and angles (°) for 2, 4, and 5.
Bond Length/A Bond Length/A Bond Length/A
2 4 5
F4-C14 1.365(4) F1-Cl11 1.328(3) C7-C8 1.409(3)
01-C2 1.346(4) F2-C11 1.324(3) C8-C9 1.381(3)
01-C10 1.375(4) F3-Cl11 1.327(3) 01-C2 1.360(3)
04-C4 1.251(4) F4-C15 1.357(5) 01-C10 1.379(3)
08-C8 1.343(4) 08-C8 1.356(3) 04-C4 1.234(3)
Bond Length/A Bonds Angle/° Bonds Angle/°
C2-01-C10 118.9(2) C2-01-C10 118.93(18) F3-C11-C2 112.3(2)
C8-08-H8 109.5(11) C8-08-H8 106.0(16) F1-C11-F3 106.50(19)
01-C2-C3 125.7(3) 01-C2-C11 108.1(2) C3-C12-C17 121.2(2)
C2-C3-C11 119.7(3) C3-C2-C11 126.4(2) C13-C12-C17 119.4(3)
C2-01-C10 118.9(2) C2-01-C10 118.93(18) F3-C11-C2 112.3(2)
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Figure 3. The hydrogen bond packing views for 2, 4, and 5.

Table 3. Hydrogen bonds for 2, 4, and 5 [A and °].

D-H.. A d(D-H) d(H...A) d(D...A) <(DHA) Symm. Code
2
O8-HS8...020  0.75(4)  191(4) 2.664(4)  175.7(16)
020-H20...04 0.81(4) 1.91(3) 2.690(4) 162(2) —1+x1/2—y,—-1/2+z
C2-H2...04 0.95 2.57 3.121(4) 117 -1+x,y,z
4

O10-H10...021  0.960(19) 1.667(19)  2.5945(18) 161.2(18)
O21-H21...04  0969(18) 1.704(18)  2.6674(14) 171.8(17) 1+x,—1+y,~1+z

C13-H13...04 0.95 2.46 3.3157(16) 150 —x1-y2-2
C16-H16...09 0.95 2.59 3.2019(18) 123 —1+x1+y,z
5
O8-H8...04 0972)  1.70(2) 2664(3)  176.1(18)  —x,—1/2+y,—1/2—z
C7-H7...04 0.95 2.38 3.092(3) 131 —x, —1/2+y,-1/2 —z
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In addition, the molecular packing of the studied compounds showed a number of 7-7t
stacking interactions. The shortest 7-7t contacts in 2, 4, and 5 were the C7...C4 (3.408(5) A),
C8...C16 (3.280(2) A), and C4...C9 (3.418(3) A) interactions (Table 4). Many of these short
aromatic—aromatic separations are shown in Figure 4, which support the supramolecular

structure of the studied systems.

Table 4. The important 7t-7t contacts and their distances in 2, 4, and 5.

4 5
C10...C10  3432(5) x,1/2—y,—1/2+z C16...C2 3.384(2) -x,1-y1-2z C4...09 34183) x,1/2—y,—1/2+z
C6...C6  3430(5) x,1/2—y,—1/2+z C2...C15  3.328(2) —x1-y1-z C5...C10  3464(3) x,1/2—vy,—1/2+z
C8...C4 3498(5) x,1/2—y,—1/2+z C8...C8 3.430(2) 1-x,-y1l-2z Ce...C10 34213 x,1/2—-y,-1/2+z
C7...C4  3408(5) x,1/2—vy,—1/2+z C10...C4 34902 1-x1-yl—z  CI15..Cl6 34645) x 15—y, —1/2+z
C8...C16  3.280(2) 1-x1-y1-2
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Figure 4. The m-7 stacking interactions in 2, 4, and 5.

It is worth noting that compound 5 is the only one that showed an interhalogen
interaction (Figure 5). In this case, there was a short interhalogen F1.. F2 interaction
(2.837(2) A) observed in 5, which might be attributed to the absence of a solvent in the
crystal structure. The presence of a methanol molecule as a crystal solvent could make
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further separation between the molecules in the crystals possible, which would decrease
the possibility of interhalogen interactions, as found in 2 and 4.

Figure 5. The interhalogen interaction in 5.

4. Topology Analysis

Topology analysis, with the aid of Hirshfeld calculations, provides a full picture of all
possible intermolecular interactions in the crystal structure and plays an important role in
crystal stability. Even contacts that contribute a small amount to the molecular packing
could be analyzed using this tool [27,28]

The analysis of molecular packing was performed using Hirshfeld topology calcu-
lations. The red spots in the dnorm map are related to short significant contacts in the
studied systems (Figure 6). In 5, the O...H and the interhalogen F. . .F interactions were the
most important, while in both 2 and 4, the important contacts were the O...Hand F.. .H
interactions. Additionally, there are many important C. . .C interactions in 4 that are related
to the 7-7t interactions, where the C2...C15 (3.328 A) and C8...C16 (3.280 A) interactions
are the shortest (Table 5). In addition, 020. . .H8 (1.684 A), O4...H21 (1.691 A), and O4. . .H8
(1.683 A) are the most important O. . .H contacts in 2, 4, and 5, respectively. F4...H15 (2.481
A)in2is slightly shorter than F1...H7 (2.489 A)in4.

Table 5. Interaction distances for the short contacts in the compounds studied.

Contact Distance Contact Distance Contact Distance
2 4 5

O4.. H2 2.511 08...H15 2.575 O4...H7 2.299
O1...H6 2.56 09...H16 2.517 O4.. .H8 1.683
020...H8 1.684 O4.. .H13 2.345 F1...F2 2.837
020...H7 2.541 O4.. H21 1.691
O4...H20 1.745 O4.. .H13 2.345
F4.. H15 2.481 F1...H7 2.489

C2...C15 3.280

C2...C16 3.384

C8...Cl6 3.280
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Figure 6. Hirshfeld dnorm maps showing important contacts in the studied compounds: O...H (A),
F...F(B),F...H(C),and C...C (D).

In addition, the fingerprint plots for the important contacts are presented in Figure 7.
The fingerprint plot further indicated the importance of the contacts presented in Figure 6.
Also, the area of the fingerprint plot gave the percentage of each contact. The %0O...H
contacts in compounds 2, 4, and 5 were 23.2, 26.4, and 15.3%, respectively, while %F...H
contacts were 10.0 and 9.8% for 2 and 4, respectively. For 5, the %F. . .F contact was 12.2%,
while for 4, the %C. . .C contact was 7.9%.

U6 08 10 L2 14 16 L8 20 2.

m2 w4 m5

%Contact

A

A

d " d

v T L 4 s B £ R Contact o J :: ::

Figure 7. Fingerprint plots for the important contacts and %contacts in the studied compounds.
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In Figure 8, the shape index maps of the studied compounds are presented. No
red/blue triangles are observed in the shape index map of 5, while the opposite is true for
2 and 4. Hence, the -7 stacking interactions were important only in compounds 2 and 4. It
is worth noting that the C...C contacts are relatively longer in 2 than those found in 4. In
the former, the shortest C. . .C contact distance is 3.408 A.

2

Figure 8. Shape index maps for the studied compounds.

5. Anticancer Activity

Breast cancer is the most prevalent cancer among women and the second most com-
mon disease globally [29,30]. The MCE-7 cell line is a typical model for human breast
cancer that is dependent on estrogen [31]. MCEF-7 cells, which are part of the luminal
A molecular subtype, not only express progesterone receptors but also lack HER2 /neu
overexpression [32,33]. Upon exposure to the main isoflavones, genistein, and daidzein,
which share structural and functional similarities with 17-estradiol, it was observed that
the binding affinity of genistein to estrogen receptors of alpha (ER«) and beta (ERf3) was
one to three orders of magnitude lower than that of 17-estradiol [34-36]. Studies were
conducted to evaluate the impact of varying doses of isoflavones 7, 4, 5 and daidzein on
cell proliferation in the highly metastatic murine B16F10 and human amelanotic MCF-7
breast cancer cell lines, as depicted in Figure 9A—-C. The proliferation of MCF-7 cells was
selectively suppressed by isoflavones, whereas B16F10 cells were not, in a concentration-
dependent manner following 24 h of in vitro treatment. Conversely, the carrier treatment
(DMSO) had no effect on cell proliferation (0 uM; Figure 9A-C).

For MCEF-7 cells, the doses of isoflavones 7, 4, 5, and daidzein that caused a 50% growth
inhibition (ICsg) were 11.23, 13.66, 15.43, and 11.87 uM, respectively, as shown in Figure 9B,
C and Table 6. Daidzein and the three fluoroisoflavones studied showed significant activity
against the MCF-7 cell line, activating the apoptotic pathway and inducing cell death
in a dose-dependent manner. Our findings indicate that substituting 4-OH with F and
replacing the H-atom with the CF3 group did not influence the anticancer efficacy of
daidzein. Moreover, we also investigated the impact of the isoflavones presented to MCE-7
cells on B16F10 melanoma cells. Following 24 h of exposure to isoflavones 7, 4, 5, and
daidzein at the indicated concentration, as shown in Figure 10A-C, it was confirmed that
isoflavones have little impact on B16F10 cells when administered at high doses. Unlike
B16F10 melanoma cells, breast cancer (BC) and other hormone-sensitive malignancies
rely on estrogen receptor (ER) signaling as a crucial control mechanism for cell division,
population growth, and survival. Our results corroborate with previous research indicating
that isoflavones, by virtue of their structural and functional resemblance to 17-estradiol,
suppress the growth and cell migration of breast cancer cells [36]. Our findings support
other studies which state that isoflavones inhibit the proliferation and migration of breast
cancer cells [36]. It is interesting that our study showed isoflavones to have less of an effect
on B16F10 melanoma cell lines. The dose-limiting toxicity of anticancer drugs is called
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cytotoxicity. According to earlier studies [37], mouse embryonic fibroblasts (MEF-1) can
be used to evaluate the toxicity of non-malignant cells. When 25 pM of isoflavones was
introduced, MEF-1 did not decrease proliferation (Figure 10D). These findings support the
idea that isoflavones improve anti-proliferative effects on cancer cells, lowering cytotoxicity

and requiring less medication.
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Figure 9. The synthetic isoflavones 4, 5, 7, and daidzein were added in varying concentrations to
MCE-7 cells. (A) Macroscopic images of MCE-7 cells under an inverted microscope after 24 h of
treatment with 4, 5, 7, and daidzein or DMSO as a control (n = 3 groups). (magnification 20 x). (B,C).
Isoflavones at the indicated concentrations were applied to human MCE-7 cells. After 24 h, viable
cells (n = 3/group) were counted using Trypan blue. Data are expressed as mean & SEM (unpaired
Student’s t-test or one-way ANOVA * p < 0.05, ** p < 0.01). The linear regression curve was used to
obtain the IC5; value, which is as follows: Y =a * X + b, IC5; = (0.5 — b)/a.
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Table 6. Anticancer activity of isoflavones.

Compounds # 1C50 (uM)/MCF-7 1C50 (uM)/MEF-1 SI (uM)
7 11.23 71.6 6.4
4 13.66 75.2 5.5
5 15.43 81.3 5.3
Daidzein 11.87 77.1 6.5
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OuM 5uM 25uM 50uM

Iso 7
° i 2 A
: £
Iso 4
Iso 5
B B16F10
Iso 7 Iso 4 Iso 5 Daidzein
*
45 ¢ * 45 r .
<lO —— <IO * g 6 * wn 45—
o = S
p— ~~ - —
< 3} 3 x 4 x 3
3 3 g 3
£ [S £ =
15 f 15 }
2 2 2?2 3
3 3 3 =
8 & 3 8, 3 o
0 5 25 50 0 5 25 50 0 5 25 50 0 5 25 50
Iso 7 conc(uM) Iso 4 conc(uM) Iso 5 conc(uM) Daidzein conc(uM)
Ds ®m0uM ®5uM ®25uM 0O50uM
[T}
<
S 4
=
—
2
£
2 2
>
(&S]
0 7 4 4 5 Daidzein

Figure 10. Various synthetic isoflavones, 4, 5, 7, and daidzein, were added at varying concentrations
to B16F10 cells. (A) Macroscopic images of B16F10 cells under an inverted microscope after treatment
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with different isoflavones (magnification 20x). (B,C). Isoflavones at the indicated concentrations
were applied to human B16F10 cells. (D). The mouse embryonic fibroblast-1 (MEF-1) cell line was
treated with the indicated concentrations of isoflavones 4, 5, 7, and daidzein; after 24 h, viable
cells (n = 3/group) were counted using Trypan blue. Data are expressed as mean + SEM (unpaired
Student’s t-test or one-way ANOVA * p < 0.05).

IC5( values for the normal cell line MEF-1 and the cancer cell line MCF-7 are shown
following 24 h of exposure to the specified isoflavones (Table 6). Half-maximal inhibitory
concentration (ICsp) values from three separate tests conducted in triplicate were used to
display the data. Selectivity index: ICsy on normal cells/ICs on cancer cells.

