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Triketones are fundamental building blocks in discovering many bioactive compounds due to their unique
structural features. With three carbonyl groups and the ability to tautomerize into enol forms, triketones
can form hydrogen bond donors and acceptors when binding to receptors and serve as metal chela-
tion function groups. This structural diversity enables triketone compounds to be widely applied in her-
bicides, fungicides, insecticides, anticancer treatments, and tyrosine metabolism disorders, particularly
applications as HPPD (4-hydroxyphenylpyruvate dioxygenase) inhibitors, where their herbicidal activity
stems from the disruption of plant photosynthesis processes to effectively control weed growth. More-
over, in materials applications, their excellent reactivity allows for the post-polymerization modification
of triketone-modified polymers. To facilitate the discovery of triketone pesticides and drugs, in this re-
view, we summarize the current research progress of triketone compounds, highlighting their potential
mechanisms of action and environmental fate.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Triketones are structural motifs containing three carbonyl
groups that can tautomerize to their enol forms. Owing to their
unique structure, triketones can act as both hydrogen bond donors
and acceptors upon binding to biological targets, and they can
also function as metal-chelating moieties, thereby exhibiting di-
verse biological activities and demonstrating broad application
potential in both agricultural and pharmaceutical fields. Initially
attracting attention for their potent herbicidal properties as 4-
hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors, these com-
pounds play a crucial role in herbicide research by disrupting the
biosynthesis of plastoquinone and tocopherol in photosynthesis
[1,2]. Furthermore, through structural optimization and functional
expansion, triketones have emerged as promising multifunctional
agrochemical candidates, exhibiting inhibitory effects against par-
asites, insects, and plant viruses, thereby offering innovative solu-
tions for agricultural pest management [3-5].

Notably, triketone compounds also show significant antimicro-
bial [6], antiviral [7], anticancer [8], anti-inflammatory [9], and an-
tioxidant activities [10] in the pharmaceutical field, providing a
valuable starting point for developing novel anti-infectives, anti-
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cancer therapeutics, and antioxidants. Remarkably, some triketone
compounds are being explored in materials science, where their
structural diversity and tunable chemical reactivity enable poten-
tial applications in acidichromic colorants and high-performance
polymer materials [11,12]. For instance, their excellent chemical
stability makes them suitable as monomers for advanced poly-
meric materials.

There are few prior reviews on triketones. Jhala et al. reviewed
the history and U.S. application of HPPD-inhibitor herbicides and
discussed emerging resistance issues [13]. Lin et al. analyzed the
binding modes of various HPPD inhibitors to enhance mechanis-
tic understanding [2]. Ma et al. focused on the molecular design
and structural characteristics guiding novel HPPD inhibitor devel-
opment [14]. However, these studies did not cover the antifungal
and insecticidal roles of triketones in agriculture, nor their grow-
ing significance in medicine and materials science. In this review,
we emphasize the multidisciplinary potential of triketone scaffolds
and provides a valuable reference for future research. To better
align with the term "triketone compounds”, all compound struc-
tures in this article are presented in their triketone forms.

2. Applications of triketones in the field of agriculture

As a versatile class of chemical scaffolds, triketones exert her-
bicidal activity primarily by inhibiting 4-hydroxyphenylpyruvate
dioxygenase (HPPD), thereby disrupting tyrosine metabolism and

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Chen, B. Li, D. Wang et al.

SDS Biotech
Benzobicyclon, 4

Leptospermone, 1
Lead Compounds

Triketones were
found to inhibit HPPD

1957 1991 2001

@ ® e—0 [ ]
1977 1993

Separation and
Extraction of HPPD

Syngenta
Sulcotrione, 2

Syngenta
Mesotrione, 3

o O ¢l O O NO,

i;o t ~S0,CH; i;o t “S0,CH;

o O <¢l o o

ﬁfg\(?&/k Phs o @
o o} i 5 O SO,CH; iA:CK@f\

Tembotrione, §

Chinese Chemical Letters 37 (2026) 112484

O~ NdDo™ 0

07 CF, N OV\(&
0 S0,CH3 0~ eE, o) S0,CHS
Bayer Syngenta Ishihara Sangyo

Bicyclopyrone, 7 Lanctrione-sodium, 9

2009 2018 2021
® ® ] o—0 @
2007 2015 2019
Bayer Kumiai Chemical ShangDong Cynda

Tefuryltrione, 6 Fenquinotrione, 8

O O o

s

Benquitrione, 10

O O (0]
W“@
0 rTl/gO

SN
o o cl

@Kﬂj\”"“@
o] S0,CH3

Fig. 1. History of the discovery of commercialized triketone HPPD.

blocking the biosynthesis of plastoquinone and tocopherol essen-
tial for photosynthesis. The resulting impairment of carotenoid-
mediated photoprotection leads to leaf bleaching and ultimately
weed death [2,15-17]. Accordingly, structural optimization of
triketone-based herbicides has progressed beyond aromatic ring
modification to systematic tuning of the triketone core itself. Ap-
proaches including ring-size expansion, heteroatom incorporation,
and fused-ring construction have been widely explored to improve
physicochemical properties and biological performance. Notably,
triketone derivatives have also exhibited insecticidal and antiviral
activities, highlighting their potential for the multifunctional de-
velopment of agrochemicals.

2.1. Herbicidal activity

In recent decades, HPPD inhibitors have been shown to
effectively control weeds by inhibiting the conversion of 4-
hydroxyphenylpyruvic acid (HPPA) to homogentisic acid (HGA) in
tyrosine metabolism pathways. This blockage halts the biosynthe-
sis of essential substances, such as plastoquinone and tocopherol,
necessary for photosynthesis [18]. The triketone structure and its
analogs, as one of the pharmacophores of HPPD inhibitors, are cru-
cial for herbicidal activity because they form chelation interactions
with the catalytically active site metal ions of HPPD [19,20]. This
importance places triketone compounds in a significant position
among HPPD inhibitors. To date, nine triketone-based HPPD in-
hibitors have been registered and launched commercially, includ-
ing seven triketone compounds, one triketone prodrug, and one
sodium salt (Fig. 1). In the following sections, these inhibitors will
be described in detail based on the historical development of trike-
tone HPPD inhibitors and their structural characteristics.

The discovery of HPPD inhibitor herbicides began in 1977 when
researchers at the Western Research Center in California, led by
Reed Gray, observed that the density of weeds around Callistemon
spp. was significantly lower than around other plants. Gray and his
team extracted a potentially active substance from these plants and
found that it caused seedling bleaching in germination tests. Struc-
tural identification confirmed the active substance as the natural
product leptospermone (1, Fig. 1), a volatile phytotoxin found in
Myrtaceae plants. In greenhouse herbicidal activity tests, leptosper-
mone demonstrated moderate control efficacy against grass weeds
at an application rate of 1000g ai/ha [21].

