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The increasing threat to global health posed by antibiotic resistance remains a serious concern. This
troublesome scenario has steered a need for the discovery and evaluation of novel antibacterial agents.
Natural products are the main sources of antimicrobials used in clinical practice, serving as a rich reservoir
for the discovery of new antibiotics. Pharmaceutical phenolics especially xanthones widely exist in the plant
kingdom, and are important plant metabolites. They possess versatile biological activities, including antiviral,
antibacterial, neurotrophic, and anticancer. In the present study, we focus on the antibacterial activities of
phytoxanthones and summarize their structures and sources, categories and drug-likeness evaluations, and
antibacterial activities. A total of 226 different plant xanthones are identified through the NETs screening,
and most of them are distributed in Clusiaceae family. These phytoxanthones are divided into four groups
according to the intrinsic structural properties, including the most common simple xanthones and the
majority of biprenylated ones. Moreover, their physicochemical parameters are calculated and the
structure-activity relationships are discussed as well. These results indicate that the biprenylated xanthone
derivatives may be promising antibacterial candidates and that the natural products of plants may be a
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1. Introduction

Antibiotics are undoubtedly one of the most influential
discoveries in medicine." The discovery and introduction of
antibiotics, starting with penicillin, has revolutionized the
treatment of bacterial infections and greatly reduced the
morbidity and mortality of human beings caused by
infectious diseases.”> Nonetheless, antibiotics are a double-
edged sword. The excessive and improper application of
antibiotics has also led to the increased number of
pathogenic bacteria that can resist antibacterial treatments
especially multidrug resistant (MDR) bacteria,®* resulting in
that the clinicians have almost no choices and posing a global
threat to public health.” For instance, methicillin-resistant
Staphylococcus aureus (MRSA) has become one of the most
frequently reported nosocomial pathogens worldwide, and is
responsible for more than 11000 deaths annually in the USA
alone.®” Therefore, there is an urgent need for new high-
efficiency antibacterial agents and alternative strategies to fill
the gaps in antibiotic discovery and development.
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poorly understood repository for the discovery of novel antibacterial agents.

Natural products (NPs) are a large family of various
chemical entities, with diverse biological activities and wide
uses, especially in clinics and agriculture.*® Many of the
examples, such as tetracyclines, aminoglycosides, B-lactams,
and polypeptides, represent FDA-approved NPs or NP-
inspired synthetic or semi-synthetic derivatives originally
obtained from bacterial and fungal sources are currently in
clinical trials as antibacterial agents. Compared to synthetic
chemotherapeutic drugs and other potential methods,
natural antibacterial agents have advantages in obtainability,
structural diversity, high efficacy and unique mode of
action.’* The processes in biotechnology accelerate the speed
of discovering new antimicrobials, but the repeated discovery
of known antibiotics has an adverse impact on the screening
of new antibiotics. Hence, it is important to search for new
sources, mainly natural origins, to advance the discovery of
antimicrobial agents.

Plants are interesting sources of antimicrobial leads,
because they can resist pathogens through various
mechanisms, including producing secondary metabolites.
Phenolics are the most widely distributed metabolites,
ubiquitously present in the plant kingdom. Xanthones (9H-
xanthen-9-one) comprise a family of O-heterocyclic
symmetrical compounds with a dibenzo-y-pyrone scaffold
(Fig. 1a)"? and can be found in plants, fungi and lichen."'* A
great variety of xanthones with volatile patterns of
substitutions have been isolated. Since their discovery,
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Fig. 1 The sources and classifications of xanthone derivatives. a, Chemical structures of the skeleton of simple xanthones, caged xanthones, and
bi-xanthones. b, Various plant sources are classified according to the family categories of xanthones distribution. ¢ and d, The proportions of
xanthones and simple xanthones with prenylated modifications. e, The distribution of substituents of xanthone derivatives containing methoxy and

hydroxyl groups.

xanthones display a wide range of biological and
pharmacological  activities,  including  antitumor,">'®
antioxidant,’”*® anti-inflammatory,"® antimicrobial,**"** and

antiviral."®* To explore the potential compounds with
antibacterial activities, xanthone derivatives derived from
plants reported in recent years are collected in the present
review.