6. Experimental Section
6.1. Material and Measurement Details Are Reported in the Supplementary Information

All solvents and reagents were procured from [Sigma-Aldrich, St Louis, USA] and used
without additional purification. 'H-, 1F-, and >*C-NMR (DEPTQ) were recorded in CDCl;
and DMSO-dg or CD30D on a 400 and 500 MHz Bruker AV III spectrometer (Billerica,
Massachusetts, USA). Chemical shifts are represented by the value ¢ (ppm), whereas
coupling constants (J) are expressed in Hertz (Hz). The flash column chromatography
employed Merck silica gel 60 with a particle size of 0.040-0.063 mm

6.2. Chemistry
6.2.1. 4'-Fluoro7-hydroxyisoflavone (2)

BF3.Et;O (7.43 mL, 0.06 mol) was added to a solution of 1-(2,4-dihydroxyphenyl)-
2-(4-fluorophenyl)ethan-1-one (1) (4.92 g, 0.02 mol) in DMF (30 mL) under N,. After
15 min, stirring at room temperature, a solution of methanesulfonyl chloride (4.67 mL,
0.06 mol) in DMF (10 mL) was added dropwise. After heating at 70 °C for 6 h, the reaction
mixture was cooled to room temperature and poured into ice-cold aqueous sodium acetate
(12 g/100 mL). The solid precipitate was filtered off and recrystallized from aqueous
ethanol to produce the title compound 2 as a pale yellow solid (4.64 g, 0.0181 mol, 90.5%);
Mp = 245-246 °C; FTIR (Vmax/cm ') 3262 br (OH), 1624, 1572, 1514, 1267, 1242; 'H NMR
(500 MHz, DMSO-d;) 0y 10.87 (br s, 1H, 7-OH), 8.41 (s, 1H, H-2), 7.98 (d, ] =8.8 Hz, 1H, H-5),
7.62(dd, ] =89,54Hz, 2H, H-2'¢'),7.27 (dd, ] = 8.9, 8.8 Hz, 2H, H-3',5), 6.96 (dd, | = 8.8,
2.2 Hz, 1H, H-6), 6.89 (d, ] = 2.2 Hz, 1H, H-8). 1°F NMR (471 MHz, DMSO-dg) 5 —114.37
(dt, ] = 15.3,5.7 Hz). 3C NMR (126 MHz, DMSO-d)  174.8, 163.2, 162.6 (d, ] = 245 Hz),
158.0, 154.4, 131.4 (d, ] = 8.0 Hz), 128.9 (d, | = 3.7 Hz), 127.8, 123.0, 117.0, 115.8, 115.4 (d,
J = 8.0 Hz), 102.7. HRMS calculated C15H9O3FNa (M + Na*) 279.0433, found 279.0421.

6.2.2. Methyl 2-((3-(4-fluorophenyl)-4-oxo-4H-chromen-7-yl)oxy)acetate (3)

A solution of 4'-fluoro-7-hydroxyisoflavone (2) (0.4 g, 1.56 mmol) and potassium tert-
butoxide (0.21 g, 1.87 mmol) in dry DMF (15 mL) was stirred at room temperature for 15 min
under a nitrogen atmosphere. Thereafter, methyl bromoacetate (0.177 mL, 1.87 mmol) was
added, and the mixture was stirred at room temperature for 6 h. The mixture was poured
into ice water, neutralized with diluted HCI, and the yellow precipitate was filtered. The
solid was subjected to flash chromatography to obtain the title compound 3 as a white
solid (0.396 g, 0.00121 mol, 77.3%); Mp = 156-158 °C. FTIR (Vmax/cm 1) Vimax/em ™1 1764,
1631, 1509, 1438, 1218, 1197. 'H NMR (400 MHz, CDCl3) oy 8.24 (dd, ] = 8.9, 0.9 Hz, 1H,
H-5),7.92 (s, 1H, H-2), 7.53 (dd, ] = 8.9, 5.4 Hz, 2H, H-2/ ¢'), 7.12 (t, ] = 8.8 Hz, 2H, H-3' 5'),
7.04(dd, ] =89,24Hz 1H, H-6),6.84 (d, | = 2.4 Hz, 1H, H-8), 4.74 (s, 2H, -CH;-), 3.83 (s,
3H, CH3). ?F NMR (377 MHz, CDCl3) 6 —113.7 (s, 1F). 13C NMR (101 MHz, CDCl3) dc
175.4,168.3,162.7 (d, | = 245 Hz), 162.0, 157.7, 152.1, 130.7 (d, | = 8.3 Hz), 128.2, 127.7 (d,
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J =83 Hz), 124.5,119.1, 115.4 (d, ] = 21.5 Hz), 114.5, 101.4, 65.3, 51.5. HRMS calculated
C1sH1305FNa (M + Na*) 351.0645, found 351.0641.

6.2.3. 2-((3-(4-Fluorophenyl)-4-oxo-4H-chromen-7-yl)oxy)acetic Acid 4

The 4'-fluoro-7-O-(methoxycarbonylmethyl)isoflavone (3) (150 mg, 0.457 mmol) was
dissolved in formic acid (5 mL), and a catalytic amount of p-toluenesulphonic acid (10 mg,
0.058 mmol) was added to the solution under a nitrogen atmosphere. The solution was
stirred at 75 °C for 8 h. The completion of the reaction was monitored by TLC. After the
disappearance of the starting material, the mixture was cooled to room temperature and
diluted with distilled water. The white precipitate was collected, washed with water, and
recrystallized from methanol to furnish 4 as a white solid (121 mg, 0.46 mmol, 83.4%),
Mp = 244-245 °C. FTIR (Vmax/cm 1) 2993 br (COOH), 1743, 1643, 1609, 1572, 1517, 1443,
1244, 1190. 'H NMR (400 MHz, DMSO-d¢) 5y 8.49 (s, 1H, H-2), 8.05 (dd, ] = 8.9, 2,4 Hz,
1H, H-5), 7.63 (dd, | = 8.7, 5.6 Hz, 2H, H-2',6), 7.28 (t, | = 8.7 Hz, 2H, H-3',5), 7.18 (d,
J =24 Hz, 1H, H-8), 7.14 (dd, ] = 8.9, 2.4 Hz, 1H, H-6), 4.91 (s, 2H, -CH,-). °F NMR (377
MHz, DMSO-d;) §F —114.22 (s, F). 13C NMR (101 MHz, DMSO-de) ¢ 174.4, 169.5, 163.09,
162.3,161.9 (d, ] = 244 Hz), 157.3, 154.29, 131.0 (d, ] = 8.2 Hz), 128.2 (d, ] = 3.1 Hz), 127.1,
122.8,117.92, 115.1, 115.0 2 (d, ] = 7.5 Hz), 101.3, 65.0. HRMS calculated C17H;;05FNa (M +
Na™) 337.0488, found 337.0485.

6.2.4. 7-Hydroxy-3-(4-fluorophenyl)-2-(trifluoromethyl)-4H-chromen-4-one (5)

Trifluoroacetic anhydride (8.25 mL, 0.06 mol) was slowly added under a nitrogen
atmosphere to a solution of 1-(2,4-dihydroxyphenyl)-2-(4-fluorophenyl)ethan-1-one (1)
(4.92 g, 0.02 mol) in dry pyridine (15 mL). The mixture was stirred for 4 h, after which it
was poured into a 10% HCl solution (100 mL). The mixture was stirred at 50 °C for 3 h. The
precipitate was filtered and recrystallized from 70% ethanol to obtain the title compound
5 as a pale yellow solid (5.40 g, 0.0167 mol, 83.3%), Mp = 218-219 °C. FTIR (Vmax/ cm’l)
3204 br (OH), 1638, 1600, 1459, 1271, 1192, 1164, 1150; 'H NMR (400 MHz, CD30D) dy; 8.01
(d, ] =8.8 Hz, 1H, H-5),7.30 (dd, | = 8.8, 5.4 Hz, 2H, H-2/,6"), 7.19 (dd, ] = 8.8, 8.8 Hz, 2H,
H-3',5),7.01 (dd, ] = 8.8, 2.2 Hz, 1H, H-6), 6.92 (d, ] = 2.2 Hz, 1H, H-8). ’F NMR (377 MHz,
CD;0D) §F —65.11 (3F), —115.24 (1F). 13C NMR (101 MHz, CD;0D) ¢ 176.5, 164.5, 163.1
(d, ] =247 Hz),157.2,148.1 (d, ] =36 Hz), 131.8 (d, | = 8.6 Hz), 127.8,125.5 (d, ] = 3.5 Hz),
124.2,119.4 (d, ] = 277 Hz), 116.9, 115.6, 114.6 (d, | = 22.3 Hz), 101.9. HRMS calculated
C16HgO3F,;Na (M + Na™) 347.0307, found 347.0310.

6.2.5. Methyl 2~((3-(4-fluorophenyl)-4-oxo-2-(trifluoromethyl)-4H-chromen-7-yl)oxy)acetate (6)

A solution of 4’-fluoro-7-hydroxy-2-trifluoromethylisoflavone (5) (0.35 g, 1.08 mmol)
and potassium tert-butoxide (0.145 g, 1.29 mmol) in dry DMF (15 mL) was stirred at room
temperature for 15 min under a nitrogen atmosphere. Thereafter, methyl bromoacetate
(0.113 mL, 1.19 mmol) was added, and the mixture was stirred at room temperature for
6 h. The mixture was poured into ice water, neutralized with diluted HCI, and the yellow
precipitate was filtered. The solid was subjected to flash chromatography to obtain the
title compound 6 as a white solid (0.336 g, 0.85 mmol, 78.5%); Mp = 157-159 °C. FTIR
(Vmax/cm 1) 1750, 1661, 1617, 1508, 1448, 1203, 1200, 1136. 'H NMR (500 MHz, CDCl3)
0 8.16 (d, ] = 8.9 Hz, 1H, H-5), 7.23 (d, ] = 8.7, 54 Hz, 2H, H-2',6/), 7.14 (, ] = 8.7 Hz,
2H, H-3',5'),7.10 (dd, ] = 8.9, 2.4 Hz, 1H, H-6), 6.91 (d, ] = 2.4 Hz, 1H, H-8), 4.78 (s, 2H,
-CH,-), 3.85 (s, 3H, CHj3). F NMR (471 MHz, CDCl3) §p —63.53, —112.66. 13C NMR
(126 MHz, CDCl3) ¢ 175.9, 168.0, 163.1 (d, ] = 249 Hz), 163.0, 156.6, 148.3 (q, ] = 36 Hz),
131.7(d,] =7.8 Hz), 128.2,124.7 (q, ] = 3.4 Hz), 124.7,119.2 (q, ] =277 Hz), 117.8,115.3, 115.4
(g, ] =22.1 Hz), 101.2, 65.3, 49.1. HRMS calculated C;9H;,OsF;Na (M + Na*) 419.0519,
found 419.0508.
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6.2.6. 2-((3-(4-Fluorophenyl)-4-oxo-2-(trifluoromethyl)-4H-chromen-7-yl)oxy)acetic Acid 7

Both 6 (150 mg, 0.378 mmol) and p-toluensulphonic acid (10 mg, 0.058 mmol) were
added to formic acid 5 (mL) using the procedure described above for 4, which afforded 7
as a white solid (118 mg, 0.38 mmol, 81.4%); Mp = 208-209 °C. FTIR (Vmax/ cm 1) 3466 br
(COOH), 1708, 1648, 1611, 1435, 1253, 1208, 1166. 'H NMR (400 MHz, DMSO-dg) 5y 8.01 (d,
] = 8.9 Hz, 1H, H-5), 7.40-7.25 (m, 5H, H26/,3/,5/, 8), 7.20 (dd, ] = 8.9, 2.4 Hz, 1H, H-6), 4.96
(s, 2H, -CH,-). 1F NMR (377 MHz, DMSO-ds) 6 —62.77 (s, 3F), —113.38 (s, 1F). 13C NMR
(101 MHz, DMSO-dg) ¢ 175.2,169.4, 163.48, 163.3, 162.7 (d, | = 245 Hz), 156.3, 147.38, 147.0
(q,] =35.5Hz), 132.08 (d, ] = 8.3 Hz), 127.2,125.7 (q, | = 3.5 Hz), 124.3,119.3 (q, | = 275 Hz),
116.8,116.3, 115.0 (q, ] = 22.5 Hz), 101.6, 65.1. HRMS calculated C13H;90O5FsNa (M + Na™*)
405.0362 and found 405.0357.

6.3. Crystal Structure Determination

The crystallographic measurements for 2, 5, and 4 were accomplished as previously
reported [38], where the CCDC in Table 6 represents crystal data and details of refinement.
The crystallographic data were deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 2382565, 2382566, and 2382567, respectively. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
(www.ccdce.cam.ac.uk/structures).

6.4. Hirshfeld Surface Analysis

The topology analyses were performed using the Crystal Explorer 17.5 program [38].
The generation of Hirshfeld surfaces and 2D fingerprint plots around the primary
molecule with all hydrates external was accomplished using Crystal Explorer 17.5.

6.5. Anticancer Activity and Statistical Analysis

The methods of anticancer assessments and statistical analysis are reported in the
Supplementary Information.