Researchers have identified a series of leptospermone deriva-
tives bearing distinct hydrophobic chains at the exo-carbonyl po-
sition (compounds 11-13, Fig. 2A). Despite their natural abun-
dance, these compounds exhibit inferior pharmacokinetic param-
eters compared to commercially available triketones synthesized
through systematic optimization, thereby limiting their practical
application [22]. However, recent discoveries in natural product-

based bioherbicides have revitalized interest in essential oils (rich
in triketone compounds) for sustainable weed management in or-
ganic farming systems. Frabboni et al. demonstrated that undiluted
essential oils from Origanum vulgare and Rosmarinus officinalis
significantly inhibit the weed growth in Amaranthus retroflexus,
Lamium maculatum, and Lactuca virosa compared to 50% diluted
formulations [23]. Kanatas et al. developed a bioherbicide contain-
ing 68% (w/v) pelargonic acid and 6.55% (w/v) Carum carvi es-
sential oil, which reduced the fresh weight of Echinochloa crus-
galli and Sorghum halepense by 30% and 50%, respectively, ver-
sus untreated controls [24]. Greenhouse trials by Barickman et
al. revealed that triketone-enriched manuka oil extract exhibited
herbicidal efficacy comparable to 2% glyphosate against Amaran-
thus palmeri and Digitaria sanguinalis. Notably, the triketone extract
achieved 70 % growth inhibition in Cyperus esculentus within 9 days
post-application [25].

The actual development of HPPD inhibitor herbicides stemmed
from an unexpected discovery during the development of an-
other mechanism-based herbicide (Fig. 2B). In 1982, researchers
at the Western Research Center were modifying the structure of
the commercial herbicide sethoxydim (14) to develop new AC-
Case inhibitor herbicides. They unexpectedly obtained a novel ben-
zoyl cyclohexane-1,3-dione structure (16) instead of the expected
enamine cyclohexane-1,3-dione structure (15) when reacting dike-
tones with various substituted benzoyl cyanides. Although the
new structure did not exhibit significant herbicidal activity, sub-
sequent optimization of the substituents on this compound type
led to improved herbicidal activity. Further structural optimiza-
tion revealed that compound 17, effectively controlled broadleaf
weeds at an application rate of 2000g ai/ha. Interestingly, the
symptoms observed in treated plants were highly similar to the
bleaching effects caused by leptospermone, rather than resembling
those of sethoxydim analogs. Therefore, the researchers replaced
the cyclohexanedione fragment in compound 17 with the cyclo-
hexatrione fragment from leptospermone, thereby optimizing the
structure to yield compound 18. In greenhouse herbicidal activ-
ity tests, compound 18 demonstrated good herbicidal efficacy at
62.5¢g ai/ha and provided effective pre-emergence control of both
grass and broadleaf weeds [26]. These two serendipitous discover-
ies spurred major agrochemical companies to develop this class of
structures.

Although HPPD was partially purified and its enzymatic prop-
erties preliminarily characterized as early as 1956 [27], the defini-
tive identification of HPPD as the molecular target of triketone in-
hibitors dates only to 1993, when Schulz and colleagues provided
compelling experimental evidence: Mesotrione (3) was shown to
disrupt the biosynthesis of plastoquinone and tocopherol, signif-
icantly inhibiting the incorporation of radiolabeled tyrosine into
lipid-soluble quinones in wheat; the growth inhibition of Lemna
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Fig. 2. Applications of triketones in the field of agriculture.

seedlings caused by mesotrione could be fully reversed by sup- high selectivity between corn and weeds because corn can rapidly
plementing the culture medium with HGA, whereas addition of metabolize and inactivate the active substance [32].
its substrate, HPPA, had no effect, demonstrating that the inhibi- The introduction of sulcotrione and mesotrione sparked the
tion occurs specifically at the step of HPPA conversion to HGA; development of triketone HPPD inhibitors by major agrochem-
in vitro assays revealed that mesotrione exhibited extremely po- ical companies. The exploration of monocyclic HPPD inhibitors
tent inhibitory activity against HPPD partially purified from eti- has led to the discovery of thousands of additional triketones.
olated maize seedlings, with an IC5y as low as 4.5 x 10~ mol/L; Substituents were introduced at the ortho, meta, and para posi-
furthermore, HPPD from rat liver was also sensitive to mesotri- tions relative to the carbonyl group, and structure-activity relation-
one, indicating high structural and functional conservation of ship studies revealed that introducing electron-withdrawing sub-
this enzyme across plants and animals [28,29]. In 1997, Lee fur- stituents at the ortho and para positions enhances herbicidal ac-
ther elucidated the structure-activity relationship of HPPD in- tivity. However, the substituent bulk should not be too large. The
hibitors, identifying 2-benzoylvinyl-1-ol as the minimal pharma- meta position can accommodate a wider variety of substituents,

cophore required for effective inhibition [30], a finding that laid making it a key focus for modifications, such as the alkoxy or
the chemical foundation for the rational design of novel HPPD cycloalkyl groups (Fig. 2C). On this basis, Bayer introduced tem-

inhibitors. botrione (5) in 2007 and tefuryltrione (6) in 2009, while Ku-
miai Chemical developed lancotrione-sodium (9) in 2019 [33-35].
2.1.1. Monocyclic HPPD inhibitors Tembotrione is mainly used post-emergence for weed control in

In 1991, Syngenta successfully developed sulcotrione (2), which corn fields, and its efficacy is further enhanced with the addition
effectively controls broadleaf weeds in corn fields when applied of the safener isoxadifen-ethyl, significantly improving crop safety

post-emergence at 300-450¢g ai/ha [31]. Ten years later, the com- for corn. Tefuryltrione, the second triketone HPPD inhibitor devel-
pany developed the second triketone herbicide, mesotrione (3), oped for rice fields, requires a lower application rate compared
through structural modification of sulcotrione. Mesotrione has a to the previously developed benzobicyclon. At 300g ai/ha, tefuryl-
more pronounced herbicidal efficacy, with a post-emergence ap- trione effectively controls common broadleaf weeds and sedges,
plication dose of 70-150¢g ai/ha, an order of magnitude higher ac- and shows significant efficacy against sulfonylurea-resistant weeds.

tivity than sulcotrione. It has been found that mesotrione achieves The development of tefuryltrione has been beneficial for control-
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ling noxious and resistant weeds. Lancotrione-sodium, a trike-
tone HPPD inhibitor for paddy fields, was registered and marketed
in sodium salt form. It provides adequate control of broadleaf
weeds, grass weeds, and sedges in paddy fields and is highly safe
for rice when applied pre-emergence or post-emergence. Other
substituents at position Y, such as nitrogen-containing, sulfur-
containing, and cyclic substituents, have not yet led to successful
commercial products, but most compounds exhibit excellent weed
control efficacy [36,37]. These results also demonstrate that sub-
stituent optimization is crucial in enhancing herbicidal activity and
crop safety.

Following aromatic ring substitutions, structures such as nitro-
gen atoms and carbonyl groups have been introduced to the aro-
matic rings, leading to the discovery of diverse aromatic hetero-
cyclic compounds. For example, In 1992, SDS Biotech synthesized
a pyridine-containing triketone HPPD inhibitor (benzobicyclon, 4),
which was commercialized in 2001. Benzobicyclon is a triketone
prodrug; its hydrolytic metabolite is the active triketone HPPD in-
hibitor. It exhibits broad-spectrum activity against annual grasses,
sedges, and broadleaf weeds while showing excellent crop safety in
rice. Subsequently, Syngenta developed and commercialized a third
triketone HPPD-inhibiting herbicide featuring a similar pyridine
structure, bicyclopyrone (7). It is extensively used in the United
States, Canada, and other regions for pre-plant and pre-emergence
control of grass weeds and broadleaf weeds (application rate: 50-
300¢g ai/ha), and demonstrates high crop safety for maize, cere-
als, and sugarcane. Bicyclopyrone is a low-toxicity herbicide, ex-
hibiting minimal toxicity to bees, birds, fish, and trematode species
[38]. In 2012, Syngenta incorporated a pyridazinone fragment to
generate dioxopyritrione (19, Fig. 2D). At application rates of 125-
250¢g ai/ha, dioxopyritrione showed 100% control against Abutilon
theophrasti, Amaranthus retroflexus, and Echinochloa crus-galli, with
no phytotoxicity observed in barley [39,40]. Other aromatic hetero-
cycles, including, pyrimidione, pyrimidinedione, pyridone, pyrazi-
none, and 1,2,4-triazine-3,5-dione were also acceptable for herbi-
cidal activity [41]. However, these compounds regrettably failed to
progress to further development.