In this study, the plant-derived antibacterial xanthones
with emphasis on minimum inhibitory concentration (MIC),
from 2000 to October 2021 have been reviewed. The MIC,
commonly used as an index of antimicrobial efficacy, here
refers to the lowest concentration of an antimicrobial agent
that inhibits the visible growth of a microorganism in vitro,
rather than the size of the bacteriostatic circle. The literature
survey on this topic was conducted in the following
databases: PubMed, Web of Science, and SciFinder, with
specific keywords: plant, antimicrobial activity/antibacterial
activity, and xanthones, covering the period from 2000 to
October 2021. We finally obtained 226 botanical xanthones
with a total of 1120 MIC values reported in Table S1.f It
provides the names, structures, origin of plant species, and
the antibacterial activities with MIC values and bacterial
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species. The names and structures of all compounds were
checked for accuracy with the SciFinder database.

2. Sources and structures of
antibacterial xanthone derivatives

According to plant sources, these compounds were isolated
from at least 6 plant families, 10 plant genera and 27
different plant species, and also contained endophytic fungus
(Fig. 1b). In detail, these xanthones have a wide distribution
in Clusiaceae with 143 metabolites in 16 genera accounting
for 57.4%, followed by Hypericaceae with 39 compounds in
three genera (15.7%) and Calophyllaceae with 16 structures in
two plants of Calophyllum inophyllum and Kielmeyera
variabilis (6.4%) and other plants (4.9%) or endophytic
fungus (20.5%). These results are consistent with the
estimate reported in the literature that 80% xanthone
derivatives are isolated from the Clusiaceae family.**>®
Xanthones can be modified by oxidation and prenylation
on the rings, to increase the lipophilicity of the backbone
compounds and biological activities. All compounds share a
dibenzo-y-pyrone skeleton and are categorized into simple

This journal is © The Royal Society of Chemistry 2022
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xanthones (1-175), caged xanthones (176-204), bi-xanthones
(205-210), and other derivatives (211-226) based on their
chemical structural features.

2.1 Simple xanthones

Simple xanthones are a group of compounds that retain the
original core of dibenzo-y-pyrone, but are fused by simple
substituents such as methoxy, hydroxyl and isoprenyl groups,
accounting for 77.4% of the 226 xanthones (Fig. 1c). The
structural types of isoprenyl moiety mainly contain five side
chains: isopentenyl, hydroxy-isopentenyl, pyran ring
isopentenyl, methyl furan ring isopentenyl and lavender,*
remarkably increasing the structural diversity of xanthones.
The simple xanthones can be roughly divided into two
categories: oxygen-containing group (18.9%) and prenylated
group (81.1%).

Analysing the substituents of compounds 1-33 of the
oxygen-containing group (Fig. 1e), we found that hydroxyl
represents the majority, particularly at the 1-position of the
xanthone skeleton, contributing to the structural stability due
to the hydroxyl-carbonyl hydrogen bonding. In addition,
some hydroxyl groups are methylated into methoxy groups to
increase the lipophilicity of the compounds and further
enhance their interactions with cell membrane. According to
the number of isopentenyl moieties, the prenylated
xanthones can be further classified into four categories, in
which the prenylation with two groups makes up the
majority, accounting for about 43.5%, while monoprenyl and
triprenyl groups account for 17.4%, and tetraprenyl group
accounts for 1.2%.