7. Conclusions

The fluorinated isoflavones 7-O-carboxymethyl-4’-fluoroisoflavone 4 and 7-O-carboxy
methyl-4'-fluoro-2-trifluormethylisoflavone 7 were prepared in high yields starting from
the corresponding deoxybenzoin 1. Single-crystal X-ray diffraction was used to prove
the molecular and supramolecular structures of the studied compounds. Compounds
2 and 4 were found to contain the ethanol molecule as the crystal solvent, which has a
significant impact on the intermolecular interactions observed in these crystalline materials.
The O...H interactions are more important in 2 and 4 than in 5. Also, no interhalogen
(F...F) contacts were detected in 2 and 7, while both showed -7 stacking interactions.
The opposite was true for 5. Our investigation indicates that the synthesized isoflavones
demonstrate significant anticancer activity against the MCF-7 cell line, corroborating the
current literature regarding their effectiveness in hormone-dependent malignancies. The
diminished activity shown against B16F10 melanoma cells indicated a selective effect that
may be advantageous for targeting particular cancer types. The specificity of isoflavones
against estrogen receptors or their high-binding affinity with these receptors seen on MCF-7
cells can be used to explain their notable and targeted action against breast cancer cells,
including MCEF-7, which is positive for ER alpha [39]. However, a feature of melanoma
is the fact that it is resistant to many chemotherapeutic treatments, particularly when it
is in an advanced stage. This wider resistance profile may be mirrored by the observed
decreased influence of isoflavones; more research is required to elucidate this. Developing
a better understanding of resistance mechanisms, such as immune evasion or the over-

117



Molecules 2025, 30, 795

References

expression of survival pathways like NF-kB, can help to improve treatment approaches.
Also, certain receptors or signaling pathways necessary for isoflavone-induced cytotoxicity
could be absent in them, as many reports have mentioned [40]. Also, the isoflavones used
in our study showed similar effects on MCF-7 cells, as their influences appeared to be
closely matched. Notably, these compounds exhibit almost similar ICs values (Table 6),
indicating the same potency in inhibiting cell growth. Additionally, the selectivity index
for each isoflavone is closely matched, suggesting that they all have a comparable ability
to target cancerous cells while minimizing their impact on normal cells. This consistency
in their bioactivity highlights their potential as promising therapeutic agents for further
investigation and development. Finally, conducting in vivo and pre-clinical investigations
will be essential to validate our results and comprehend isoflavones” mechanisms of action
and potential therapeutic applications. This research may substantially advance the field of
cancer treatment.
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Abstract: Andrographis paniculata (Burm. f.) and its products have a long history of
medicinal use in Asia. A. paniculata products are mainly made from the root extraction of
stems, leaves and parts, but there may be differences in the proportion of different parts
and different harvest times, which ultimately leads to certain differences in product quality.
In this study, the chemical components and non-targeted metabolomics were characterized,
and the characteristic compounds in different parts of A. paniculata at various growth
stages were analyzed. By utilizing polygonal mass defect filtering, precursor ion lists, and
a self-built compound library, a total of 225 components were identified in A. paniculata.
Notably, spermidine derivatives and phosphatidylcholines were reported for the first time
in this plant species. In total, 41 differential components were identified in different parts of
A. paniculata. These findings provide scientific evidence for the selection of quality markers
in A. paniculata and its products.

Keywords: Andrographis paniculata; different plant parts; different growth stages;
non-targeted metabolomics; quality markers

1. Introduction

Andrographis paniculata (Burm. f.), a member of the genus I in the Acanthaceae fam-
ily, encompasses three species: A. paniculata, A. laxiflora, and A. var. glomerulifera [1]. It
predominantly thrives in subtropical regions of China, India, Thailand, and other Asian
countries [2,3]. A. paniculata is renowned for its abundance of diterpene lactones, flavonoids,
and organic acids, and has been traditionally employed in Asian traditional medicine for
the treatment of ailments such as cardiovascular diseases, snakebites, and malaria [2,4,5]. Its
exceptional therapeutic efficacy has garnered recognition in major pharmacopoeias world-
wide, including the Chinese Pharmacopoeia, United States Pharmacopeia, and European
Pharmacopoeia. Presently, several A. paniculata-derived products have been developed,
including tablets, capsules, and formulations based on the active diterpene lactones [6].
Andrographolide, dehydroandrographolide, 14-deoxyandrographolide, and neoandro-
grapholide are the four major diterpene lactones commonly employed to assess the quality
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of A. paniculata and its related products [7]. However, our previous research conducted
by our group involved a random examination of four diterpene lactones in A. paniculata
tablets from ten different manufacturers in China, revealing significant variations in an-
drographolide content among the samples (Figure S1, Table S1). These variations may be
attributed to differences in the proportion of roots and stems utilized as raw materials, as
well as discrepancies in the harvesting seasons of the herbal ingredients [8]. Thus, relying
solely on the four major diterpene lactones for the quality evaluation of A. paniculata and its
formulations is insufficient. Consequently, it is imperative to systematically compare and
analyze the chemical constituents of A. paniculata collected at different growth stages and
from various plant parts to identify additional quality markers and determine the optimal
harvesting period.

Plants exhibit remarkable plasticity in adapting to diverse growth stages and envi-
ronmental conditions by producing a wide array of secondary metabolites, which play
crucial roles in reproduction and self-protection [9,10]. Consequently, substantial variations
in the chemical composition of plants are often observed across different growth stages
and environmental contexts [11]. While previous studies have reported changes in the
content of andrographolide, dehydroandrographolide, and neoandrographolide in A. pan-
iculata at different growth stages, investigations into the differential chemical constituents
among distinct growth stages and plant parts of A. paniculata remain scarce [12]. Non-
targeted metabolomics, a comprehensive approach that encompasses the global analysis of
metabolites, offers a valuable means to study the relative changes in metabolite types and
quantities within biological systems under physiological and pathological conditions [13].
Notably, untargeted metabolomics has proven successful in identifying disease biomarkers
and screening quality markers in the field of herbal medicine [14,15]. Moreover, the advent
of high-resolution mass spectrometry has facilitated the high-throughput characterization
of chemical constituents within complex systems, thanks to its exceptional precision, sen-
sitivity, and resolution [16,17]. Consequently, a synergistic integration of high-resolution
mass spectrometry and untargeted metabolomics can be employed to discern and compare
the chemical composition of different parts of A. paniculata at various growth stages.

In this study, we aimed to comprehensively characterize the chemical constituents
of A. paniculata based on samples collected from different growth stages and plant parts
within the cultivation area. Firstly, we employed UHPLC-LTQ-Orbitrap-MS" technology in
conjunction with a self-built database for the systematic characterization of A. paniculata.
Furthermore, untargeted metabolomics analysis was conducted to identify differential
constituents among different growth stages and parts of A. paniculata. These analyses
aimed to elucidate the composition of chemical constituents in A. paniculata, providing
insights into the determination of optimal harvesting periods and contributing to the
selection of quality markers for A. paniculata and its derived products.

2. Experiment
2.1. Reagents and Materials

A total of 22 chemical reference standards were used for the characterization of
chemical constituents, including andrographidine A (R5)/B (R6)/E (R10), 5-hydroxy-
7,8-dimethoxyflavanone (R4), 4 ,5,7 8-tetramethoxyflavone (R7), moslosooflavone (R8),
skullcapflavone I (R9), chlorogenic acid (R1), isochlorogenic acid B (R2), 3,5-di-O-
caffeoylquinic acid (R3), andrographolide (R11), dehydroandrographolide (R18), 14-
deoxyandrographolide (R14), neoandrographolide (R16), andrographoside (R12), an-
dropanoside (R17), 14-Deoxy-11,12-didehydroandrographiside (R20), andrograpanin (R13),
14-deoxy-17-hydroxyandrographolide (R19), 14-deoxy-12-ethoxyl andrographolide (R15),
and bisandrographolide A (R21)/C (R22). These reference standards were purchased from
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Shanghai Natural-Standard Company (Shanghai, China), Sichuan Vikki Biotechnology
Co., Ltd. (Chengdu, China), and BioBioPha Co., Ltd. (Kunming, China). The purity of
these reference standards was more than 95% after detection by HPLC. These standards
included seven flavonoids, three organic acids, and twelve diterpene lactones, and their
chemical structures are shown in Figure 1. HPLC-grade and MS-grade acetonitrile were
obtained from Merck (Darmstadt, Germany), and MS-grade formic acid was purchased
from Roe Scientific Inc. (Newark, NJ, USA). All other reagents used in this study were of
analytical grade. Ultra-pure water was prepared in the laboratory. A. paniculata samples
at different growth stages and plant parts were provided by medicinal plant growers in
Guigang, Guangxi province, China (Table S2) and authenticated as plants of A. paniculata
in Lamiaceae family by Professor Guo Dean. Voucher specimens of A. paniculata were
deposited in the Center for Modernization of Traditional Chinese Medicine, Shanghai
Institute of Materia Medica, Chinese Academy of Sciences.

HO

HO R, O

R4. 5-Hydroxy-7,8-dimethoxyflavanone: R,=OH
R5. Andrographidine A: R;=0Gl¢, R,=a-Phenyl
R6. Andrographidine B: R;=0Glc, R,=b-Phenyl

R1. Chlorogenic acid: R{=R,=OH
R2. Isochlorogenic acid B: Ry=caffeoyl, R;=oh
R3. 3,5-Di-O-caffeoylquinic acid: R;=0H, R,=caffeoyl

(0]

R7. 4',5,7,8-Tetramethoxyflavone: R;=R,=R=0CHj3, R3=R;=Rs=R;=H RI11. Andrographolide: R,=R,=R;=OH

R8. Moslosooflavone: R;=0CH3;, R,=OH, R;=R,=Rs=Rs=R,=H R12. Andrographoside: R;=0Glc, R;=Rs=OH
RY. Skullacapflavone I: R,;=0CHj;, R,=R,=0OH, R;=Rs=R=R,=H

R10. Andrographidine E: R;=R;=0CHj3, R,5=0Gl¢, R3=Rs=R¢=R,=H

Ry

R,
R13. Andrograpanin: R,=0OH, R,=R;=H

R14. 14-Deoxyandrographolide: R,=R,=0OH, R;=H
R15. 14-Deoxy-12-cthoxyl andrographolide: R=R,=0H, R;=0C,Hj4
R16. Neoandrographolide: R;=0Glc, R,=R;=H

R17. Andropanoside: R;=0Gle¢, R,=OH, R;=H

R18. Dehydroandrographolide

R19. 14-Deoxy-17-hydroxyandrographolide

HO _< HO'

Hd OH R21. Bisandrographolide A

R22. Bisandrographolide C

R20. 14-Deoxy-11,12-didehydroandrographiside

Figure 1. Chemical structure of 22 reference standards.
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2.2. Preparation of Reference and Sample Solutions

Accurate amounts of the 22 reference standards were weighed. A. paniculata sample
was ground to 60 mesh after drying under natural conditions, 0.5 g of each sample was
accurately weighed, and sonicated with 25 mL of 75% methanol for 30 min (100 W, 35 kHz).
After the extraction solution has cooled to room temperature, the lost weight is replenished
with 75% methanol. After shaking, centrifuge at 12,000 rpm for 10 min and filter through a
50 um Millipore filter. Weigh the appropriate amount of 12 diterpene lactones standard
reference and diluted to 50 ug/mL. Different parts of A. paniculata at different harvest ages
that including sixteen batches of stem, sixteen batches of leaf, fifteen batches of root, four
batches of flower, and five batches of fruit were divided, respectively (Table S2) [18].

2.3. Chromatographic Conditions and Mass Spectrometry Parameters

The A. paniculata samples were analyzed using an Ultimate 3000 Standard Dual System
(Thermo Fisher Scientific, San Jose, CA, USA) equipped with a binary solvent pump, an
autosampler, and a diode-array detector. The samples were separated on an ACQUITY
HSS T3 C18 column (2.1 100 mm, 1.7 pm, Waters, Milford, MA, USA). The mobile phase
consisted of water containing 0.1% (v/v) formic acid (A) and acetonitrile (B); the flow rate
was set to 0.3 mL/min. During the sample elution process, samples were eluted with an
initial flow phase equilibrium for 2 min, a linear gradient increase in mobile phase B from
2% to 20% for 3 min, a linear gradient increase in mobile phase B from 20% to 55% for
20 min, a linear gradient increase in mobile phase B from 55% to 70% for 5 min, a linear
gradient increase in mobile phase B from 70% to 100% for 5 min, a liner gradient decrease
in mobile phase B from 100% to 0% for 5 min. The column temperature was maintained
at 35 °C, and the injection volume of the test solution was 2 pL. In addition, the detection
wavelength was 205 nm.

The experiments were performed at a spray voltage of 4600 V, a capillary temperature
of 350 °C, an in-source CID of 20 V, a collision energy of 30 V, and source heater temperature
of 300 °C. Nitrogen was applied as sheath gas and auxiliary gas, and their flow rate was 40
and 10 arb units, respectively. Data were acquired in positive ionization mode.

The chromatographic conditions and mass spectrometry parameters for untargeted
metabolomics analysis of A. paniculata at different harvest periods and plant parts were
consistent with the methods used in previous studies [18]. The UHPLC-LTQ-Orbitrap
Velos Pro hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) was
employed for data acquisition, using different methods based on the compound types.
Firstly, the collision-induced dissociation (CID) mode was selected to acquire the first-level
mass spectrometry data for compounds with molecular weights ranging from 100 to 1200
Da, recorded as Event 1. Event II recorded the fragmentation ions of the top three ions
in Event I, while Event III captured the fragment ion information of the top three ions in
Event II. Specifically, the data acquisition method for diterpene lactones in A. paniculata
was consistent with our previous publication [18]. For flavonoid constituents, a polygonal
mass defect filtering method was developed based on a literature survey of 66 compounds
to screen potential flavonoid constituents in A. paniculata, and their multi-stage mass
spectrometry information was acquired (Figure S2). As for caffeoylquinic acid constituents,
a polygonal mass defect filtering method was devised based on a literature survey of six
compounds to screen potential caffeoylquinic acid constituents in A. paniculata (Figure S3),
and their multi-stage mass spectrometry information was obtained.

2.4. Chemical Characterization

A database was established by collecting information on 201 reported compounds of A.
paniculata, including compound names, structural formulas, molecular formulas, and CAS
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numbers, from databases such as ScienceFinder” (http://scifinder-n.cas.org/, accessed on
24 May 2023), PubMed (https:/ /pubmed.ncbi.nlm.nih.gov/, accessed on 24 May 2023),
Reaxys (https:/ /www.reaxys.com/, accessed on 24 May 2023), and CNKI (https://c6
l.oversea.cnki.net/, accessed on 24 May 2023). The created compound database was
imported into Compound Discoverer 3.3. Based on the characteristics of the constituents
in A. paniculata, the following adduct ions were set in ESI* mode: [M + H]*, [2M + H]",
[M + Nal*, [2M + Na]*, [M + H — H,OJ*, [M + H — 2H,0]*, and [M + H — 3H,OJ",
with a mass error tolerance of 5 ppm, and potential known constituents in A. paniculata
were searched. Finally, the mass spectra fragments of characterized compounds were
compared with those of reference standards and literature data to further confirm the
chemical constituents in A. paniculata.