2.1.2. Bicyclic HPPD inhibitors

The aromatic ring constitutes a critical component of HPPD in-
hibitors. Researchers have synthesized fused-ring HPPD inhibitors
by extending monocyclic frameworks. Some early fused-ring struc-
tures (e.g., saccharin derivatives) were synthesized, and their activ-
ity showed limited improvement over monocyclic analogues while
incurring substantial cost increases [42]. Following the elucidation
of HPPD-inhibitor cocrystal structures in 2004, researchers demon-
strated that extending conjugation systems on monocyclic frame-
works could significantly enhance binding affinity [18,43]. Con-
currently, fused-ring architectures provided opportunities to cir-
cumvent patent restrictions and discover novel active molecules,
thereby accelerating the development of fused-ring HPPD in-
hibitors.

In 2018, Kumiai Chemical launched fenquinotrione (8), a
paddy-field herbicide containing a quinoxalin-2-one moiety. As
the first commercialized HPPD inhibitor featuring a benzohetero-
cyclic system, it established a valuable paradigm for subsequent
HPPD inhibitor design. Fenquinotrione exhibits exceptional crop
safety in rice at application rates of 125-250¢g ai/ha. It shows
broad-spectrum efficacy against dicotyledonous weeds, gramineous
weeds, and sedges, by pre- and early post-emergence applica-
tions. Notably, it effectively controls some acetolactate synthase
(ALS) inhibitor-resistant weeds [44]. In 2021, benquitrione (10), a
sorghum-field herbicide containing a quinazoline-2,4-dione scaf-
fold, was successfully commercialized. At application rates of 75—
150 ¢ ai/ha, this sorghum-selective herbicide shows superior crop
safety in sorghum while maintaining acceptable safety profiles in

Chinese Chemical Letters 37 (2026) 112484

wheat, maize, and sugarcane. It effectively controls annual weeds
in sorghum fields, particularly showing exceptional efficacy against
pernicious weeds, such as Setaria viridis and Echinochloa crus-galli.
The registration of benquitrione addresses long-standing challenges
in sorghum weed management by providing full growth cycle con-
trol while reducing overall herbicide input [45].

Recent exploration of fused-ring HPPD inhibitors remains a fo-
cal point in herbicide development. These fused-ring systems are
further categorized into two classes (Fig. 2E). One is heteroatom-
exclusive fused rings. In 2021, Hu et al. employed structure-
based drug design to create quinoxaline-incorporated HPPD in-
hibitors, with selected compounds exhibiting enzymatic inhibi-
tion (20, IC59 =0.17 wmol/L) comparable to mesotrione (ICsq =0.23
pwmol/L). However, most analogues showed reduced potency. A
lead compound demonstrated >90% efficacy against Echinochloa
crus-galli and Setaria faberi at 150¢g ai/ha [46]. Similarly, Zheng et
al. developed novel triketone-quinoxaline hybrids (21), with some
compounds showing superior in vitro inhibition of Arabidopsis
thaliana HPPD (AtHPPD) compared to mesotrione. However, herbi-
cidal activity data were absent in this study [47]. Further progress
emerged in 2023 when Zhao et al. designed quinoline-based in-
hibitors (22) with enzymatic activity matching mesotrione. Com-
plete weed suppression (Abutilon juncea, Echinochloa crus-galli, Se-
taria faberii) was achieved at 150 g ai/ha [48].

The other type is heteroatom-carbonyl hybrid fused rings,
which generally exhibit better herbicidal activity than the first type
for HPPD and weed control. Yan et al. discovered benzotriazine-4-
one (23) scaffolds through pharmacophore-linked fragment virtual
screening, achieving nanomolar AtHPPD inhibition and >80% weed
control across five species [49]. In the same year, benquitrione-
derived benzimidazol-2-one inhibitors (24) were designed via ring
contraction. These compounds outperformed mesotrione in en-
zymatic assays and exhibited exceptional field efficacy at 150g
ai/ha, coupled with complete peanut safety. These compounds
maintained effective weed control at application rates of 30-120g
ai/ha [50]. Chen et al. introduced the indazolone fragment via
active substructure splicing, resulting in compound 25 with an
IC5¢ of 12 nmol/L against AtHPPD. This compound exhibited broad-
spectrum herbicidal activity at 30-120 g ai/ha while demonstrating
high safety in peanut [51].

2.1.3. HPPD inhibitors with modified triketone structures

Researchers have systematically modified the triketone scaffold
through four primary approaches: (I) Ring size reduction from
six-membered to five-/four-membered systems; (II) heteroatom
(N/O/S) incorporation; (IlI) cyclohexanedione ring substituent mod-
ification; (IV) cyclization strategies (Fig. 2F). Early efforts in the
1990s to shrink the cyclohexanedione ring or introduce het-
eroatoms produced derivatives with unsatisfactory herbicidal activ-
ity, such as compound 26-31 [26,40,52]. Notably, nitrogen substitu-
tion at the triketone linker generated N-aroyl analogues (28) show-
ing moderate efficacy against Echinochloa crus-galli and Abutilon
theophrasti, though lacking broad-spectrum utility [53]. Structure-
activity relationship (SAR) studies revealed that introducing sub-
stituents (32) at the 5-position of cyclohexanedione significantly
reduced potency, with the following activity hierarchy: Unsubsti-
tuted (ICsg =0.354 wmol/L) > 5-phenyl (IC5q=0.356 pwmol/L) > 5-
Introduction of substituents, such as methyl groups, to the cyclo-
hexanedione ring, generally enhances the herbicidal activity, par-
ticularly against grasses. However, this modification also increases
toxicity to crops, such as maize, presumably due to blocking po-
tential metabolic sites. Resistance in weeds is associated with the
metabolism of triketones into 5-hydroxy derivatives, resulting in a
nearly complete loss of herbicidal activity [54]. Similarly, hydrox-
ylated metabolic products at the 4- or 6-position also exhibit sig-
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nificantly reduced efficacy, and 4- or 6-hydroxylation markedly di-
minishs efficacy [55,56]. However, forming a bridging ring struc-
ture (33), such as bicyclopyrone (7), is acceptable for activity. Hy-
brid architectures merging HPPD pharmacophores with coumarin
fragments (34) exhibited selective root growth inhibition in rape,
yet comprehensive greenhouse validation remains pending [57].

2.2. Insecticidal activity

The essential oils of many Myrtaceae plants, particularly those
containing manuka oil, leptospermone (1), flavesone (11), and
isoleptospermone (12), are primarily found due to their herbici-
dal activity. The efficacy of these compounds is mainly attributed
to their triketone moieties, which therapeutically block tyrosine
catabolism by inhibiting HPPD. However, studies have also indi-
cated that these triketones exhibit efficacy against arthropods and
other pests, a mechanism associated with HPPD inhibition.