For the monoprenyl group xanthones (Fig. 2), 15
compounds (34-48) bear the intact Cs-isopentenyl moiety and
13 compounds (49-61) of them are modified as five- or six-
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membered rings in this review. The formation of the rings is
a hydroxyl group at the C-3 position and an isoprenyl moiety
at their ortho-position. With respect to the dominant group
of the biprenyl group, the xanthones with two intact C;
isoprenyl moieties are a few more than those with cyclization.
There are 31 xanthones (62-92) (Fig. 3) with two intact Cs
units. Four of them carry both isoprenyl moieties at the same
side, and 27 at each side of the xanthone skeleton. 39
xanthones (93-131) with two modified Cs-isopentenyl
moieties are described in this review. 33 of them carry an
intact Cs unit and a derived chromene formed by the other
isoprenyl moiety with its ortho-hydroxyl group, and six
(126-131) with two chromanes or chromenes. Similarly, 16
xanthone derivatives (132-147) (Fig. 4) sustain three intact
Cs-prenyl moieties, while 12 (148-161) are modified. Among
compounds 132-147, 12 are regularly geranylated (Cyo-
prenylated) derivatives. As for the tetraprenyl group
xanthones, only one pair of isomers (160-161) is reported,*
and both of them carry two geranyl moieties. In summary,
the diverse structures of isopentenyl substituents and the
substitution sites of the xanthone skeleton contribute to the
large number of the isoprenylated compounds.

2.2 Caged xanthones

Caged xanthones are a kind of compounds, accounting for
12.8% of the 226 xanthones, which has an unique
4-oxatricyclo[4.3.1.0]dec-2-one backbone.”* Gambogic acid is
the first reported caged xanthone, which is the main active
component of gamboge.>’ Gamboge is a brown-orange resin
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Fig. 3 Representative chemical structures of xanthones with two
intact or modified Cs-isopentenyl moieties and one or two modified
Cs-isopentenyl moieties.
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Fig. 4 Representative chemical structures of xanthones with three or
four intact or modified Cs-isopentenyl moieties.

exuded from the G. hanburyi tree in southeast Asian, which is
traditionally used as a colouring material and folk medicine
due to its unique colour and broad spectrum of cytotoxic
activity.*' The caged xanthones have been found to possess a
wide range of pharmacological activities,>*°* particularly
antibacterial property.”>>*> Here, 29 caged xanthones
(176-204) (ESIf Fig. S2) with the Cs-isopentenyl moiety are
summarized. All of them have antibacterial effects against
Gram-positive bacteria, such as S. aureus. Simultaneously,
these compounds were reported from G. scortechinii,’’ G.
propinqua,®® and G. hanburyi in this review,”® which is
consistent with previous reports.>>**>> However, caged
xanthones are rarely found outside the Garcinia genus.>®

2.3 Bi-xanthones

Bi-xanthones are formed by xanthone dimerization,
accounting for 2.6% of the 226 xanthones. Here, six xanthone
dimers (205-210) with antibacterial activities are discussed.
The dimerization of most compounds occurs at the
ortho-position with two hydroxyl groups due to the low charge
density of the hydroxyl group at ortho-position, making it
easier for other xanthones to be introduced. The antibacterial
activities of such compounds are better than other
derivatives, with the lowest MIC of 3.12 ug ml™.

2.4 Other xanthone derivatives

Other derivatives are a class of compounds containing the
xanthone skeleton bound with polycyclic heteroatoms,
accounting for 7.2% of the 226 xanthones. Most of them are
distributed in the endophytes of plants, but are rarely found
in plant metabolites. These compounds show promising
antibacterial effects with abundant structural diversity.

MO | RSC Med. Chem., 2022,13,107-116
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3. Drug-likeness of xanthone
derivative