2.5. Data Analysis

The raw data of A. paniculata collected from different growth stages and plant parts
were imported into Progenesis QI 2.1 software for baseline correction, smoothing, peak
extraction, and deconvolution. The processing parameters were set as follows: file type
was selected as profile format, adduct ions were set as [M + H]*, [2M + H]*, [M + Na]*,
[2M + Na]*, [M + H — H,O]*, [M + H — 2H,0]", and [M + H — 3H,0]"; the minimum
peak intensity was set to 2000, and the maximum peak width was set to 0.2 min. A data
matrix containing retention time, 11/z, and peak intensity information was obtained. Signal
noise ions that did not meet the 30% and 80% rule and had high responses in the blank
solvent were removed from the metabolomics data processing, resulting in the dataset
used for metabolomics analysis. Multivariate statistical analysis and clustering analysis of
the metabolomics data were performed using SIMCA-P 14.1 software (Umetrics, Umea,
Sweden) and Heml software (CUCKOO Workgroup, Wuhan, China). Metabolites with VIP
(Variable Importance in Projection) values greater than 3 were further subjected to f-tests to
identify potential quality markers more accurately. The quantitative analysis results were
plotted using Origin 2019b software (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Optimization of Chromatographic Conditions and Mass Spectrometry Parameters

Due to the complexity and trace amounts of components in natural products, the chro-
matographic gradient directly affects the quality and quantity of compound data collected
by mass spectrometry [19,20]. Therefore, it is necessary to optimize the chromatographic
conditions before data acquisition. Similarly, the mass spectrometry parameters also af-
fect the fragmentation pattern of compounds and thus influence their resolution [21]. In
this study, the chromatographic conditions and mass spectrometry parameters used in
metabolomics data acquisition were optimized, and the quantification of the four major
diterpene lactones was performed using a method established in our laboratory for A.
paniculata quality standard [18]. The total ion chromatogram of different plant parts of
A. paniculata is shown in Figure 2A, and the chromatograms of different plant parts are
shown in Figure 2B. In Figure 24, it can be observed that there are significant differences
in the constituents between the root of A. paniculata and other plant parts, while the stem,
leaf, flower, and fruit show more similar profiles. The leaf of A. paniculata showed a higher
concentration of constituents compared to the stem and leaf. Figure 2B shows that the
four major diterpene lactones were not detected in the root of A. paniculata, while andro-
grapholide, neoandrographolide, dehydroandrographolide, and 14-deoxyandrographolide
were detected in the stem, leaf, flower, and fruit, with relatively higher levels in the leaf of
A. paniculata.
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Figure 2. (A): Total ion chromatogram of different parts of A. paniculata; (B): chromatograms
of different parts of A. paniculata (R11: andrographolide; R16: neoandrographolide; R14: 14-
deoxyandrographolide; R18: dehydroandrographolide).

3.2. Identification of Chemical Constituents in Different Growth Stages and Plant Parts of A.
paniculata

3.2.1. Analysis of Diterpene Lactones in A. paniculata

Diterpene lactones are the most abundant active components in A. paniculata, and
their identification is of great significance [22]. However, the characterization of diterpene
lactones in A. paniculata has been extensively reported in previous publications [18]. In this
study, our focus was on the distribution of diterpene lactones in different plant parts of
A. paniculata.

3.2.2. Analysis of Flavonoids in A. paniculata

Flavonoids belong to the natural polyphenolic compounds and are widely distributed
in common foods such as vegetables, fruits, and tea [23]. Existing studies have shown that
flavonoids possess various biological activities, including antioxidant, anti-inflammatory,
antibacterial, and antiviral effects [24]. However, it has been reported that flavonoids ac-
count for 46.23% of the reported constituents in A. paniculata, including flavones, flavonols,
and dihydroflavones [2]. Therefore, it is necessary to systematically characterize the
flavonoid constituents.

Compounds 26 and 28 (Table S3) were positional isomers, both exhibiting molecular
ion peaks at m/z 463.16 Da [M + H]* and [M + Na]* at m/z 485.14 Da in the protonated
molecular ions. Furthermore, fragment ion peaks at m/z 301.11 Da, and 197.04 Da were
detected in the MS™ analysis. The fragment ion at m/z 301.11 Da was the aglycone formed
by the loss of one molecule of Glc. The fragment ion at #1/z 197.04 Da represented the loss of
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one molecule of Glc and two molecules of CH, from compounds 26 and 28. By comparing
the retention time, m/z, and MS" fragment patterns with reference standards, compounds
26 and 28 were identified as andrographidine A and andrographidine B, respectively,
belonging to the dihydroflavone class. The mass spectrum and potential fragmentation
pattern of compound 28 are shown in Figure 3A. Compound 36 exhibited a molecular
ion peak at m/z 491.15 Da [M + H]* and an adduct ion peak [M + Na]* at m/z 513.14 Da
in the MS. Fragment ion peaks at m/z 329.10, 314.08, 299.06, 183.03, and 165.02 Da were
detected in the MS™ analysis. The fragment ion at m1/z 329.10 Da mainly resulted from
the loss of one molecule of Glc from the precursor ion, while the fragment ions at m/z
314.08 Da and 299.06 Da corresponded to the consecutive loss of two CHj3 groups from
m/z 329.10 Da. The fragment ions at m/z 183.03 Da and 165.02 Da were generated by the
RDA fragmentation of the parent nucleus of compound 36. After comparing the retention
time, m/z, and mass spectral fragments with reference standards, compound 36 was
identified as andrographidine E. The potential fragmentation pattern of andrographidine
E is shown in Figure 3B. Finally, a total of 72 flavonoid constituents (Table S3, 1-72) were
characterized in A. paniculata based on the mass spectral fragments of reference compounds
and literature data.
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3.2.3. Analysis of Organic Acids in A. paniculata

Organic acids are common constituents in plant species, and pharmacological stud-
ies have shown that these compounds possess various biological activities such as anti-
inflammatory, antioxidant, and neuroprotective effects [25-28]. Thus, characterizing the
organic acids in A. paniculata is of significance. In this study, based on the reported organic
acids in A. paniculata, a polygonal mass defect window was established, and 190 potential
organic acids were screened from the leaves of A. paniculata. Subsequently, the potential
organic acids in A. paniculata were collected using a precursor ion list approach.

Compound 76 exhibited a [M + H]" ion peak at m/z 355.1014 Da and a [M + Na]*
ion peak at m/z 377.083 Da in the MS spectrum. In the MS? spectrum, fragment ion peaks
at m/z 337.09 Da and m/z 163.04 Da were observed, corresponding to the loss of one
molecule of H,O and C;H;;05 from the precursor ion, respectively. In the MS? spectrum,
fragment ion peaks at m/z 135.04 Da and m/z 117.03 Da were detected, which originated
from the m/z 163.04 Da fragment with higher spectral intensity in the MS? spectrum.
Through comparison with reference standards in terms of retention time and mass spectral
fragmentation, compound 76 was identified as chlorogenic acid. The MS, MS? and MS?
spectra and potential fragmentation patterns of compound 76 are shown in Figure 4. Finally,
through comparison with reference standards and literature data, ten caffeoylquinic acid
compounds (Table S3, 74-82) were characterized from different parts of A. paniculata.
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Figure 4. MS" spectra and potential fragmentation patterns of chlorogenic acid.

3.2.4. Analysis of Other Components in A. paniculata

Previous reports have indicated that besides diterpene lactones, flavonoids, and
organic acids, A. paniculata also contains other types of compounds such as triterpenoids
and adenosine [3]. To systematically characterize other components in A. paniculata, the raw
data obtained were imported into Compound Discoverer 3.3 software for local database
identification and network database searching.

Compound 83 and 84 exhibited [M + H]* ion peaks at m/z 584.27 Da and [M + Na]*
ion peaks at m/z 606.25 Da, indicating that compounds 83 and 84 are a pair of isomeric
compounds. In the MS" spectra, fragment ion peaks at m/z 438.24, 420.23, 292.20, 275.18,
and 129.14 Da were detected. The fragment ions at m/z 438.24, 292.20, and 129.14 Da
corresponded to the consecutive loss of three molecules of coumaroyl from the precursor
ion. The fragment ions at m/z 420.23 Da and m/z 275.18 Da resulted from the loss of one
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molecule of coumaroyl, H,O, and CoHyNO from the precursor ion, respectively. Through
comparison with online mass spectral databases, compounds 83 and 84 were identified
as tricoumaroyl spermidine or an isomer. The MS" spectra and potential fragmentation
patterns of compounds 83 and 84 are shown in Figure 5A [29]. The fragment ions at m/z
438.24, 420.23, 292.20, 275.18, and 129.14 Da could serve as diagnostic ions for spermidine
derivatives in natural products.
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Figure 5. MS" spectra and potential fragmentation patterns of tricoumaroyl spermidine or isomer
(A), 1-stearoylglycerophosphocholine (B), and toosendanoside (C).
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Compound 93 was identified as 1-stearoylglycerophosphocholine by comparing its
MS" data with the spectral information in the online spectral databases and preliminary
research [30]. In the MS spectrum, compound 93 displayed [M + H]* ion peak at m/z
524.37 Da and [M + Na]* ion peak at 71/z 546.35 Da. In the MS? and MS? spectra, fragment
ions at m/z 506.36, 447.29, 341.30, and 184.07 Da were detected. The fragment ion at
m/z 506.36 Da resulted from the loss of one molecule of H,O from the precursor ion.
Fragment ions at m/z 447.29, 341.30, and 184.07 Da were derived from the fragment ion
at m/z 506.36 Da through subsequent losses of NH(CHs)3, C5sH15NO4P, and Cy1HyoO3,
respectively. The MS" spectrum and potential fragmentation patterns of compound 93
are shown in Figure 5B. Based on the characteristic fragment ions in the mass spectrum,
compounds 86-93 were identified as phosphatidylcholines.

Compound 103 exhibited [M + H]* ion peak at m/z 515.32 Da and [M + Na]* ion
peak at m/z 537.30 Da in MS spectrum. In the MS" spectrum, fragment ion peaks at
m/z 353.27, 335.26, 317.25, and 259.08 Da were detected, corresponding to consecutive
loss of one molecule of Glc and two molecules of H,O from the precursor ion at m/z
515.32 Da. Comparison with literature mass spectral data confirmed that compound 103
was toosendanoside [31]. The MS" spectrum and potential fragmentation patterns of
toosendanoside are shown in Figure 5C. Compared to compound 103, compound 100
exhibited an m/z of 677.37 Da, indicating the presence of an additional molecule of Glc, and
the glycone portion showed consistent fragmentation patterns. Based on the characteristic
fragment ions in the mass spectrum, compounds 94-106 were identified as triterpenoids.

Consequently, through comparison with reference standards, the literature, and online
mass spectral databases, a total of 126 compounds were characterized from A. paniculata,
excluding diterpene lactones. The characterized compounds included 72 flavonoids, ten
caffeoylquinic acid derivatives, three spermidine derivatives, eight phosphatidylcholines,
13 triterpenoids, and 20 other components. In the identified components, we identified 67,
42,29, 30, and 20 flavonoids in the roots, stems, leaves, flowers, and fruits of A. paniculata,
respectively. Additionally, we detected 9,9, 9, 7, and 7 sphenylpropanoid in the roots, stems,
leaves, flowers, and fruits, respectively. Spermidine derivatives and phosphatidylcholines
were found to be present in all parts of A. paniculata. Furthermore, we identified 12, 12, 7, 5,
and 5 triterpenoids in the roots, stems, leaves, flowers, and fruits, respectively. In addition,
15,17, 16, 15, and 16 of other types of compounds were identified in the roots, stems, leaves,
flowers, and fruits of A. paniculata, respectively.

3.3. Metabolite Analysis of A. paniculata at Different Growth Stages and Plant Parts

Previous studies have shown significant variations in the content of major diterpenoid
lactones in A. paniculata leaves from different manufacturers and batches, which could be
attributed to variations in harvesting time and inconsistent leaf-to-stem ratios [32,33]. To
explore the differential metabolites in A. paniculata at different growth stages and plant
parts, a non-targeted metabolomics approach was employed in this study. Raw data from
56 samples of A. paniculata roots, stems, leaves, and seven batches of quality control (QC)
samples were imported into Progenesis QI 2.1 software for peak alignment and extraction,
facilitating subsequent targeted. Finally, the exported data matrix is used for non-targeted
metabolomics analyses.

3.3.1. Targeted Analysis of Major Compounds in A. paniculata

To investigate the distribution of diterpenoid lactones and flavonoids in different parts
of A. paniculata, a polygonal mass defect filter was applied to screen potential diterpenoid
lactones and flavonoids. In the roots of A. paniculata, 4342 ions were detected, and after
the targeted metabolite screening using the polygonal mass defect filter, 556 potential
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diterpenoid lactones and 778 potential flavonoids were identified. Similarly, 4809 ions were
detected in the stems of A. paniculata, and after the screening process, 868 potential diter-
penoid lactones and 642 potential flavonoids were identified. In the leaves of A. paniculata,
4717 ions were detected, and the targeted analysis revealed 1550 potential diterpenoid
lactones and 426 potential flavonoids. Due to the limited sample numbers of flowers and
fruits, their data were combined for analysis. By applying the polygonal mass defect filter,
4385 ions were detected in the flowers and fruits of A. paniculata, including 886 potential
diterpenoid lactones and 493 potential flavonoids. These results indicate that diterpenoid
lactones were predominantly present in A. paniculata leaves, while flavonoids were rela-
tively less diverse in this plant part. The roots exhibited a higher abundance of flavonoids
compared to diterpenoid lactones, whereas the stems displayed the highest diversity of
compounds, including a wide range of diterpenoid lactones and flavonoids. Flowers and
fruits mainly contained diterpenoid lactones, with fewer flavonoid compounds.