In 2023, Boskovic et al. found that triketones from essential
oils exhibited contact toxicity against Drosophila suzukii, suggest-
ing their potential as alternatives to conventional insecticides [58].
Subsequent research by McComic identified HPPD-targeting herbi-
cides as toxic to hematophagous species, including Aedes aegypti
and Amblyomma americanum, with nitisinone (NTBC, 35) show-
ing the highest toxicity (Fig. 2G) [3]. These findings aligned with
the toxicity data for Aedes aegypti reported by Vergaray Ramirez
and Sterkel et al., as well as congruent mosquito studies [59,60].
In 2021, Sterkel found that NTBC can kill blood-fed tsetse flies
through oral and topical disruption of tyrosine metabolic path-
ways, indicating the potential for mitigating African trypanosomia-
sis transmission [61]. Parallel studies by Alvarez Costa et al. evalu-
ated triketone-rich essential oils from another plant species, Euca-
lyptus nitens, showing both repellent effects and larvicidal activity
against Aedes aegypti and Aedes albopictus [62]. In 2008, Huseyin et
al. found that the lichen secondary metabolites (-)-usnic acid (36a)
and (+)-usnic acid (36b) exhibited strong larvicidal activity against
Culex pipiens L. larvae, causing 100 % mortality within 24 h at doses
of 5 and 10ppm against third- to fourth-instar larvae, with LCsq
values of 0.8 and 0.9 ppm, respectively [63]. In 2021, Koc et al. also
found that a reservoir solution of (-)-usnic acid (36a) dissolved in
acetone was toxic to Aedes aegypti larvae, with a median lethal
concentration (LCsg) of 3.8 ppm and inducing 61.3% mortality at
10 ppm [64]. This insecticidal activity against blood-sucking insects
may be attributed to the accumulation of tyrosine in the blood due
to the use of triketone compounds.

In 2025, Nammunige et al. first identified the acaricidal efficacy
of triketone compounds against all developmental stages of sca-
bies mites (Sarcoptes scabiei). Exposure to 150 mmol/L concentra-
tions of any tested triketone for 4 h resulted in complete mortality
in motile stages, whereas ova required extended exposure beyond
this threshold for complete eradication [4]. This builds upon earlier
findings by Jeong et al., who documented the miticidal activity of
triketones against diverse mite species, including Dermatophagoides
farinae, Dermatophagoides pteronyssinus, and Tyrophagus putrescen-
tiae [22].

2.3. Antifungal activity

The antimicrobial properties of plant essential oils have been
extensively studied, with most research focusing on their effects
against non-plant pathogenic fungi. However, the potential antifun-
gal activity of key constituents, especially triketones, against plant
pathogens remains an area that should not be overlooked.

In 2014, Ferreira investigated the antifungal properties of
dichloromethane extracts from the aerial parts of Peperomia alata
and Peperomia trineura against Cladosporioides and Cladosporium
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sphaerospermum. Cytotoxicity assays conducted on K562 and Nalm-
6 leukemia cell lines revealed significant efficacy in both antifungal
and cytotoxic evaluations. The authors identified the active compo-
nents in the extracts, which shared a common 2-acylcyclohexane-
1,3-dione scaffold (compounds 37-39, Fig. 2H). The antifungal ac-
tivity and cytotoxicity of these compounds were influenced by
side-chain length, as well as the type and position of substituents.
Among them, compounds 37a and 38a exhibited superior antifun-
gal activity [65]. In a subsequent study in 2018, Gundoju further
explored the fungicidal activity of similar compounds [66].

Yu et al. confirmed the potent antifungal activity of (+)-usnic
acid (36b) against key agricultural pathogens (Sclerotinia sclero-
tiorum, Fusarium graminearum, and Rhizoctonia solani). They also
elucidated the crystal structure of the Zymoseptoria tritici HPPD
(ZtHPPD)-(+)-usnic acid complex, revealing that HPPD is a crucial
target for the antifungal activity of usnic acid. A molecularly opti-
mized compound 40, showed enhanced inhibitory activity in bioas-
says against Sclerotinia sclerotiorum and Rhizoctonia solani, outper-
forming classic HPPD inhibitors, such as mesotrione and (+)-usnic
acid. Based on prior mechanistic studies, the antibacterial activ-
ity of usnic acid is attributed to the inhibition of DNA and RNA
synthesis, as well as the disruption of bacterial cell membranes.
The authors propose that its antifungal activity likely arises from a
combination of HPPD inhibition and the disruption of normal cell
structures [67].

2.4. Antiviral activity against plant viruses

In 2012, Lapshina reported the discovery that the disodium salt
of cyclopentene triketone (41, Fig. 2I) enhances the activity of hy-
drolytic enzymes, such as protease and ribonuclease, resulting in
abnormalities such as swelling, thinning, and fracturing of tobacco
mosaic virus particles in aqueous tobacco leaf extracts. These ef-
fects may be attributed to a cellular defense mechanism that en-
hances plant resistance to viral infections [5].

3. Applications of triketones in the field of medicine

Triketones in plant extracts have garnered significant attention
in recent years due to their considerable potential in various bi-
ological activities. These compounds exhibit notable antibacterial,
antifungal, and antiviral properties, as well as anticancer, anti-
inflammatory, antidiabetic, and free radical scavenging effects. Nu-
merous studies have identified plant-derived natural products with
a triketone structure, and it has been showed that their biological
activity can be further enhanced through structural modifications
and synthetic chemical approaches. These advancements have ex-
panded their potential for use in treating various diseases.

3.1. Antimicrobial activity

The antimicrobial activity of triketone compounds has been
extensively studied since the early discovery of bactericidal con-
stituents in plant essential oils. Through structural characteriza-
tion and bioactivity evaluations of natural products, researchers
have confirmed the antimicrobial potential of triketones (Fig. 3A).
Killee et al. found that triketone compounds exhibit antibacte-
rial activity against Gram-positive bacteria, including methicillin-
resistant Staphylococcus aureus (MRSA). Among the tested deriva-
tives leptospermone (1), flavesone (11), isoleptospermone (12),
grandiflorone (13), and trimethylated acylphloroglucinol derivatives
(nortriketones 42-45), grandiflorone (13) exhibited the highest po-
tency, with an ICsy value of 750 nmol/L against HPPD. In contrast,
nortriketones 42, 43, and 45 showed no inhibitory activity toward
HPPD at 100 pwmol/L, most likely due to reduced binding affinity
caused by enol tautomerization [68].
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Further studies on plant triketone extracts have explored [70,71]. Hexahydroxanthone (48) demonstrated antibacterial effi-
the antimicrobial effects of leptospermone (1) against foodborne cacy against Clostridium perfringens [72]. Additionally, usnic acid

pathogens, underscoring its potential as a natural food preser- (36a and 36b) has been shown to exert differential antimicro-
vative [69]. Callistemonols A (46) also exhibited potent bacteri- bial activities against Staphylococcus aureus, Bacillus subtilis, Entero-
cidal activity against MRSA, while garcinol (47) showed signif- coccus faecalis, and Mycobacterium tuberculosis, potentially through
icant inhibitory effects against Gram-positive bacteria, including mechanisms involving membrane disruption and inhibition of nu-
Staphylococcus aureus, Escherichia coli, and Streptococcus mutans cleic acid synthesis [73].
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Researchers have synthesized various triketone derivatives and
systematically investigated their SAR of antibacterial activity, and
potential inhibitory mechanisms (Fig. 3A). Boccalini et al. syn-
thesized a series of 4-hydroxycoumarin-based long-chain 3-acyl
derivatives (49-51), with compounds 49a, 49b, and 50a exhibiting
selective inhibition against S. aureus, S. epidermidis, and Propioni-
bacterium acnes. The SAR studies revealed that both the triketone
moiety and the long-chain fatty acyl group are critical for antibac-
terial activity. In contrast, modifications of the coumarin core have
a minimal effect on potency [74].