To get better understanding of the failure of candidates,
there has been considerable interest in analysing the
physicochemical properties of marked drugs, to steer the
design of leads. The suitability of simple xanthone derivatives
as drugs can be measured using well-established
fundamental rules. These rules include the Lipinski rule-of-
five,*® Veber rule,* Lead like rule,*® Cme like rule** and wWdi
like rule.*” We evaluated these compounds based on the
Lipinski rule-of-five, the widely accepted procedure to assess
the similarity of a compound to a drug substance. The
Lipinski rule-of-five, implemented by Christopher Lipinski
and his colleagues at Pfizer, can assess the physicochemical
properties related to the oral bioavailability of drugs and
advanced candidates.*® According to the Lipinski rule-of-five,
bioactivity parameters predicted are molecule weight (<500),
logP (<5), number of hydrogen bond acceptors (<10),
number of hydrogen bond donors (<5), and number of
rotatable bonds (<10).** Calculating such parameters is
important for targeting the sweet spot of suitable
pharmacodynamics and pharmacokinetics properties. Thus,
the molecular descriptors of the simple xanthones were
calculated using ADMETIlab 2.0 (https://admetmesh.scbdd.
com/service/evaluation/index) provided by the Xiangya School
of Pharmaceutical Science, Central South University, China.
For each category of the compounds, mean values are
calculated. In comparison with FDA-approved antibacterial
drugs, the physicochemical properties of simple xanthones
are detailed as below.

3.1 Molecular weight (MW)

The average MWs of each type of simple xanthones are as
follows: oxygen-containing = 259.50 g mol™, monoprenyl =
331.69 g mol ™, biprenyl = 402.56 g mol ™, triprenyl = 468.13 g
mol™, and tetraprenyl = 516.67 g mol™ (Fig. 5a). The MW of
simple xanthones depends on the different substituents on
the skeleton. For instance, with an increase in the number of
isoprenyl groups, the mean MW of prenylated xanthones
change in a MW of the isoprenyl group (69.07 g mol™)
dependent manner. Considering the MW of the Lipinski rule-
of-five (<500 g mol™), it is apparent that most of the simple
xanthones adhere to it except tetraprenyl xanthones. However,
the mean MWs of small molecules and combinations
approved as antibacterial agents by the FDA from 2015 until
2020 (ref. 37) contradict the Lipinski rule-of-five. In addition,
it should be noted that antimicrobial drugs (544.40 g mol™)
are typically larger, compared with other therapeutics except
cancer (620.05 g mol™).** Thus, the low MWs of simple
xanthones display good drug-likeness properties.

3.2 Rotatable bonds (RBs) and polar surface area (PSA)

The number of rotatable bonds (RBs) is often used as a
metric for molecular flexibility.’* Xanthones with a rigid

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The physicochemical parameters of simple xanthone derivatives. a-f, Molecular weight, rotatable bonds, polar surface area, hydrogen bond
donors, hydrogen bond acceptors, and lipophilicity of the simple xanthones, respectively. The small molecules in light gray (17 compounds) and
the combinations in dark gray (18 compounds) are anti-infective agents approved by FDA from 2015 until June 2020. Among them, the small
molecules contain cresemba, dakllnza, baxdela, xepi, benznidazole, solosec, prevymis, aemcolo, xerava, krintafel, moxidectin, zemdri, nuzyra,
tpoxx, xofluza, pifeltro, fetroja, xenleta, egaten, pretomanid, artesunate, and the combinations contain elvitegravir, cobicistat, emtricitabine,
tenofovir alafenanids, ceftazidime, avibactam, bictegravir, meropenem, velpatasvir, vaborbactam, sofosbuvir, elbasvir, pibrentasvir, glecaprevir,

grazoprevir, voxilaprevir, Imipenem, relebactam, cilastatin.®”

heteroaromatic tricyclic core are considered as a privileged
structure, and the number of RBs depends on the
substituents, particularly the isoprenyl moieties. Therefore,
tetraprenyl xanthones have higher numbers of nine RBs
(Fig. 5b) owing to the substitutions of isoprenyl groups.
Nevertheless, the compounds approved by FDA have complex
RBs, with an average value of eight and ten. A total of <10
rotatable bonds are associated with good oral exposure.
When combined with a PSA of <140 A? this criterion is
considered sufficient to predict that the compound would
exhibit a high probability of oral bioavailability in rats
(220%).*> The PSA of simple xanthones is relatively
concentrated (Fig. 5¢), falling in the acceptable range of <140
A%, Thus, the simple xanthone derivatives are potential
candidates for the development of novel antimicrobial
agents.