3.3.2. Non-Targeted Metabolomics Analysis of Chemical Constituents in A. paniculata

To further explore differential metabolites in A. paniculata from different origins and
medicinal plant parts, the raw data were processed using Progenesis QI 2.1 software,
resulting in a data matrix containing 6192 variables, including retention time, m/z, and
ion intensities. Subsequently, based on the “30% rule” and “80% rule” in metabolomics
data analysis, 1969 data points that did not meet the criteria were excluded using Excel
formulas, resulting in a final data matrix of 4223 variables. The processed data matri-
ces (63 in total) were then imported into SIMCA-P 14.1 software for principal component
analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). As
shown in Figure 6, Figure 6A presents the PCA plot of the 63 datasets, with the seven
QC samples tightly clustered, indicating good instrument precision and reproducibil-
ity for further analysis. Figure 6B shows the OPLS-DA results of different parts of A.
paniculata, revealing clear differentiation among roots, stems, leaves, flowers, and fruits,
indicating the presence of chemical composition variations across different plant parts.
The loading plot in Figure 6C highlights andrographolide, dehydroandrographolide, and
14-deoxyandrographolide as the key differential compounds influencing the classification
of A. paniculata plant parts. The OPLS-DA model exhibited good fitting (R2Y(cum) =
0.951) and predictive ability (Q2(cum) = 0.933), as validated through 200 permutations
[i.e., R2 = (0.0, 0.157), Q2 = (0.0, —0.444)], indicating robustness and reliability. Subse-
quently, variables with VIP (Variable Importance in Projection) values greater than three
were selected and further analyzed using t-tests in MetaboAnalyst 5.0 online platform.
Variables with VIP values greater than 3 and p-values less than 0.05 were considered as
differential compounds influencing the classification of A. paniculata plant parts (Table
S4). A total of 41 compounds were selected as differentiating factors. To visually illustrate
the impact of these 41 variables on the classification of A. paniculata plant parts, the mass
spectrometry responses of these compounds in different plant parts were imported into
HemlI 2.0 software for cluster analysis. The cluster analysis included seven QC samples, 15
root samples, 16 stem and leaf samples, five fruit samples, and four flower samples, and
employed the square Euclidean distance method. The results in Figure 6E demonstrate
the classification of the 63 datasets into three main clusters, with distinct separation of
roots from stems and leaves. Leaves and stems also exhibited good differentiation, while
flowers and early-stage fruits showed similar profiles to leaves, with higher levels of diter-
penoid lactones and lower levels of flavonoids. QC samples and later-stage fruits were
more similar to stems, with higher levels of flavonoids compared to A. paniculata leaves.
The identified differential compounds included andrographolide, andropanoside, dehy-
droandrographolide, 14-deoxyandrographolide, andrographidine A, and andrographidine
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B, which could be served as characteristic markers for distinguishing different parts of
A. paniculata. According to the heat map analysis, it can be seen that the content of the
three main differential components in the third and fourth week of A. paniculata are more
significant than those in other stages, and the proportion of roots and stems and yield are
comprehensively analyzed, and the yield in the third week is less, so we believe that the
collection time of the fourth week after planting is the best harvest time for A. paniculata.
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Figure 6. Principal component analysis (PCA) and cluster analysis results of different parts in A.
paniculata. PCA plot (A), orthogonal partial least squares discriminant analysis (OPLS-DA) plot
(B), OPLS-DA loading plot (C), OPLS-DA model validation results, *: p < 0.05 (D), and heatmap of
differential metabolites (E).

4. Conclusions

In this study, a systematic characterization of chemical components in A. paniculata was
performed, followed by the analysis of differential metabolites in different parts of the plant
at various harvest periods using a non-targeted metabolomics approach. A total of 225 com-
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ponents were identified, including 99 diterpene lactones 18, 72 flavonoids, 10 caffeoylquinic
acids, 3 spermidine derivatives, 8 phosphatidylcholines, 13 triterpenoids, and 20 other
types of components. Notably, several component types, such as spermidine derivatives
and phosphatidylcholines, were reported for the first time in A. paniculata. In addition to
the four major diterpene lactones, 37 other components, including andrographidine A and
andrographidine B, could serve as potential quality markers for the identification of raw
materials in A. paniculata products. In addition to this, we also consider the fourth week
after planting to be the best time to harvest A. paniculata. Our study provides important
insights into the chemical composition and differential metabolites in different parts of A.
paniculata and offers references for the selection of quality markers in A. paniculata herbal
materials and related products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules30071490/s1, Figure S1: Determine results of four
diterpene lactones in Chuanxinlian tablets from different manufacturers. Figure S2: Polygonal mass
deficit map of flavonoids in A. paniculata. Figure S3: Polygonal mass deficit map of caffeoyl quinic
acid components in A. paniculata. Table S1: Sample information of Chuanxinlian tablets from different
manufacturers. Table S2: Collect information of samples from different parts of A. paniculata at
different growth stages. Table S3: Detailed information about the characterized components in A.
paniculata. Table S4: Components with VIP > 3 between different harvest periods and different plant
parts of A. paniculata based on the OPLS-DA.
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Abstract: Crop diseases negatively affect the quality and quantity of agricultural products,
with significant economic and social consequences. These problems become emergencies in
a world where the safe production of food for human health is becoming increasingly press-
ing. Microorganisms, including phytopathogenic fungi, are the main organisms responsible
for these diseases, which cause devastating damage. Environmental pollution generated
by human activities causes further significant reductions in agricultural production, as
well as the expansion of metropolitan areas, and climate change. Phytotoxins produced by
pathogenic fungi play a fundamental role in the induction of diseases by directly interfering
with the physiological processes of agricultural plants. They are secondary metabolites that
can belong to all the different classes of natural compounds, and their structures and bio-
logical activities have been extensively studied. These substances have often been shown to
possess other interesting biological activities for potential applications both in agriculture
and in other fields, such as biotechnology and medicine. This review focuses on phytotoxic
a-pyrones produced by plant pathogenic fungi, describing in detail all their chemical and
biological properties and, in some cases, the results of studies on their structure-activity
relationship and on the potential practical applications in various sectors.

Keywords: crop diseases; phytopathogen fungi; phytotoxins; pyrones; chemical and
biological characterization

1. Introduction

Nature is an almost inexhaustible source of a myriad of compounds belonging to
several different groups of organic substances, exhibiting specific biological activities [1].
Aromatic heterocycle compounds are about two-thirds of the total organic compounds that
define the history, present, and future of modern drugs. Benzene rings in which one carbon
(C) is replaced by heteroatoms, such as nitrogen (N), oxygen (O), and sulfur (S), generate
different subgroups of heterocyclic compounds [2]. Pyrones are a class of heterocyclic
six-membered lactones represented by two isomers, 2-pyrone and 4-pyrone. The number
2/4 is assigned on the basis of the position of the carbonyl group relative to the oxygen
atom within the ring system. The 2-pyrone (more commonly known as x-pyrone) structure
is found in nature as part of the coumarin ring system. 4-Pyrone (more commonly known
as y-pyrone) is found in some natural chemical compounds such as chromone, maltol, and
kojic acid [3]. There is a growing interest in x-pyrones due to their structural diversity and
their diverse biological activities, which include anti-inflammatory, cytotoxic, antibacterial,
antioxidant, insecticidal, and antifungal activity [4-7]. «-Pyrones are not only produced by
fungi, but also, although less frequently, by bacteria, by plants, and by lichens.

Some reviews have previously addressed this topic, but they only report in isolation,
either chemical or biological characterization of the a-pyrones, and sometimes also cover a

Molecules 2025, 30, 2813 https:/ /doi.org/10.3390/molecules30132813
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limited time range of publications. Azizian et al. (2024) [8] reported the chemical structures
and biological activities of 268 natural «-pyrone derivatives, isolated from January 2016 to
October 2023, as fungi (199), bacteria (34), and plant (35) metabolites. Successively, another
review describes natural compounds containing a 2-pyrone moiety, emphasizing their
role in biological activity, particularly with respect to potential therapeutic or antimicro-
bial agents [5]. Other authors confirmed the pharmacological properties and potential
applicability of the 2-pyrones, focusing attention on their chemotherapeutic activities. The
a-pyrones are reported as anti-HIV, anti-TB, and anti-cancer agents, and for their potential
role against neurodegeneration, hypercholesterolemia, microbial infections, chronic ob-
structive lung disease, inflammation, antinociception, and immunomodulation [9]. Some
authors reported the relation of the stereochemistry of the a-pyrones with their biological
activity [10], while other ones selectively described those produced by fungi and with
potential herbicidal activity [11]. Schaberle (2016) [7] specifically reported new insights
into additional biosynthetic mechanisms of x-pyrones, while other authors specifically
described the chemical and biological properties of natural diterpene pyrones [12].

Thus, the present review is the first one focused on only fungal pyrones with phy-
totoxic activity. The results discussed in the three different sections were obtained from
Sci-Finder and chronologically reported. Furthermore, where reported for some phytotoxic
a-pyrones, the results of structure—activity, mode-of-action studies, and future perspectives
are also discussed.

2. x-Pyrones
2.1. a-Pyrones Produced from Fungi Pathogenic for Agrarian Plants

Some differently substituted a-pyrones were produced in liquid culture by the fungus
Pyrenoclzaeta terrestris, which is the causal agent of onion pink disease, attracting con-
siderable attention in outbreaks in the land where onion cultivation is widespread. The
fungus was also isolated from other plants such as rice and garlic. The first phytotoxins
isolated were pyrenocines A and B (1 and 2, Figure 1, Table 1) [13]. Toxin 1 was also
isolated from Trichoderma citro-viride and named citreopyrone [14]. The phytotoxic activity
induced by compound 1 on onion root was more strong than that of compound 2 [13]. The
first furane-derivative structure, assigned to both phytotoxins, was then revised as that
of two a-pyrone derivatives by X-ray analysis of pyrenocine A and that of pyrenocine B
by spectroscopic correlation [15]. Successively, from the same culture filtrates, pyrenocine
C (3, Figure 1, Table 1) was also isolated and showed only a weak phytotoxicity [16].
When P. terrestris was grown on solid culture, it also produced three other phytotoxins,
named pyrenochaetic acids A-C (4-6, Figure 1, Table 1), which are close to pyrenocines.
The phytotoxicity of pyrenochaetic acids A-C was tested on the growth of onion and rice
seedlings by the germination test using lettuce seed. Pyrenochaetic acid A (4) inhibited
the root growth of onion and rice seedlings by 100% at 250 and at 5000 ppm, respectively,
while its analogue 6 was less toxic. In the germination test on lettuce seeds, the three acids
(4-6) exhibited equal inhibition at high concentrations, but promoted root elongation at
low concentrations [17]. Successively, pyrenocin A (1) showed antibiotic activity against
plants, fungi, and bacteria. In particular, it showed an effective dose for 50% inhibition
(EDSO) of 4 kg/mL for elongation of onion seedlings, and 14, 20, 20, and 25 kg/mL for
the germination of asexual spores of Fusarium oxysporum f. sp. cepae, Fusarium solani f.
sp. pisi, Mucor hiemalis, and Rhizopus stolonifer, respectively. Compound 1 also inhibited
linear mycelial growth of P. terrestris and F. oxysporum with an EDSO of 77 and 54 kg/mL,
respectively. Furthermore, pirenocin A (1) showed biostatic rather than biocidal activity
against all the bacteria used, with Gram-positive bacteria being more sensitive than Gram-
negative bacteria. In fact, the EDOs observed for the growth inhibition of Bacillus subtilis,
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Staphylococcus aureus, and Escherichia coli were 30, 45, and 200 kg/mL, respectively, while
Pseudomonas aeruginosa appeared to be resistant at the concentrations used. Pirenocins B
and C (2 and 3) showed weak antibiotic activity in all the tests performed [18].
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Table 1. Phytotoxic a-pyrones produced from fungal pathogens for agrarian plants (”: identical data

to the entry immediately above).

Compound Fungal Producer Other Biological Activities Ref.
Pyrenocine A (1) Pyrenoclzaeta terrestris Antibiotic activity [1[31’§]5 ]
Pyrenocine B (2) " Weak antibiotic activity "
Pyrenocine C (3) " " "

Pyrenochaetic acid A (4) " Not reported [17]
Pyrenochaetic acid B (5) " " "
Pyrenochaetic acid C (6) " " "
Alternaric acid (7) Alternaria solani [19]
10-Deoxyalternaric acid (8) " " [20]
10-Deoxy-6,19-dihydro alternaric Iy Iy 1
acid (9)
10-Deoxy-6,8,9,19-tetrahydro I / I
alternaric acid (10)
A. solani " [21-23]
Solanapyrones A (11) Ascochyta rabiei Antibiotic activity [24]
Solanapyrones B (12) " Not reported [21-23]"
Solanapyrones C (13) " " "
Solanapyrones D (14) A. solani " [21,22]
Solanapyrones E (15) " " "
Diaporthe angelicae " [25]
Alternasolanol A (16) Phomopis sp. Cytotoxic activity [26]
Alternasolanol J (17) D. angelica Not reported [25]
. 4 1 "
Macrosporin (18) Phoma sp. Antifungal activity [27]
D. angelica Not Reported [25]
Pestalotiopsis oenotherae " [28]
Nectriapyrone (=Pestalopyrone, 19)  Pestalotiopsis micropspora " [29]
Biscogniauxia rosacearum " [30]
Cosmosporella sp. Antibiotic [31]
Foeniculoxin (20) Diaporthe angelicae Not reported [32]
6-(1-Hydroxypentyl)- Pestalotiopsis guepinii " [33]
4-methoxy-pyran-2-one (21) Cosmosporella sp. Antibiotic [31]
6-Pentyl-4-methoxy- P. guepenii Not reported” [33]
pyran-2-one (22) Cosmosporella sp. Antibiotic [31]
e 5 Villosiclava virens Not reported [34]
Ustilaginofidin A, R1=R,=H (23) Chaetomium spp. Cytotoxic activity [35]
Ustilaginoiidin B, Rj=H, R,=OH (24) " Villosiclava virens Not reported [34]

Ustilaginoidin C, R;=R,=0OH (25)

"

Ustilaginoidin G, R1=R,=H (26)

"

Ustilaginoidin I, R1=H, R,=OH (27)

1
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Table 1. Cont.