Babu et al. systematically modified three structural elements of
coruscanone B (52a): The cyclopentanedione ring, enol methoxy
group, and styrene side chain, and identified compound 52b
with triketone modifications as a moderately active antifungal
agent [75]. Shestak et al. further showed that free cyclopentene-
containing triketones exhibit superior antifungal activity compared
to methyl enol ether derivatives (53), which were more effective
against yeast and fungi [76]. Khan et al. revealed that the mecha-
nism of action of these compounds involves the inhibition of fun-
gal lanosterol 14c-demethylase (CYP51A1), a key enzyme in ergos-
terol biosynthesis [77].

Tetracycline antibiotics are broad-spectrum bacteriostatic agents
integral to anti-infective therapy since their introduction in the
1940s. The tetracycline class originated with the isolation of
chlortetracycline (54) from Streptomyces aureofaciens in 1948, fol-
lowed by the discovery of successive generations: Oxytetracycline
(55), eravacycline (56), doxycycline (57), minocycline (58), tige-
cycline (59), tetracycline (60), sarecycline (61), and omadacycline
(62), whose structures are shown in Fig. 3A. Structurally, these
antibiotics share a tetracyclic naphthacene carboxamide nucleus
as the core, with 2-carboxamidocyclohexane-1,3-diones and a C4
dimethylamino group as essential active moieties. Their mecha-
nism of action involves binding to the 16S rRNA of the 30S ribo-
somal subunit, blocking the A-site to prevent the attachment of
aminoacyl-tRNA, thereby inhibiting peptide chain elongation and
protein synthesis. This mechanism provides efficacy against various
pathogens, including Gram-positive bacteria, some Gram-negative
bacteria, and certain anaerobes [78,79].

3.2. Antiviral activity

Early studies discovered that leptospermone (1) and flavesone
(11) exhibit anti-herpes zoster activity [80]. The antiviral mech-
anism of these triketones may involve interference with the vi-
ral envelope structure or the masking of compounds necessary for
viral adsorption or entry into host cells. Additionally, researchers
identified low antiviral activity of usnic acid against Herpes sim-
plex type 1 and Polio type 1 viruses [81]. Subsequent investigations
focused on the activity of triketone compounds against influenza
viruses. In 2012, the anti-H1N1 influenza virus (pdm09) activity of
usnic acid was first explored, revealing the critical role of stere-
ochemistry in antiviral activity. (-)-Usnic acid (36a, ED5q=14.5
pwmol/L) exhibited superior activity, while structural modifications
reversed this trend, with (+)-usnic acid analogs showing enhanced
potency (Fig. 3B). Researchers hypothesized that usnic acid might
indirectly reduce viral transmission by inhibiting host pro-viral
pathways [82].

In 2022, usnic acid demonstrated in vitro inhibitory activity
against SARS-CoV-2 variants «, §, and §, with efficacy comparable
to remdesivir (a COVID-19 emergency therapeutic), although its ac-
tivity varied across strains. Mechanistic studies suggested that (+)-
usnic acid (36b) likely targets the SARS-CoV-2 Mpro [83]. Another
study confirmed the antiviral activity of usnic acid and its deriva-
tives against SARS-CoV-2 strains (¢, 6, and o). Structural modifi-
cations, such as cyclization (63) or amination (64) at the trike-
tone moiety, resulted in the loss of antiviral activity, while alter-
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ations at other positions (65) caused fluctuating potency [7]. In
2023, thiazole-hydrazone substitutions (66) on usnic acid signifi-
cantly enhanced its anti-SARS-CoV-2 activity. These studies collec-
tively revealed that usnic acid derivatives do not primarily inhibit
viral proteases but effectively block viral entry, potentially by bind-
ing to the N-terminal domain of the spike glycoprotein S, overlap-
ping with hemoglobin binding regionsm [84]. However, the exact
mechanism remains unknown.

In 2022, Jin et al. found that dryocrassin ABBA (67) and filixic
acid ABA (68) exert their effects in inhibiting SARS-CoV-2 infection
by targeting the Mpro enzyme, showing broad-spectrum antivi-
ral activity against coronaviruses. Among these, dryocrassin ABBA
emerged as a promising therapeutic candidate for the development
of COVID-19 drugs [85]. Lee et al. further explored chromenone
derivatives derived from plant extracts for the inhibition of in-
fluenza virus neuraminidase (NA), particularly effective against the
H3N2 subtype. These chromenone derivatives (69-74), character-
ized by a 2-acetyl-1,3-cyclohexanedione core structure, exhibited
significant variations in inhibitory activity and binding patterns
due to distinct functional and conformational modifications. No-
tably, competitive inhibitors, such as chromenones 69 and 73, in-
teracted with the enzyme at the catalytic site, while noncompeti-
tive inhibitors, including chromenones 70, 71, 72, and 74, bound to
a metastable site on the enzyme [86].

3.3. Anticancer activity

Many triketone natural products extracted from plants exhibit
anticancer activity. For example, in 1998, Stephan evaluated the
ability of hexahydrocolupulone (48) to inhibit tumor cell growth
in vitro (Fig. 3A). Hexahydrocolupulone inhibited the proliferation
of various human tumor cell lines, including those resistant to
currently used chemotherapeutic drugs. Its mechanism may in-
volve action on macromolecular pathways, thereby inhibiting tu-
mor cell proliferation in vitro [87]. In 2004, Tanaka et al. iso-
lated isomers of 7-epiclusianone (75, Fig. 3C) from Hypericum per-
foratum, which demonstrated moderate antitumor activity against
human lung cancer cells (A549) and breast cancer cells (MCF-
7) [88]. Subsequent studies have shown that 7-epiclusianone also
exhibits antineoplastic activity in a glioblastoma model, a tumor
with intrinsic chemoresistance, affecting cell growth, cell cycle dy-
namics, apoptosis, and colony-forming ability [89]. Similar com-
pounds, such as garciniaphenone (76), were later isolated from
Garcinia leaves, exhibiting cytotoxic activity against various can-
cer cell lines. Additionally, garciniaphenone (76) shows antioxidant
and anti-inflammatory properties that help protect cells from ox-
idative stress-induced damage [90]. In 2007, Li et al. extracted var-
ious triketone compounds (77 and 78) from Peperomia dindygulen-
sis Miq., some of which inhibited human umbilical vein endothelial
cell (HUVEC) proliferation and suppressed HUVEC tube formation
[91]. In 2008, Denny et al. isolated a new triketone compound (79)
from the leaves of Virola sebifera, which exhibited strong toxicity
and selectivity against the ovarian cancer cell line OVCARO3 and
the multidrug-resistant breast cancer cell line NCI-ADR [92].