3.3 Hydrogen bond donors (HBDs) and hydrogen bond
acceptors (HBAs)

The number of HBDs and HBAs characterize the polarity
of compounds. They are expressed by the number of NH
and OH bonds and N and O atoms, respectively.*® For
simple xanthones, only the number of OH bonds and O
atoms should be considered. Regarding the Lipinski's rule,
the value is less than 5 for HBDs and less than 10 for
HBAs. Antibacterial agents have the highest HBDs and
HBAs values (2.4 and 8.7, respectively) in the distribution
of drug characteristics, compared to other treatment
fields.** Moreover, almost all of simple xanthones

This journal is © The Royal Society of Chemistry 2022

mentioned here show lower HBDs and HBAs values than
the compounds approved by the FDA from 2015 until
June 2020 (Fig. 5d and e), following the Lipinski rule of
five criteria. Such difference can be justified by the
molecular formula and the classification of substitutes.
Altogether, it indicates that simple xanthones should
efficiently cross cell membranes.

3.4 Lipophilicity (log P)

Lipophilicity is expressed as a ratio of octanol solubility
to water solubility. In almost all physicochemical
properties related to absorption, lipophilicity occurs in
some forms, such as ilogP, XLlogP, WLlogP, and MLlog
P.*® Given the different forecasting methods resulting in
the variant logP values, we used the mean value of logP
to minimize potential errors. The mean logP values of
simple xanthones increase linearly in a MW dependent
manner (Fig. 5f). The acceptable limit of logP is less
than 5, whereas the triprenyl and tetraprenyl xanthone
derivatives do not fulfil such criterion. However, the
mean logP of the FDA-approved antibacterial drugs are
lower (mean values of 2.4 and 2.0) than that of
prenylated xanthones (mean values ranging from 2.9 to
6.9). In addition, orally bioavailable anti-infective drugs
tend to have lower logP values than other types of
therapeutic drugs (mean logP of 1.56).** Collectively,
these results suggest that simple xanthones may have
good biomembrane permeability.

RSC Med. Chem., 2022,13,107-116 | 11
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4. Antibacterial activities of simple
xanthones

Subsequently, we used strict inclusion and exclusion criteria
to narrow the scope of simple xanthones with significant
antibacterial activities (MIC < 100 ug ml ). Xanthones show
broad-spectrum antibacterial activities against diverse
pathogenic bacteria (Fig. 6). The Gram-positive bacteria
mainly include S. aureus and MRSA, while the Gram-negative
bacteria include Escherichia coli and Pseudomonas aeruginosa.
The structure-activity relationships (SAR) of these simple
xanthones are discussed (Table 1).

4.1 Oxygen-containing xanthones

The oxygen-containing xanthones are a class of xanthones
substituted by methoxy, hydroxyl and methyl groups. We
focus on the oxygen-containing xanthones with particular
inhibitory effects on either Gram-positive or Gram-negative
bacteria. For instance, 1,5-dihydroxy-6,7-dimethoxyxanthone
(14) has relatively good antibacterial activities against S.
epidermidis and Bacillus cereus with a MIC of 16 ug ml™* and
1,3,6-trihydroxy-7-methoxyxanthone (15) against Salmonella
Typhimurium with a MIC of 4 ug ml™ (ref. 48) probably due
to their high logP (2.09 and 1.74, respectively). In addition,
questin (33), a trioxygenated xanthone, exhibits antibacterial
activity with the MIC value less than 50 ug ml™" against both
Gram-positive and Gram-negative bacteria.®® In general, there
is almost no difference in the physicochemical parameters of
all oxygen-containing xanthones in this review. Taken
together, we deduce that simple substitutions of methoxy
and hydroxyl groups have little effect on antibacterial activity.