Compound Fungal Producer Other Biological Activities Ref.
Colletopyrandione (28) Colletotrichum higginsianum [36]
Colletochlorin G (29) " " "
Colletochlorin H (30) " " "
Alternapyrones B (31) Parastagonospora nodorum [37]
Alternapyrones C (32) " " "
Alternapyrones D (33) " " "
Alternapyrones E (34) " " "
Alternapyrones F (35) " " "
Ustilopyrones A (36) Ustilaginoidea virens " [38]
Ustilopyrones B (37) " " "
Luteopyroxin (38) Neofusicoccum luteum " [39]
1
Neofusicoccum luteum 1391
(R)-(—)-Mellein (39) Neofusicoccum parvum
Neofusicoccum australe Antibacterial, insecticidal,
. . [40]
and fungicidal activity
N . Neofusicoccum luteum Not reported [39]
(3R 45)-(~)-4-Hydroxymellein (40) Neofusicoccum parvum Antibacterial activity [40]
. [39]
(BR,4R)-(—)-4-Hydroxymellein (41) Neof: ustcoccuin uteum N ot rep orteq . Antibacterial
Neofusicoccum parvum Antibacterial activity o
activity
(8R)-5-Methylmellein (42) Biscogniauxia rosacearum Not reported [41]
" "
(3R)-5-Methyl-6-methoxymellein (43) "
y y
Antibacterial activity [40]
Not reported
Antiatherogenic, [42]
Tyrosol (44) " cardioprotective, [43]
anticancer, neuroprotective,
and endocrine effects
(3R)-6-Hydroxymellein (45) " Not reported [42]
(3R)-6-Methoxymellein (46) " " "
Higginsianin F (47) Colletotrichum higginsianum [43]
Higginsianin G (48) " " "
Higginsianin H (48) " " "
Higginsianin I (50) " " "

" It means the species same as above.

Alternaria solani, the causal agent of early blight disease of tomatoes and potatoes [44],

produced different non-related toxins as alternaric acids, a5,6-dihydro-«-pyrones and

solanapyrones [19]. Alternaric acid (7, Figure 1) induced, in the host plant, symptoms

similar to those of the so-called host-specific toxins. This phytotoxin (7) was also shown to

delay the occurrence of hypersensitive death of potato cells infected by an incompatible race
of Phytophthora infestans [45]. Then the determination of the stereochemistry and the total
synthesis of alternaric acid 7 were also reported [46]. Three other alternaric acid-related
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compounds, 10-deoxyalternaric acid, 10-deoxy-6,19-dihydroalternaric acid, and 10-deoxy-
6,8,9,19-tetrahydroalternaric acid (8-10, Figure 1, Table 1), were isolated from the same
fungus [20]. All the alternaric acids (7-10) were tested for their growth inhibition of tomato
seedlings and showed a different rate of phytotoxicity on roots and hypocotyls. The results
obtained suggested that their phytotoxicity depends on the oxidation levels of the alternaric
acids, and that the exo-methylene group at C-6 and the hydroxy group at C-10 in alternaric
acid 7 play an important role in the phytotoxic activity. Furthermore, the phytotoxic
activity of the degradation and the synthetic segments of alternaric acid suggested that the
side-chain moiety and the 3-acyl-4-hydroxy-5,6-dihydro-2-pyrone moiety play different
roles in the phytotoxic activity [20]. Solanapyrones A-E (11-15, Figure 1, Table 1) were
produced from another strain of A. solani [21-23]. Both solanapyrones A and D, and B
and E were obtained in a diastereomeric ratio of 6:1 [19]. Solanapyrones A and C were
also isolated from filtrates of stationary cultures of Ascochyta rabiei, the causal fungus of
chickpea blight [47], which is the most important disease of chickpea in areas where the
growing season coincides with cool and moist weather [48]. The disease caused severe
losses around the Mediterranean Basin and in Pakistan, where a loss of up to 50% of the crop
was observed. Compounds 11 and 12 showed synergistic activity when tested on potatoes,
while on isolated cells of the leaflets of 10-day-old chickpea seedlings, their effect was
additive. The solanapyrones share interesting structural similarities to several phytotoxins,
such as betaenones A and B isolated from Phoma betae, a parasite of sugar beet [49], and
stemphyloxin from Stemphylrum botryosum, the causal agent of leaf spot on tomatoes [50].
Compounds 11 and 12 could act as siderophores to disturb the non-metabolism of the host.
However, solanapyrones probably do not act directly as iron chelators per se, although they
may chelate iron or other essential metal ions upon ring opening of the pyrone or upon
further biotransformation within the host [47]. Although the phytotoxicity of solanapyrone
A has been reported many times, its role in pathogenicity has not been completely clarified.
A genetic study was carried out on the sol5 gene, which encodes Diels-Alderase, which
catalyzes the final step of solanapyrone biosynthesis. Silencing of this gene in both A. rabiei
and A. solani leads to the accumulation of prosolanapyrone II-diol, which is the immediate
biosynthetic precursor of solanapyrones and is not toxic to plants. Instead, solanapyrone A
showed high toxicity against Arabidopsis thaliana. Furthermore, pathogenicity tests showed
that non-solanapyrone-producing mutants of both fungi retained the virulence of wild-type
strains. These results suggested that solanapyrones were not required for the pathogenicity
of either fungus [51]. The antibacterial activity of solanapyrones A-C was tested against
various human pathogens, such as Gram-positive, B. subtilis, Bacillus megaterium, Clostridium
perfringens, Micrococcus tetragenus, MRSA (Methicillin-resistant Staphylococcus), and Gram-
negative, E. coli, using streptomycin, acheomycin, and ampicillin as positive controls.
Solanapyrone A (4) (MIC (Minimal Inhibitory Concentration) of 12.5 ug/mL) showed
the same activity as ampicillin (MIC of 12.5 ng/mL) and better than that of streptomycin
(MIC of 100 png/mL) against B. subtilis. Solanapyrone B (5) showed better activity than
ampicillin (MIC of 50 ug/mL) against B. megaterium. None of the tested compounds
showed significant inhibition of the growth of E. coli and MRSA [24].

Altersolanols A and ], macrosporin (1618, Figure 1, Table 1), three octaketides an-
thracenones, nectriapyrone (19, Figure 1, Table 1), and a pentaketide monoterpenoid, were
isolated from Diaporthe angelicae (anamorph Phomopsis foeniculi), which is the causal agent
of a heavy disease in fennel (Foeniculum vulgare) in Bulgaria [25]. Nectriapyrone was also
named as a pestalopyrone when it was previously produced from an unidentified fungus
isolated from the Indo-Pacific sponge Stylotella sp. [32,52]. The symptoms induced in the
host plant by D. angelicae were umbel browning and stem necrosis [25]. The dried fennel
seeds are used in phytotherapy and the pharmaceutical [53] and alimentary industries.
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When assayed using a leaf puncture bioassay on detached tomato leaves, nectriapyrone
and altersolanols A and ] showed a modulated phytotoxicity, while macrosporin was not
toxic. Altersolanol A was the most phytotoxic compound [52]. The same pathogen fungus,
but a strain isolated from diseased fennel near Florence (Italy), produced foeniculoxin
(20, Figure 1), a phytotoxic geranylhydroquinone [28]. Foeniculoxin (20), at 3.6 1073 M,
reduced root growth of the germinant seeds of both fennel and tomato while inducing
necrosis on tobacco leaves and wilting and/or spots on the leaves of tomato cuttings [28].
Successively, from the same fungal culture filtrates, two phytotoxic exopolysaccharides
(EPSs), namely a galactan with the known structure [-->6)-beta-D-Galf-(1-->5)-beta-D-Galf-
(1-->5)-beta-D-Galf-(1-->]n and a branched mannan, were isolated too. The branched
mannan consists of a backbone of alpha-(1-->6)-linked mannopyranose units. Almost all of
these are branched at the 2 position, with arms containing 2- and 3-linked mannopyranose
units. The crude polysaccharide and the galactan and mannan showed phytotoxic activity,
i.e., chlorosis, necrosis, and/or wilting, on fennel and two non-host plants, tobacco and
tomato [54]. Furthermore, altersolanol A (16) exhibited in vitro cytotoxicity activity against
34 human cancer cell lines with a mean ICsq (ICy) values of 0.005 pg ml~! (0.024 ug ml~1)
respectively and inhibited kinase inducing cell death by apoptosis through the cleavage
by Caspase-3 and -9 and by decreased anti-apoptotic protein expression [26]. In addi-
tion, macrosporin showed antifungal activity against Colletotrichum musae, Colletotrichum
gloeosporioides, Fusarium graminearum, Penicillium italicum, Fusarium oxysporum £. sp. lycop-
ersici, and Rhizoctonia solani at different levels. Noteworthy activity, compared to that of
carbendazim used as a positive control, was shown by compound 18 towards Fusarium
graminearum [27].

Pestalopyrone (=nectriapyrone, 19), a pentaketide already known as a minor toxin
produced by Pestalotiopsis oenotherae [55], was also isolated from Pestalotiopsis guepinii. [56].
P. guepinii is the fungal causal agent of the so-called ‘twig blight’, one of the most serious
diseases in hazelnuts (Corylus avellana L.) in Turkey, which causes severe yield losses [56].
P. guepinii was also isolated from walnut (Juglans spp.) and gum mastic tree (Pistacia
lentiscus var. Chia) [56]. When the fungus was grown on a different culture medium besides
nectriapyrone, two other phytotoxic pyrones were isolated from P. guepenii and identified as
6-(1-hydroxypentyl)-4-methoxy- and 6-pentyl-4-methoxy-pyran-2-one (21 and 22, Figure 1,
Table 1) [33]. Tested by puncture on leaves of a number of plant species (Convolvulus
arvensis, Mercurialis annua, Chenopodium album, and Ailanthus altissima), compound 22
showed high phytotoxicity, inducing large necrosis on the leaves of all the species tested,
while compound 21 showed a similar toxicity to o-pyrone 22, although it did not cause
necrosis on the leaves of C. arvensis. This difference was probably due to a lower sensitivity
of the latter plant. These results suggested that the functionalities of the n-pentyl side
chain are important for the activity. On Lemna minor L., compound 22 appeared to be the
most toxic compound, causing the complete desiccation of the plantlets, fumonisin B1,
which is a powerful phytotoxin used for comparison, while pestalopyrone (19) proved
to be not toxic [33]. When isolated from Cosmosporella sp., an endophytic fungus of Vinca
minor, pestalopyrone (19) showed a selective inhibition of Gram-positive bacteria, such
as methicillin-sensitive and methicillin-resistant S. aureus with MIC and MBC (Minimum
Bactericidal Concentration) values ranging from 125 to 62.5 ug mL~! against MSSA and
MRSA strains [31].

Five main bis-naphtho-y-pyrones, namely ustilaginoidins A, B, C, G, and I (23-27,
Figure 1, Table 1), were isolated from the rice false smut balls (FSBs) infected by Villosiclava
virens in rice spikelets on panicles. Rice false smut has become an increasingly serious fungal
disease in rice (Oryza sativa L.) production worldwide. The contents of five ustilaginoidins
(23-27) in rice FSBs at early, middle, and late maturation stages were determined by HPLC
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analysis. The results showed that the highest levels of ustilaginoidins were found in
rice FSBs at the late stage, followed by those at the intermediate stage. The contents of
ustilaginoidins A (23) and G (25) were relatively high at the early stage, while the contents
of ustilaginoidins B, C, and I (24, 25, and 27), having hydroxymethyl groups at C-2 or
C-2/, were relatively high at the late stage [34]. Ustilaginoidin A (23) also inhibited ATP
synthesis in mitochondria by uncoupling oxidative phosphorylation and depressing state-3
respiration of mitochondria [35].

Colletopyrandione, colletochlorins G and H, a tetrasubstituted chroman, and a tetra-
substituted isocroman-3,5-diol (28-30, Figure 1, Table 1), were isolated from the culture
filtrates of the fungus Colletotrichum higginsianum together with 4-chloroorcinol, colletopy-
rone, and colletochlorins E and F [36]. C. higginsiunum, belonging to the Colletotrichum
destructivum species complex [57], causes anthracnose leaf spot disease of several Brassi-
caceae crop species. Previously, from the mycelium of the same fungus were obtained
colletochlorins A and B, which showed promising anticancer activity [58]. Assayed in sev-
eral biological systems, colletopyrandione showed a modest phytotoxic activity, associated
with a complete lack of toxicity towards off-target organisms [55]. Alternapyrones B-F
(31-35, Figure 1, Table 1), which are five new a-pyrone polyketides, were produced by the
fungal wheat pathogen Parastagonospora nodorum, whose biosynthetic gene cluster, which
was significantly upregulated during plant infection, was heterologously reconstructed in
Aspergillus nidulans. Compounds 34 and 35, which contain a highly substituted dihydro-
furan moiety, showed phytotoxic activity on wheat seed germination. Furthermore, only
three enzymes, one highly reducing polyketide synthase and two multifunctional P450 oxy-
genases, were found to be necessary to synthesize the structurally complex x-pyrone [37].