Usnic acid, a widely studied natural compound, displays multi-
target antitumor activity. Its mechanism may involve regulating
the expression of apoptosis-related proteins in gastric cancer cells,
inducing cell cycle arrest and autophagy, thus exerting antiprolifer-
ative and pro-apoptotic effects. Usnic acid induces G1-phase arrest
in human gastric cancer BGC823 cells, G2-phase arrest in SGC7901
cells, and S-phase arrest in colon cancer HCT-116 cells [93,94].
It also inhibits the proliferation of human osteosarcoma MG-63
cells and melanoma A375 cells in a time- and dose-dependent
manner [95]. Additionally, usnic acid suppresses the growth and
angiogenesis of mouse H22 tumors by inhibiting the secretion
of vascular endothelial growth factor (VEGF) and basic fibroblast



L. Chen, B. Li, D. Wang et al.

growth factor (bFGF), and inhibits breast tumor angiogenesis and
growth by blocking VEGFR2-mediated AKT and ERK1/2 signaling
pathways [96,97]. Recent studies have further elucidated the
anticancer mechanisms of usnic acid. In 2021, Sun et al. found
that usnic acid reduces PD-L1 protein synthesis by synergistically
suppressing STAT3 and RAS pathways, thereby decreasing PD-L1
expression in HeLa cells, enhancing the cytotoxicity of co-cultured
T cells against tumor cells, and inhibiting cervical cancer cell
proliferation [98]. In 2024, Varli et al. discovered that usnic acid
targets 14-3-3 proteins to inhibit cancer progression. Usnic acid
binds to and degrades 14-3-3 proteins, disrupting critical pro-
cesses such as cancer cell invasion, cell cycle progression, aerobic
glycolysis, and mitochondrial biogenesis. Furthermore, it modulates
Akt/mTOR, JNK, STAT3, and NF-«B signaling pathways to suppress
the metabolism and survival of cancer cells [99]. Mariraj et al.
observed morphological changes in G361 human melanoma cells
via DAPI staining, which intensified with increasing usnic acid con-
centration and exposure time, confirming that usnic acid induces
apoptosis. Computational simulations suggest that usnic acid may
specifically bind to cancer-associated proteins, such as CYP3A4
and B-Raf kinase [100]. Azhamuthu et al. demonstrated that usnic
acid inhibits the growth and proliferation of human oral cancer
cells through ROS-dependent mitochondrial-mediated apoptosis.
Usnic acid downregulates the expression of the anti-apoptotic
protein Bcl-2 while upregulating pro-apoptotic proteins p53, Bax,
cytochrome c, and Caspase-3/9, significantly activating mitochon-
drial apoptotic pathways [101]. In another study, the combination
of usnic acid and ABT-199 synergistically promoted the expression
of integrated stress response-related genes ATF4, CHOP, and NOXA
via heme-regulated inhibitory kinase, as well as the degrada-
tion of the anti-apoptotic protein MCL-1, which may increase
the sensitivity of ABT-199 to chemotherapy in acute myeloid
leukemia [102].

Researchers have also investigated the anticancer properties of
usnic acid analogues. In 2023, Zakharenko et al. introduced hy-
drazonothiazole fragments (80) into usnic acid derivatives, which
inhibited tyrosyl-DNA phosphodiesterase (TDP1) at submicromo-
lar concentrations and enhanced the in vivo antitumor and an-
timetastatic effects of topotecan (an anticancer drug) [103]. In
2025, Roney et al. synthesized compound 81 by incorporating «,8-
unsaturated groups, which exhibited significant cytotoxicity against
breast cancer cell lines MCF7 and T47D. Molecular docking studies
revealed that compound 81 binds to the active site of the AKT2
(PKB-BETA) protein [104].

Researchers have also modified the structures of other natu-
ral products to obtain triketone compounds with anticancer activ-
ity. In 2005, Nakagawa synthesized a series of desmosdumotin C
(82) analogs and found that altering the substituents on the ter-
minal benzene ring could increase antitumor activity, with the 4-
bromophenyl derivative (83) showing the strongest activity, 4-6
times higher than that of desmosdumotin C [105]. In 2006, Lin
et al. synthesized over 40 curcumin derivatives containing unsat-
urated conjugated linking fragments. Compounds with a triketone
structure (84) inhibited androgen receptor signaling, blocking the
proliferation and survival of prostate cancer cells [106]. Further re-
search in 2015 showed that curcumin derivative 84 effectively re-
duced EGFR phosphorylation and expression in lung adenocarci-
noma cells and mitigated gefitinib-induced gastrointestinal dam-
age [107]. In 2008, Tanaka et al. proposed a biosynthetic pathway
for petiolins (85a-d), which exhibited moderate cytotoxic activity
against the L1210 and KB cancer cell lines. Notably, while the keto
form maintains a uniform structural framework, the correspond-
ing enol forms display configurational variations [108]. In 2017,
Shaaban synthesized a series of cyclopenta[b]thiophene deriva-
tives, with compound 86 containing a triketone fragment show-
ing reasonable antitumor activity against three human cancer cell
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lines (HepG2, MCF-7, and HT-29) and significant antifungal activity
against Aspergillus species [8].

3.4. Anti-inflammatory activity and antidiabetic

Isohumulones (88) are a class of lipophilic compounds ex-
tracted from hops, derived through the isomerization of humu-
lones (87), and are known for their diverse biological activities (Fig.
3D). Studies have shown that isohumulones can reduce metabolic
inflammation and insulin resistance while positively influencing
dyslipidemia and obesity. These effects have been validated in vari-
ous cell lines, animal models, and human intervention trials. Isohu-
mulones (88a and b) exert their actions through pleiotropic mech-
anisms, including regulating gene expression, epigenetic modu-
lation, enzyme inhibition, and cell signaling. Specific mechanis-
tic studies indicate that isohumulones have anti-inflammatory
and antidiabetic effects by downregulating pro-inflammatory gene
expression and enhancing insulin signaling. Additionally, isohu-
mulones have been shown to improve metabolic syndrome and
obesity-related metabolic disorders by increasing HDL cholesterol
levels, decreasing triglycerides, and reducing hepatic fat storage.
In summary, isohumulones, as a key bioactive agent, possess sig-
nificant therapeutic potential in medical nutrition, particularly for
managing diseases associated with chronic inflammation and in-
sulin resistance [109].

Similarly, 7-epiclusianone (75) has been found to exhibit com-
parable effects. 7-Epiclusianone reduces inflammation and obe-
sity in obese rats by modulating the expression of various genes
and proteins. Specifically, it decreases the expression of fatty acid
synthase and lipoprotein lipase, increases the expression of the
anti-inflammatory cytokine interleukin-10, and reduces levels of
the pro-inflammatory cytokine tumor necrosis factor-o (TNF-¢).
Furthermore, 7-epiclusianone enhances antioxidant capacity by
upregulating the expression of peroxisome proliferator-activated
receptor-y. These combined mechanisms work synergistically to
reduce weight gain and fat accumulation in obese rats while al-
leviating inflammation [9].