4.2 Monoprenyl xanthones

The monoprenyl xanthones from natural
compounds containing one modified or
isoprenyl group. Among them, we found that trioxygenated
and tetraoxygenated xanthone skeletons exhibit better
antimicrobial activities. For example, several compounds with
a typical xanthone skeleton of 1,3,5-trioxygenated or 1,3,5,6-
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tetraoxygenated (53-56)*° show inhibition against either
Gram-positive or Gram-negative bacteria. Compared to the
cyclic compounds like pruniflorone N and pruniflorone M
(55, 57),*® the antimicrobial activity is devoid when it is
cyclized to a five-membered ring at C-3 and C-4 based on the
SAR analysis. Moreover, the OH group at C-5 is replaced by
the OCH; group (53, 54),*® resulting in improved
antibacterial activity. In addition, monoprenyl xanthones
(36-40) share a typical trioxygenated or tetraoxygenated
xanthone skeleton show promising antibacterial activities.*’
Overall, we deduce that the trioxygenated and
tetraoxygenated of the monoprenyl xanthones are essential
for targeting bacteria.

4.3 Biprenyl xanthones

In this group, o-mangostin (62) is a typical compound
substituted by two isoprene moieties with excellent
antimicrobial activity. Previous studies reveal that it has
direct inhibitory effect and synergism against diverse
pathogenic S. aureus and MRSA within the MIC range of 0.5-
1 pg ml™.3%*%° It has experimentally rapid bactericidal
action and disrupts bacterial cytoplasmic membranes,
enabling the ability to overcome drug resistance.”’"%?
Notably, a very recent mechanistic study demonstrates that
o-mangostin not only displays rapid bactericidal activity
against Gram-positive bacteria by binding to the bacterial
membrane, leading to metabolic perturbation, but also
restores the susceptibility of colistin against Gram-negative
pathogens.”® The presence of a prenyl moiety and their
modifications often results in increased lipophilicity and
affinity to cell membranes facilitating biological
consequences. To improve the antibacterial activity and
selectivity of a-mangostin, a series of nonpeptidic xanthone-
based peptidomimetics were designed and synthesized, and
these molecules possess robust antibacterial properties and
membrane selectivity with low toxicity.*® Altogether, these
studies suggest that o-mangostin is an encouraging lead for
the development of a new antibacterial drug. Furthermore,
the antibacterial activity of four biprenyl xanthones (62-65)