Ustilopyrones A and B (35 and 36, Figure 1, Table 1), two sorbicillinoid-related py-
rones, ustisorbicillinols A-F, and six sorbicillinoids were isolated together with nine known
cogeners from Ustilaginoidea virens, the causal agent of rice false smut [38]. Phytotoxicity as-
says showed that the major sorbicillinoids bisvertinolone [59], demethyltrichodimerol [30],
trichodimerol, and bislongiquinolide (also named trichotetronine) [29,60] showed strong
inhibition against the radicle and germ elongation of rice and lettuce seeds, with bisverti-
colone being the strongest inhibitor. Dihydrotrichodimer ether A [41], and bisvertinolone,
demethyltrichodimerol, trichodimerol showed moderate cytotoxicities against the tested
cell lines with ICsps of 8.83-74.7 uM, while ustisorbicillinol B, dihydrotrichodimer ether A,
oxosorbicillinol [61], bisvertinolone, and demethyltrichodimerol were active against the
tested bacteria (MICs (Minimal Inhibitory Concentrations) of 4~128ug/mL). Furthermore,
oxosorbicillinol bisvertinolone, demethyltrichodimerol displayed moderate antifungal
activity [41].

Different phytotoxic metabolites were isolated from the organic extract of Neo-
fusicoccum luteum, Neofusicoccum australe, and Neofusicoccum parvum, causal agents of
Botryosphaeria dieback in Australia. N. luteum produced luteopyroxin (R)-(—)-mellein (1),
and (3R,4S)-(—)- and (3R 4R)-(—)-4-hydroxymellein, (3841, Figure 1, Table 1), a disubsti-
tuted furo-a-pyrone, a hexasubstituted anthraquinone, a trisubstituted oxepi-2(7H)-one,
neoanthraquinone, luteoxepinone, (4)-nigrosporione, and tyrosol. The three melleins
(38-41) and tyrosol were also produced by N. paroum, while N. australe produced (R)-(—)-
mellein (39), neoanthraquinone, tyrosol, and p-cresol. When assayed on grapevine leaves,
neoanthraquinone showed the highest toxic effect, causing severe shriveling and withering.
Luteopyroxin (38), nigrosporione, and luteoxepinone also showed different degrees of
toxicity, while p-cresol displayed low phytotoxicity [39]. Mellein and its two 4-hydroxy
analogues (38—41) showed other interesting biological activities, including antibacterial
activity against MRSA strains, larvicidal activity against Aedes aegypti, and antifungal
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activity towards several pathogens of agrarian plants, as extensively reported by the author
of this review [40].

Nectriapyrone (19), (3R)-5-methylmellein, (3R)-5-methyl-6-methoxymellein, and ty-
rosol (42-44, Figure 1, Table 1) were isolated as phytotoxins from Biscogniauxia rosacearum
isolated from oak trees in Zagros forests of Gilan-e Gharb, Kermanshah Province, Iran.
A strain of the same fungus was recognized for the first time as a pathogen involved
in grapevine trunk diseases in Paveh (west of Iran) vineyards, and produced meso-2,3-
butanediol as the only phytotoxin. When all the metabolites were tested for phytotoxic
activity by leaf puncture assays on Quercus ilex L. and Hedera helix L., and by leaf absorption
assays on grapevines (Vitis vinifera L.), at a concentration of 5 x 1073 and 1 x 102, meso-
2,3-butanediol and (3R)-5-methyl-6-methoxymellein (42) were the most toxic compounds.
Nectriapyrone (19) and tyrosol (44) showed severe necrosis at the highest concentration on
Q. ilex, while none of the compounds were active on H. helix. Furthermore, the phytotoxicity
of compounds 42 and 43 was also compared with that of some related natural melleins,
namely (3R)-mellein (39), (3R,4R)-4-hydroxymellein (40), (3R,45)-4-hydroxymellein (41),
(3R)-6-hydroxymellein (45 Figure 1), and (3R)-6-methoxymellein (46, Figure 1) with a
structure—-activity relationship (SAR) study. The results obtained showed that on grapevines
(V. vinifera, L.), the hydroxy group at C-4 of the pyranone moiety negatively affected the
phytotoxicity. Instead, phytotoxicity on the same plant was induced by mellein with the
C-6 substitution of the aromatic ring either with a phenolic hydroxy or a methoxy group.
Finally, the absence of any substituents on the aromatic ring is an essential feature for the
toxicity of Q. ilex L., suggesting a different mode of action of the melleins on grapevine and
oak leaves [42]. Mellein analogue 42 also showed antibacterial activity [40]. Tyrosol and
some of its analogues are well known for their antiatherogenic, cardioprotective, anticancer,
neuroprotective, and endocrine effects, as recently extensively reviewed [43]. Higginsian-
ins F-1 (47-50, Figure 1, Table 1), a diterpenoid a-pyridone consisting of an unreported
N-hydroxyethyl-3-(5-acetyl-4-hydroxy)-a-pyridone ring, and three diterpenoid pyrones,
were isolated from the mycelium of another strain of Colletotrichum higginsianum. Higgin-
sianin F (47) could induce the formation of necrotic spots on Chenopodium album L. leaves
at a concentration of 2 pug/upL. All higginsianin (47-50) were also tested on Amaranthus
retroflexus L. seed germination and applied at four different doses. Higginsianins 47, 49,
and 50 significantly inhibited A. retroflexus seed germination, and compound 47 showed
the most potent phytotoxicity, indicating that the presence of N-hydroxyethyl-3-(5-acetyl-
4-hydroxy)-a-pyridone ring could enhance activity. Instead, higginsianin G (49) did not
exhibit inhibitory activity, suggesting that stereochemistry may influence the activity. In
addition, the presence of OH-7/, as in higgisianin I, induced an increase in phytotoxic
activity [62].

2.2. a-Pyrones Produced from Fungi Pathogenic for Forest Plants

Pestalopyrone (19), hydroxypestalopyrone, and pestaloside (51 and 52, Figure 2,
Table 2) were isolated from the filamentous fungus Pestalotiopsis micropspora, which was
found as an endophytic microorganism in the Florida Torreya (Torreya taxifolia), whose
decline started in the late 1950s and became a rare tree in North America. When assayed at
10 pg using a leaf puncture test on Torreya needles, pestalopyrone, its hydroxy derivative,
and pestaloside (19, 51, 52) induced chlorosis. Compounds 19 and 51 generated symptoms
on Torreya brevifolia also at a smaller concentration of 1 pg, showing a modest level of host
specificity. Pestaloside (52) caused identical phytotoxic symptoms on both T. taxifolia and
T. breviflia [63].
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51, Hydroxypestalopyrone 52, Pestaloside OH 53, Diplopyrone 54, Diplopyrone B

Figure 2. Structures of phytotoxic a-pyrones produced by fungi pathogenic for forest plants.

(+)-Diplopyrone A (53, Figure 2, Table 2), a phytotoxic monosubstituted
tetrahydropyranpyran-2-one, was isolated as the main phytotoxin from the liquid cul-
ture filtrates of Diplodia mutila, a fungal pathogen which causes a form of canker disease
on cork oak (Quercus suber). D. mutila is an endophytic fungus, widespread in Sardinian
oak forests. When assayed on the host plants, compound 53 induced necrosis and wilting
on cork oak cuttings, while brown discoloration or stewing was observed when tested
on tomato [64]. The nonempirical assignment of the absolute configuration (AC) of (+)-
diplopyrone was approached by two different methods: (a) the exciton analysis of the circu-
lar dichroism (CD) spectrum and (b) the ab initio calculation of the optical rotatory power.
Both methods indicate that (+)-diplopyrone is 6-[(15)-1-hydroxyethyl]-2,-4a(S),6(R),8a(S)-
tetrahydropyrano[3,2-b]pyran-2-one [65]. Successively, this AC was revised, adopting a
new experimental-computational strategy based on the combination of diverse experimen-
tal spectroscopies with quantum-mechanical simulations. In particular, diplopyrone was
chosen. The close match between the new experimental and simulated infrared absorption
and vibrational circular dichroism spectra, as well as the AC, as reported in Figure 2, was
definitely assigned to compound 53 [66].

Diplopyrone B (54, Figure 2, Table 2) was isolated together with other metabolites
from Diplodia corticola, another pathogen which causes serious and negative impacts on
oak ecosystems, limiting both the vitality and the productivity of these trees. From the
same fungal culture filtrates, we also isolated three lactones and a fatty acid ester, named
sapinofuranones C and D, diplobifuranylone C, sphaeropsidins A and C, diplopyrone,
diplobifuranylones A and B, diplofuranone A, and the (S,S)-enantiomer of sapinofuranone
B. All the metabolites isolated were tested at 1 mg/mL on leaves of cork oak, grapevine cv.,
‘Cannonau’, and tomato using the leaf puncture assay. They were also tested on tomato
cuttings at 0.2, 0.1, and 0.05 mg/mL. Each compound was tested for zootoxic activity on
Artemia salina L. larvae. The efficacy of sapinofuranone C and diplopyrone B on three
plant pathogens, namely, Athelia rolfsii, Fusarium avenaceum, and Phytophthora nicotianae,
was also evaluated. Only diplopyrone B showed strong phytotoxicity inhibition on the
vegetative growth of A. rolfsii and P. nicotianae. All metabolites were inactive in the assay
performed for the zootoxic activity, even at the highest concentration used. Diplopyrone B
(54) also exhibited promising antioomycete activity for the control of Phytophthora spp. also
considering its lack of zootoxicity [66].

Table 2. Phytotoxic a-pyrones produced from fungi pathogenic for forest plants identical data to the
entry immediately above).

Compound Fungal Producer Other Biological Activities Ref.
Hydroxypestalopyrone (51) Pestalotiopsis micropspora Not reported [63]
Pestaloside (52) " " "
Diplopyrone (53) Diplodia mutila " [64]
Diplopyrone B(54) Diplodia corticola Antifungal [66]

" It means the species same as above.
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2.3. a-Pyrones Produced from Fungi Pathogenic for Weed and Parasitic Plants

The phytotoxic convolvulopyrone, convolvulanic acid, convolvulanic acid B, and
convolvulol (54-57, Figure 3, Table 3), were isolated together with ergosterol and ergosterol
peroxide from Phornopsis corzvolvulus [67]. This fungus is a host-specific pathogen which
causes leaf spots and anthracnose lesions in the important perennial weed Corzovolvulus
arvensis (field bindweed). The necrotic lesions surrounded by yellow haloes are charac-
teristic of phytotoxin production. Bindweed is a severe agricultural constraint around
the world, with the exception of tropical regions. Field bindweed infestations have been
reported along roadsides, in urban gardens, and in new land and cropland throughout
much of Canada [68]. This weed has been classified as one of the most damaging weeds
worldwide. Herbicides used to control it have been found to be expensive and ineffec-
tive [69]. Strong herbicidal activity against C. arvernsis was observed with compounds 55
and 57 at concentrations of 3-5 x 104 M [67]. The compounds 54-57 were tested for their
phytotoxic activity on the aquatic plant Lemna paucicostata, which showed high sensitivity.
The most phytotoxic compound appeared to be convolvulanic acid B (56) which induced
total inhibition of growth and 100% chlorosis within 12 h at concentrations of 5.9 x 10~* M
and within 24 h at concentrations of 3.5 x 10~* M. Metabolites 55 and 57 also inhibited,
At concentration of 5.9 x 107* M, the growth of the same plant around at 80 and 50%,
respectively. Metabolite 54 showed very minor phytotoxicity. Tested by leaf puncture assay
on bindweed, similar results of phytotoxic activity were observed for each compound [67].

Gulypyrones A and B (58 and 59, Figure 3, Table 3), two a-pyrones, were iso-
lated together with phomentrioloxin, phomentrioloxins B and C, 3-nitropropionic, and
4-methylbenzoic acid from a virulent strain of Diaporthe gulyae [70]. The fungus was ob-
tained from stem cankers of sunflower and was also known to be a pathogen to saffron
thistle (Carthamus lanatus L.). C. lanatus is a widespread, winter-growing annual weed of
both pastures and crops throughout Australia and is considered the most economically
important thistle species in New South Wales [71,72]. When assayed at 5 mM on punc-
tured leaf disks of weedy and crop plants 3,-nitropropionic acid, the main metabolite,
caused small, but clear, necrotic spots on a number of plant species (Papaver rhoes, Ecballium
elaterium, Urtica dioica, Hedysarum coronarium, Mercurialis annua, Lactuca serriola, Ailanthus al-
tissima, and Dittrichia viscosa). Phomentrioloxin B proved to have a weaker toxicity, causing
necrosis on P. rhoeas and U. dioica, M. annua, L. serriola, A. altissima, Picris echioides, D. viscosa,
Helianthus coronarium, Helianthus annuus, and Aster sp. Gulypyrone A (58), assayed at 5 mM
by stem immersion on Helianthus annuus plantlets, caused the rapid appearance of clear
and very expanded necrosis on leaves, which was associated with the lack of symptoms on
the stems. These results suggested that compound 58 can be easily translocated through the
vascular system, accumulating in the leaf tissues. 4-Methylbenzoic acid showed a weaker
activity, causing small necrosis only to M. annua, U. dioica, Solanum nigrum, and Aster sp.
All the other compounds were either very weakly toxic or non-toxic. Considering the high
toxicity of the culture filtrate, an additive or synergistic activity of all the weakly active
metabolites could be hypothesized [70].