3.5. Free-radical scavenger

In 2003, Lee and collaborators discovered that methanolic ex-
tracts from Korean plants exhibited strong antioxidant activity, par-
ticularly in inhibiting lipid peroxidation. However, their scavenging
capacities for DPPH free radicals and superoxide anions were weak.
The authors suggested that the potent lipid peroxidation inhibition
could be attributed to the stabilising effects of flavaspidic acids
(89a and b, triketone analogues in the extract, Fig. 3E), which may
chelate with iron, thereby enhancing their activity. This insight
highlighted the potential of triketones as antioxidants [110]. Sup-
porting this, Tagashira et al. chemically modified humulone (90-
93) to investigate its DPPH free radical scavenging and lipid per-
oxidation inhibitory activities. They found that derivatives lacking
the 5-hydroxyl group exhibited higher lipid peroxidation inhibi-
tion, suggesting the importance of the triketone structure for this
activity [111].

In 2018, Liu extended this understanding by conducting oxygen
radical absorbance capacity measurements on hexahydro-f-acids,
noting that triketones exhibited superior antioxidant capacity com-
pared to their hydrogenated derivatives. This enhanced activity was
attributed to the enol double bond in the triketone structure of
hexahydroxanthone (48), which is chemically reactive and unsta-
ble, leading to stronger antioxidant effects [112]. Furthermore, in
2023, Peng and Xiao developed solid dispersions of hexahydrox-
anthone to improve its water solubility and stability, enhancing
its antioxidant capacity. This formulation was shown to delay the
browning of apple juice, preserving its nutritional quality [10].
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In addition, other natural compounds exhibited strong an-
tioxidant properties. For instance, Arwa et al. demonstrated that
7-epiclusianone (75) regulates oxidative stress by inhibiting
NADPH oxidase and stimulating reactive oxygen species (ROS)
production in human neutrophils. Its analogs also exhibited potent
inhibition of AAPH-induced hemolysis and lipid peroxidation in
human erythrocytes [113]. Moreover, 7-epiclusianone’s ability to
absorb UVB radiation further prevents oxidative stress and lipid
peroxidation, suggesting potential as a sunscreen agent [114].
Similarly, Fernandez-Moriano et al. showed that usnic acid (36)
protects against H,0,-induced cytotoxicity and oxidative stress
by upregulating phase Il antioxidant enzymes via the Nrf2 path-
way, while Erfani et al. provided evidence that usnic acid exerts
neuroprotective effects, alleviating memory impairment after
ischemia-reperfusion injury by reducing cell death, inflammation,
and oxidative stress [115,116]. Additionally, the photodegradation
derivatives of usnic acid exhibited significant UV protection activ-
ity and lower toxicity to human liver and skin cells compared to
the parent compound [117].

3.6. Hereditary disorders of tyrosine catabolism

Nitisinone (35, Fig. 2G) was initially developed as a herbicide,
but in 1991, studies found that it could prevent the accumulation
of toxic metabolites by inhibiting HPPD activity. This discovery led
to its use as a life-saving drug for infants with type I tyrosinemia
[118]. In 2016, Annalisa Santucci found that nitisinone also showed
efficacy in treating alkaptonuria, a condition with no other avail-
able treatments [119]. Neither of these diseases involves mutations
in the HPPD gene. The other HPPD mutation associated with type
I tyrosinemia, known as hawkinsinuria, may not significantly alter
the binding mechanism, allowing nitisinone to be well tolerated
by infants and enabling its use during their first few years of life in
hawkinsinuria [120]. However, nitisinone can cause side effects, in-
cluding visual disturbances, liver failure, convulsions, and cognitive
difficulties, due to the accumulation of tyrosine in the blood [121].
Additionally, there is currently no treatment for oculocutaneous al-
binism caused by mutations in the tyrosinase gene. While oral ad-
ministration of nitisinone does not result in iris melanin content,
it has been shown to increase ocular and dermal pigmentation in
a mouse model of albinism [122].

3.7. Other activities

Kim synthesized novel succinylacetone analogs (94, Fig. 3F). Ini-
tial evaluations revealed that compound 94 exhibited an IC5q value
for the mouse allogeneic mixed lymphocyte reaction similar to that
of succinylacetone (95), indicating that alkylacyloxy enol esters are
a promising class of novel lead compounds for use as immunosup-
pressive agents [123].

In 2017, Scala introduced the potential of triketone compounds
as inhibitors of the cytosolic protease CPB2.8 ACTE from Leishma-
nia mexicana. The triketone structure binds to the thiol group of
the active site cysteine, forming an unstable hemithioacetal. These
compounds exhibit reversible covalent inhibition, showing a cer-
tain degree of selectivity and activity. Compound 96 was predicted
to be non-mutagenic, non-carcinogenic, and non-neurotoxic, mak-
ing it a promising candidate for the development of antileishma-
nial drugs [124].

4. Applications of triketones in the field of materials

In 2005, Yang was the first to utilize a triketone moiety
as an acid- and base-sensitive group to design and synthesize
acidichromic colorants (97 and 98). The molecular structure of
these compounds consists of an acid-sensitive triketone moiety
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and a base-sensitive aniline molecule within an extended conju-
gated system. This structure enables the compounds to undergo
two different reversible color changes under strongly acidic and
basic conditions (Fig. 4A) [11,125]. Building on this work, the group
modified the molecule in 2007 by synthesizing a coumarin ring
and introducing various substituents to modulate the strength of
hydrogen bonds within the molecules. This modulation affects the
deprotonation ability of the alcohol-based hydrogen, although it
does not influence the color itself. Among the compounds, the
7-bromo-substituted derivatives (99) were more readily deproto-
nated by ammonia than the 7-methoxy-substituted compounds.
These colourants can be dissolved in organic solvents or incorpo-
rated into polycarbonate films, serving as acid-base sensors or re-
versible colour-change devices [126].

A significant advancement in polymer chemistry was reported
by Helms et al., who pioneered the spontaneous condensation of
triketones (100) with amines under ambient conditions, estab-
lishing a catalyst-free dynamic covalent click chemistry approach
(Fig. 4B) [12,127]. This innovative strategy enabled the synthesis
of closed-loop recyclable polydiketoenamine (PDK, 101) plastics via
spontaneous click polycondensation. The inherent hydrolytic labil-
ity of diketoenamine linkages in strongly acidic environments facil-
itated the efficient chemical recycling of triketone monomers and
corresponding amines. Remarkably, the resulting PDK elastomers
exhibited exceptional resistance to creep deformation at elevated
temperatures [128]. Building on Helms’ foundational work, Trach-
sel et al. systematically explored the integration of triketones into
vinyl polymer architectures for post-polymerization modification.
Their studies revealed that diketoenamine bonds retain thermo-
dynamic stability under ambient conditions and exhibit dynamic
transamination behavior (101 and 102) at elevated temperatures,
without the need for catalytic mediation. These findings signifi-
cantly broaden the application scope of these dynamic covalent
systems [129].

5. Structural differences in HPPD of different species

Since its discovery, HPPD has become crucial due to its in-
volvement in human genetic diseases and its role in the biosyn-
thesis of compounds related to photosynthesis in plants. In living
organisms, tyrosine is first catalyzed by tyrosine aminotransferase
(TAT) to form HPPA. In the presence of oxygen, HPPD catalyzes the
conversion of HPPA to HGA, releasing CO,. In different organisms,
HGA can be further metabolized into growth-promoting substances
(Fig. 5A). In humans and other mammals, HGA is catalyzed by ho-
mogentisate dioxygenase (HGD) to form maleylacetoacetate (MAA),
which can be further metabolized and excreted [130]. In microor-
ganisms, HGA can be oxidized to form pigments and metabolized
to MAA, which serves as an energy source for the microorganisms
[131]. In plants, HGA can be catalyzed by various enzymes to pro-
duce plastoquinone and tocopherol, which play essential roles in
photosynthesis. Inhibition of human HPPD results in the accumu-
lation of toxic intermediates, causing diseases such as tyrosinemia.
In plants, HPPD inhibition leads to carotenoid deficiency, which re-
sults in chlorophyll degradation, impaired photosynthesis, and ul-
timately results in plant bleaching and death [15].