Monoprenyl group =1 Biprenyl group =1 Triprenyl group

b

100 -
75 4
50 4

25

MIC (pg/ml) against G- bacteria

Fig. 6 The MIC values of each type of simple xanthones against Gram-positive (a) and Gram-negative (b) bacteria.
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Table 1 Antibacterial activities of representative prenylated xanthones
Compounds Names Sources Antibacterial activities (ug ml™") Ref.
One isopentenyl
39 Subelliptenone F G. subelliptica MRSA (25), S. aureus (12.5), Escherichia coli (25) 47
40 12-b-Dihydroxy-des-p-garcigerin G. subelliptica MRSA (3.13), S. aureus (6.25) 15
50 Nigrolineaxanthone F G. nigrolineata MRSA (2) 34
55 Pruniflorone N Cratoxylum Micrococcus luteus (16), Bacillus cereus (32), S. epidermidis (16), 48
sumatranum Escherichia coli (32), Salmonella typhimurium (32), Pseudomonas
aeruginosa (16)
Two isopentenyls
62 o-Mangostin G. cowa, G. staudtii, Micrococcus luteus (1), S. aureus (3.13), S. epidermidis (1.56), 30,
G. fusca, G. Bacillus cereus (8), MRSA (6.25), Escherichia coli (12.5), 49-51
mangostana Pseudomonas aeruginosa (12.5)
87 Gerontoxanthone I G. smeathmannii Enterococci faecalis (3.13), Bacillus subtilis (2.5), S. aureus (1.1), 52
MRSA (3.13), Micrococcus luteus (6.25), Pseudomonas aeruginosa
(>50), Salmonella faecalis (4.6), Salmonella typhi (1.1)
89 Rubraxanthone G. cowa, Bacillus cereus (2), Bacillus subtilis (1), Micrococcus luteus (2), 15, 30,
Allanblackia MRSA (1.25), S. epidermidis (4), S. aureus (12), Escherichia coli (64), 47, 53,
monticola, G. dioica  Salmonella typhimurium (64), Pseudomonas aeruginosa (64) 54
91 Gerontoxanthone H Cudrania Enterococci faecalis (1.56), Bacillus subtilis (1.56), S. aureus (1.56), 55, 56
cochinchinensis MRSA (1.56), Micrococcus lutes (1.56)
96 Xanthone Vv, Cratoxylum Bacillus subtilis (1.1), S. aureus (1.1), Streptococcus faecalis (1.1), 52
formosum Salmonella typhi (1.1), Pseudomonas aeruginosa (9.3)
116 Gerontoxanthone B Cudrania Bacillus subtilis (>25), S. aureus (25), Micrococcus luteus (12.5) 56
cochinchinensis
128 Nigrolineaxanthone I G. nigrolineata MRSA (4) 34
130 Mangostanin Tetragonula Bacillus cereus (8), Listeria monocytogenes (0.78), Bacillus subtilis 30, 57,
laeviceps, G. cowa  (2), Micrococcus luteus (12.5), S. aureus (12.5), S. epidermidis (25), 58
Streptococcus pyogenes (3.13), MRSA (4), Escherichia coli (25)
131 Garciniacowone C G. cowa Bacillus cereus (32), Bacillus subtilis (64) 30
Three isopentenyls
133 Cowanin G. cowa, G. fusca S. aureus (32), MRSA (2), Bacillus cereus (32), Bacillus subtilis (4), 49, 50,
Micrococcus luteus (4), S. epidermidis (2), Salmonella typhimurium 53, 57,
(64) 59
140 Garcinone E G. mangostana MRSA (25), S. aureus (12.5), Escherichia coli (25), Vibrio vulnificus 47, 60
(15.6), Vibrio rotiferianus (15.6), Vibrio campbellii (31.2)
144 Garcinianone A G. cowa Bacillus cereus (4), Bacillus subtilis (2), S. aureus (16), MRSA (26), 30
Escherichia coli (64), Salmonella typhimurium (64)
146 Garciniacowone G. cowa MRSA (2), S. aureus (2) 49
157 Formoxanthone B Cratoxylum Bacillus subtilis (4.6), S. aureus (2.3), Streptococcus faecalis (18.7), 52
formosum Salmonella typhi (4.6), Pseudomonas aeruginosa (>50)
Four isopentenyls
161 Garciniacowone B G. cowa Bacillus cereus (8), Bacillus subtilis (8), S. aureus (64), Escherichia 30

coli (64), Salmonella typhimurium (64)

isolated from G. mangostana demonstrates a better inhibitory
effect against Gram-positive bacteria.®® The SAR analysis
shows that the 1,3,6,7-tetraoxygenated xanthone skeleton is
more active against MRSA. In addition, the two isoprene
groups can be cyclized with the adjacent oxygen atoms to
form a ring among biprenyl xanthones. We find the
cyclization of the C-2 isoprenyl group into a pyran ring with
the C-3 hydroxyl group (87, 96) resulting in no effects on
the antibacterial activities.”> However, it denotes that the
antibacterial activity is lost when forming two ring
structures.

4.4 Triprenyl xanthones

With the increased number of isopentenyl substituents, the
antibacterial activity of xanthones might increase.” For
example, triprenyl xanthone cowanin (133) and cowanol
(134)**°%%73% show a better inhibitory effect on MRSA-SK1

This journal is © The Royal Society of Chemistry 2022

than a-mangostin. Furthermore, garciniacowone (146)*
substituted with three independent isoprenyl moieties
maintains antibacterial activity against MRSA (MIC = 2 g
ml™). Interestingly, the cyclization of such isoprenyl groups
always reduces the antibacterial activity of triprenyl
xanthones, and may cause nonspecific cytotoxicity to host
cells probably due to the intrinsic strong hydrophobicity.
Hence, the antibacterial activity and safety of triprenyl
xanthones should be systematically evaluated.