Acuminatopyrone, chlamydosporol, and isochlamydosporol (60, 61, and 62, Figure 3,
Table 3) were isolated together with blumenol A, isochlamydosporol, ergosterol, and 4-
hydroxybenzaldehyde. Fusarium tricinctum is one of the several soil fungi, including other
Fusarium species, pathogens for seeds of the winter annual grass Bromus tectorum (cheat-
grass). This weed has become highly invasive in semiarid ecosystems of western North
America. However, in these areas, a complete cheatgrass stand failure (‘die-off’), appear-
ing as a natural phenomenon apparently caused by the above-cited complex soil fungi.
Testing 4-hydroxybenzaldehyde against B. tectorum in a seedling bioassay exhibited the
highest phytotoxicity, significantly reducing the coleoptile and radicle length of cheatgrass
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seedlings. Compound 60 and blumenol showed moderate activity, while compounds 61
and 62 and ergosterol were not significantly different from the control [73].
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Figure 3. Structures of phytotoxic x-pyrones produced from fungi pathogenic for weeds and para-
sitic plants.

Cochliotoxin (63, Figure 3, Table 3), a dihydropyranpyrone, was isolated together
with radicinin, radicinol, and their 3-epimers (64-67, Figure 3, Table 3) from Cochliobolus
australiensis, proposed for the biological control of buffelgrass (Pennisetum ciliare or Cenchrus
ciliaris) [73]. The absolute configuration of cochliotoxin was determined using chiroptical
Optical Rotatory Dispersion (ORD), Electronic Circular Dichroism (ECD), Vibrational
Circular Dichroism (VCD), and computational methods. The same methods were used
to confirm that of radicinin, radicinol, and their 3-epimers, previously determined using
chemical, spectroscopic, and ECD methods [74]. Buffelgrass is a perennial grass that has
become highly invasive in the Sonoran Desert of southern Arizona. All the compounds were
tested by leaf puncture bioassay on buffelgrass at the higher concentration (5 x 1073 M);
cochliotoxin and 3-epi-radicinin (63 and 65) were strongly and equally phytotoxic, while
radicinin (64), compared to them, was less toxic. Radicinol and 3-epi-radicinol (66 and 67)
showed lower phytotoxicity. Compounds 63-65 showed high phytotoxicity on tanglehead
(Heteropogon contortus), but their activity was less than that on buffelgrass, probably as
tanglehead is generally less sensitive. Radicinin and 3-epi-radicinin (64 and 65) were
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significantly more phytotoxic on Arizona cottontop (Digitaria californica) than on buffelgrass
and tanglehead, while compounds 66 and 67 were not toxic on tanglehead and Arizona
cottontop. Finally, the three most phytotoxic compounds (63-65) were assayed at the
lower concentration (2.5 x 1073 M), and cochliotoxin showed lesser toxicity than either
radicinin or 3-epi-radicinin on all three grass species used [73]. From the point of view
of structure—activity relationships, these results showed that the «,3-unsaturated ketone
located between C-4 and C-8 in compounds 63-65 should play a significant role in the
strong phytotoxic activities of these toxins. The absence of this this moiety in 66 and 67
induced a noteworthy reduction of toxicity. Furthermore, important features involved in
modulating phytotoxicity appeared to be the stereochemistry of the chiral C-3 and the
presence of the epoxy group in 63-65 and 63, respectively [73]. Radicinin (64), already
known as a phytotoxin [75-77], also showed strong antifungal activity against Magnaporthe
grisea and Valsa mali (ICs, the concentration of substance required for 50% inhibition, of
16.3 and 18.2 ug/mL, respectively) [78] as well as strong bacteriocidal activity against
Xylella fastidiosa [79]. Radicinin (64) was isolated as a phytotoxin together with two steroids
from the culture filtrates of Curvularia clavata when it was obtained by microbiological
transformation of progesterone, which was added as substrate when the microorganism
reached its exponential growth phase [80].

Successively from the culture filtrate of Pyricularia grisea, another pathogen proposed
for the biocontrol of buffelgrass, pyriculins A and B (68 and 69, Figure 3, Table 3), two mono-
substituted hex-4-ene-2,3-diols, together with (105,115)-(—)-epipyriculol, trans-3,4-dihydro-
3,4,8-trihydroxy-1(2H)-napthalenone, and (4S)-(+)-isosclerone were isolated (70-72, Fig-
ure 3, Table 3). All the metabolites were bioassayed in a buffelgrass coleoptile and radicle
elongation tests, and (105,115)-(—)-epipyriculol proved to be the most toxic compound.
Seed germination was much reduced and slowed, and radicles failed to elongate. All five
compounds delayed germination, but only (10S,115)-(—)-epipyriculol (70) prevented radi-
cle development of buffelgrass seedlings, while it had no effect on coleoptile elongation, and
the other four compounds caused significantly increased coleoptile development [81]. Fur-
thermore, from the same fungal culture extract (+)-dihydropyriculol, epi-dihydropyriculol,
3-methoxy-6,8-dihydroxy-3-methyl-3,4-dihydroisocoumarin, (R)-mevalonolactone, and
6-hydroxymellein (73-77, Figure 3, Table 3) were also isolated [82]. When all the metabolites
were bioassayed at 5 x 107> M on a buffelgrass coleoptile and radicle elongation test, no
toxicity was detected. In contrast, (+)-dihydropyriculol and 3-methoxy-6,8-dihydroxy-3-
methyl-3,4-dihydroisocoumarin (73 and 75) showed a significant stimulation of radical
elongation. Moreover, the difference in growth stimulation between compound 73 and its
epimer 74 further supported the relationship between absolute configuration and biological
activity of these fungal metabolites [82]. Totally, fourteen secondary metabolites were
produced by these two pathogens and tested using a leaf puncture assay on the host plant
at different concentrations. Radicinin (64) and (105, 11S)-epipyriculol (70) appeared to
be the most promising compounds for potential application in agriculture. Thus, their
phytotoxicity was also tested on non-host indigenous plants. Radicinin (64) showed high
target-specific toxicity on buffelgrass, low toxicity to native plants, and no teratogenic,
sub-lethal, or lethal effects on zebrafish (Brachydanio rerio) embryos. These results prompt
the development of a target-specific bioherbicide to be used against buffelgrass in nat-
ural systems [83]. These data and the peculiar structural feature of toxin 64 suggested
that it be chemically modified to prepare some key hemisynthetic derivatives, and test
their phytotoxicity to perform a structure-activity relationship study. In particular, the
3-O-p-bromobenzoyl, 3-O-5-azidopentanoyl, 3-O-stearoyl, 3-O-mesyl, and 3-O-acetyl esters
of radicinin were semisynthesized as well as the monoacetyl ester of 3-epi-radicinin, the
diacetyl esters of radicinol and its 3 epimer, and two diastereomeric hexahydro derivatives
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in comparison with that of radicinin (64). The phytotoxic activity of all derivatives and
analogues was assayed by leaf puncture bioassay, and most of the compounds showed
phytotoxicity, but none of them had comparable or higher activity than radicinin. Thus,
the presence of an «, 3-unsaturated carbonyl group at C-4, as well as the presence of a free
secondary hydroxyl group at C-3 and the stereochemistry of the same carbon, proved to be
the essential feature for activity [84].

Considering these interesting and potential results and a relatively low amount
of radicinin produced by fungal fermentation, a novel synthetic strategy to prepare
(%)-3-deoxyradicinin (78, Figure 3, Table 3) is described. This synthetic method is more
efficient than those previously reported in the literature and also shows higher versatil-
ity towards the introduction of different side-chains at both C-7 and C-2. Compound
78 showed phytotoxicity against the grass weed buffelgrass comparable to that of the
natural phytotoxin radicinin. Therefore, this latter can constitute a more practical synthetic
alternative to radicinin as a bioherbicide to biologically control buffelgrass [85].

Radicinin (64) and 3-epi-radicinol (64 and 67) some hemisynthetic radicinin deriva-
tive as 3-O-acetyl radicinin, 3-O-mesyl radicinin, 3-O-(5-azidopentanoyl radicinin, 3,4-
O,0’-diacetylradicinol, (£)-3-deoxyradicinin and its synthetic intermediates 2,3-dehydro-
3-doxyradicinin 4-methoxy-6-methyl-2H-pyran-2-one, 3-bromo-4-methoxy -6-methyl-2H-
pyran-2-one, (E)-4-methoxy-6-(propen-1-yl)-2H-pyran-2-one, and (E)-3-bromo-4-methoxy-
6-(propen-1-yl)-2H-pyran-2 (79-33, Figure 3, Table 3) were tested for their in vitro anti-
cancer activity by MTT assays against three cancer cell models harboring various resistance
levels to chemotherapeutic drugs. Radicinin (64) showed significant anticancer activity
in the micromolar range. The results of the SAR study showed that the lack of activity of
radicinol and its 3-epimer (66 and 67), and the corresponding 3,4-O,0"-diacetyl derivative,
demonstrated that the carbonyl at C-4 is an important structural feature for anticancer
activity, because its presence allows a Michael addition of a nucleophile residue. The
activities of (+)-3-deoxy- and 2,3-dehydro-3-deoxy-radicinin (78 and 79) were slightly
less than that of radicinin, showing that the 3-hydroxy group plays a minor role in the
activity. Among the four synthetic, intermediate methoxypyrones (80-83), only deriva-
tive 81 exhibited moderate anticancer activities, while compounds 78, 82, and 83 were
completely inactive. Interestingly, 4-methoxy-2-pyrone is an important substructural unit
of aurovertins B and D, i.e., fungal mycotoxins, showing strong antiproliferative activity
against breast cancer cells but with little influence on normal cells [86]. As all four com-
pounds are differently trisubstituted a-pyrones, their difference in activity might be due
to the effect of the substituents on the Michael addition of a nucleophilic residue. The
presence of the methoxy group at the 3-position in all four compounds could reduce their
reactivity due to steric hindrance, while the presence of bromine in x-position could instead
increase this reactivity; see 81 vs. 80. The difference between the moderate activity of
81 and the inactivity of 83 may be attributed to the presence of an ethenyl group at the
d-position in the latter, which could strongly reduce its reactivity in the Michael addition.
Interestingly, the only active compound (81) does not bear a double bond conjugate to the
pyrone, which can act as a Michael acceptor. Therefore, it can be hypothesized that its
cytotoxicity occurs through a different mechanism with respect to radicinin (64) and its
derivatives. Not strong variation was observed among the responses of the three different
cancer cell lines, suggesting that radicinin (64) might exert its anticancer activity through
non-apoptotic pathways. Thus, compound 64 could be an interesting candidate to develop
further drugs to combat chemoresistant cancers. (4)-3-Deoxyradicinin (78), which displays
very similar cytotoxicity against the tested tumoral cell lines, may be a more practical
alternative to radicinin, as it could be obtained through the novel synthetic strategy, as
reported above [87].
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Table 3. Phytotoxic a-pyrones produced from fungi pathogenic for weeds and parasitic plants:

identical data to the entry immediately above).

Compound

Fungal Producer

Other Biological Activities

Ref.

Convolvulopyrone (54)

Phornopsis corzvolvulus

Not reported

[67]

Convolvulanic acid A (55)

"

Convolvulanic acid B (56)

"

Convolvulol (57)

"

Gulypyrones A (58)

Diaporthe gulyae

[70]

Gulypyrones B (59)

1

1

Acuminatopyrone (60)

Fusarium tricinctum

[73]

Chlamydosporol (61)

1

"

Isochlamydosporol (62)

1

"

Cochliotoxin (63)

Cochliobolus australiensis

[88]

Radicinin (64)

Cochliobolus australiensis
1

Curvularia clavata

" Antifungal
Bacteriocide

[78,88]
[79]
[80]

3-epi-Radicinin (65)

Cochliobolus australiensis

Not reported

[88]

Radicinol (66)

1

"

3-epi-Radicinol (67)

1

1

Peryculin A (68)

Perycularia grisea

[81]

Peryculin A (69)

"

(10S,115)-(-)-Epipyriculol (70)

"

trans-3,4-Dihydro-3,4,8-
trihydroxy-1(2H)-naphtalenone (71)

1

(4S)-(+)-Isosclerone (72)

"

(+)-Dihydropipyriculol (73)

[82]

(-)-epi-Dihydropipyriculol (74)

"

3-Methoxy-6,8-dihydroxy-3-methyl
-3,4dihydroisocoumarin (75)

1

(R)-Mevalonolactone (76)

"

(+)-(5)-6-Hydroxymellein (77)

"

(%£)-3-Deoxyradicinin (78)

Anticancer

[87]

2,3-Dehydro-3-deoxyradicinin (79)

Not reported

"

4-Methoxy-6-methyl-
2H-pyran-2-one (80)

1

3-Bromo-4-Methoxy-
6-methyl-2H-pyran-2-one (81)

"

(E)-4-Methoxy-6-(propen-1-yl)
-2H-pyran-2-one (82)

"

(E)-3-Bromo-4-methoxy-6-
(propen-1-yl)-2H-pyran-2-one (83)

"

" It means the species same as above.
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3. Conclusions

In conclusion, this review reports the chemical and biological characterization of
phytotoxic «-pyrones, comprising those included in very complex structures, produced
by fungal pathogens for agrarian, forest, weedy, and parasitic plants. In some cases,
the results of SAR study are described as well as the potential practical application of
some of these interesting natural compounds and the synthesis of their key derivatives
and phytotoxins, also including the a-pyrones treated in this review, are the secondary
metabolites produced athogenic fungi as virulence factors and therefore play a fundamental
role in the physiological processes that generate the symptoms of the disease. Their isolation
and chemical and biological characterization are the first steps to finding environmentally
friendly solutions to save agricultural production. The future directions will provide deeper
insights into the chemical ecology of these phytotoxic x-pyrones and their potential roles
in the development of plant diseases.
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