4.5 Tetraprenyl xanthones

There are few reports on tetraprenyl xanthones. We found
only two isomers,** and both show no difference on bacteria.

Altogether, our SAR analysis is consistent with the
statistics of the MIC of simple xanthones (Fig. 6). We find
that the median MIC value of monoprenyl xanthones is
higher than that of biprenyl xanthones against Gram-positive

RSC Med. Chem., 2022,13,107-116 | 13
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Fig. 7 The physicochemical parameters of caged xanthones and bi-xanthones. a-f, Molecular weight, rotatable bonds, polar surface area,
hydrogen bond donors, hydrogen bond acceptors, lipophilicity of caged xanthoens and bi-xanthones, respectively.

bacteria (Fig. 6a). Interestingly, some biprenyl xanthones
demonstrate impressive antibacterial activities. Moreover, the
efficacy of biprenyl xanthones is better than other xanthones
against Gram-negative bacteria (Fig. 6b), agreeing with the
fact that proper hydrophobicity is the prerequisite for
chemicals penetrating the hydrophobic barrier in Gram-
negative bacteria.®® Overall, these results indicate that the
biprenyl xanthone derivatives are promising broad-spectrum
antibacterial candidates.

5. Drug-likeness and antibacterial
activities of caged xanthones and bi-
xanthones

With deeper understanding of other xanthones, we discuss
the drug-likeness and antibacterial activities of caged
xanthones and bi-xanthones. The average MWs of caged
xanthones and bi-xanthones are 572.94 ¢ mol™ and 656.28 g

mol ™', respectively. Considering the MW of Lipinski rule-of-
five (<500 g mol™), it is apparent that the two types of

100 -
75 4

50

2 i

MIC (pg/ml) against G+ bacteria

Fig. 8 The MIC values of caged xanthones and bi-xanthones against
Gram-positive.
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compounds do not fulfil such criterion. In addition, it should
be noted that antimicrobial drugs (544.40 g mol™) are
typically larger, compared with other therapeutics except
cancer (620.05 g mol™). Thus, the caged xanthones are
potential candidates for the development of novel
antimicrobial agents. Caged xanthones have a higher number
of RBs (5.9) owing to the substitutions. The PSA number of
Caged xanthones is 121.32 A%, falling in the acceptable range
of <140 A% Combining the two parameters, the caged
xanthones are indicated to have better oral exposure than bi-
xanthones. Moreover, almost all of the caged xanthones show
lower HBDs and HBAs values than bi-xanthones following
the Lipinski rule-of-five criteria (Fig. 7d and e), suggesting
the potential to cross membranes. In addition, lipophilicity
relates to absorption. The mean logP of the two types of
compounds adheres to the criteria (logP < 5). Collectively,
these results suggest that caged xanthones may be promising
antibacterial candidates. Caged xanthones and bi-xanthones
have a wide spectrum of bactericidal activities against Gram-
positive and Gram-negative bacteria. There are few reports on
the inhibition of Gram-negative bacteria, so we will not
discussed here. We found that the median values of caged
xanthones is lower than those of bi-xanthones against Gram-
positive bacteria (Fig. 8), contributing to the small sample
size. To evaluate the potential of caged xanthones and bi-
xanthones as antibacterial agents, more attention should be
paid to the biological activities.

6. Conclusions

There is an urgent need for new antibacterial agents, and
plants might be a huge source in the search for such
compounds. We found that xanthones have good potential to
become drug candidates, particularly those with one or two
isoprenyl groups, inspired by the fact that many successful
examples of antibacterial drugs from natural products do not

This journal is © The Royal Society of Chemistry 2022
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accept the principle of Lipinski rule-of-five. The chemical
diversity of xanthones provides abundant compounds to
decipher the SAR particularly prenylation on antibacterial
activity. However, these results advocate more in vivo
investigations to further determine the efficacy and safety of
promising candidates for clinical applications in the future.
In conclusion, this review may also shed light on the
discovery and development of other novel antibacterial drugs
from numerous natural compounds.
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