Understanding the structure of HPPD is critical for design-
ing targeted enzyme inhibitors. For example, in the NTBC-AtHPPD
complex structure (PDB ID: 5YWI, Fig. 5B), at the active site, the
two carbonyl groups of NTBC chelate with the metal ion (Co2™),
while His206, His308, Glu394, and a water molecule also partici-
pate in the metal coordination, forming a six-coordinate structure
for the metal ion. Additionally, the cyclohexanedione structure of
NTBC is surrounded by Val228, Ser267, Pro280, Asn282, GIn307,
and Phe419. The phenyl group forms notable m-m stacking inter-
actions with Phe381 and Phe424, the nitro group is adjacent to
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Fig. 4. Acidichromic switching of triketone colorants and their application in catalyst-free post-polymerization modification.
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Fig. 5. Molecular basis of catalytic function and species-specific differences in HPPD. (A) Catalytic reaction pathways of HPPD in different organisms. (B) Schematic repre-
sentation of the binding mode of AtHPPD-NTBC (PDB ID: 5YWI) at the active site; chelation is represented by yellow dashed lines and w-m stacking interactions by gray
dashed lines. (C) Stacked plots of Arabidopsis thaliana HPPD (cyan, 5YWI), Homo sapiens HPPD (green, 8IM2), and Streptomyces avermitilis HPPD (red, 1T47) in complex with
NTBC. (D) Comparison of catalytic site residues within an 8 A radius among the three species; conserved residues are shown in green, and divergent residues in magenta.

GIn307, His308, and Phe392, while the trifluoromethyl group in-
teracts with a hydrophobic region composed of Leu368, Phe381,
Asn423, Phe424, and Leu427. The binding modes of other HPPD
inhibitors are highly consistent with that of NTBC: The triketone
moiety forms a bidentate chelation with the metal ion in the active
site, the aromatic ring engages in - stacking interactions with a
phenylalanine residue, and the substituents establish hydrophobic
interactions with nonpolar amino acids lining the interior wall of
the cavity pocket.

The structural and biological comparison of HPPD from differ-
ent species is crucial for developing highly selective inhibitors tar-
geting HPPD. By comparing the amino acid sequence differences of
HPPD structures from representative sources such as AtHPPD (PDB
ID: 5YWI), Homo sapiens HPPD (hHPPD, PDB ID: 8IM2), and Strep-
tomyces avermitilis HPPD (SaHPPD, PDB ID: 1T47), and superimpos-
ing these structures with 5YWI, the RMSD values between 8IM2
and 1T47 were found to be 0.935 and 0.910A, respectively (Fig.
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5C). The amino acids within 8 A (Fig. 5D) of the NTBC ligand in the
complexes were defined as the target for study, totaling 54 amino
acids. Identical amino acid residues in the HPPD active sites across
species are marked in green. In contrast, sites where amino acid
residues differ but the position remains the same are marked in
magenta, with 18 such sites identified. Further analysis revealed
that within a 6A range around the NTBC ligand, there were 3-5
amino acid differences, while within a 4A range, the amino acids
were identical (Fig. S2 in Supporting information). This indicates a
certain degree of conservation of amino acids in the HPPD active
site across species, with the inhibitor binding site being relatively
conserved. This explains why HPPD inhibitors, such as NTBC, can
exhibit herbicidal, insecticidal, and fungicidal activities, in addition
to their therapeutic use in treating human tyrosine metabolism-
related diseases. Furthermore, the differences in the inhibitory ac-
tivities of HPPD inhibitors across species are also influenced by
their pharmacokinetic properties.
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6. Pharmacokinetics and toxicity of HPPD inhibitors

Early studies on the toxicity of triketone compounds indicated
that while nitisinone lacks acute toxicity, it induces ocular toxic-
ity upon repeated exposure. This effect is linked to tyrosine accu-
mulation caused by the inhibition of HPPD, with species-specific
variations observed. For instance, male rats treated with HPPD in-
hibitors exhibited plasma tyrosine levels as high as ~3 mmol/L,
whereas females showed approximately half the concentration. No-
tably, intraocular tyrosine levels in rats exceeded those in plasma.
Subchronic administration of nitisinone at doses as low as 1mg
kg! d! for 6 weeks resulted in reversible corneal lesions in both
rats and beagles. In contrast, mice treated with HPPD inhibitors
showed peak plasma tyrosine concentrations of ~0.8 mmol/L, and
no corneal damage was observed in mice, rabbits, or rhesus
macaques even after 90 days of dosing at 10mg kg'! d'. These
corneal pathologies resembled those observed in rats fed diets en-
riched in tyrosine. Adverse effects were absent when plasma ty-
rosine levels remained below 0.5 mmol/L, suggesting that ocular
lesions induced by triketones are not due to intrinsic compound
toxicity but rather the result of excessive systemic tyrosine [132].
Potential mechanisms for this include intracellular tyrosine crystal
formation or redox imbalance due to tyrosyl radical generation, al-
though alternative pathways cannot be excluded. Clinical reports
have also documented reduced cognitive function and lower intel-
ligence quotient scores in children undergoing nitisinone therapy,
alongside learning and behavioural deficits. This phenomenon may
arise from tyrosine crossing the blood-brain barrier via concen-
tration gradients, leading to cerebral tyrosine accumulation rather
than direct drug effects. Tyrosine aminotransferase (TAT) activity
is crucial in regulating plasma tyrosine levels. Triketones inhibit
HPPD, causing the accumulation of HPPA, which is a noncompet-
itive inhibitor of TAT. This suppression of TAT activity exacerbates
tyrosine accumulation. Species-specific differences in baseline TAT
activity, such as higher TAT activity in mice, likely explain their re-
sistance to ocular lesions [130].

Pharmacokinetic disparities further explain interspecies differ-
ences. In healthy males, mesotrione (4 mg/kg) exhibited a half-life
of approximately 1h and was rapidly excreted unchanged in urine.
Under controlled dietary conditions, plasma tyrosine levels in-
creased from 0.036 mmol/L to 0.105 mmol/L, peaking at 0.3 mmol/L,
and returning to baseline within 48 h. In contrast, nitisinone in-
duced rapid HPPD inhibition with slow dissociation kinetics (half-
life: ~53 h), elevating plasma tyrosine from 0.076 mmol/L (on an ad
libitumdiet) to 1.1 mmol/L over 120 h, with normalization requiring
up to two months [133,134]. Both TAT activity and drug elimina-
tion half-life are crucial factors influencing tyrosine-associated tox-
icities in humans.

The differential toxicity profiles, dynamics of tyrosine accumu-
lation, and pharmacokinetic behaviors of triketones directly inform
their applications. Nitisinone’s prolonged HPPD inhibition and sig-
nificant tyrosine elevation support its therapeutic use in heredi-
tary tyrosinemia type I (T1T) and alkaptonuria [134,135]. In con-
trast, mesotrione’s rapid metabolism, minimal tyrosine accumula-
tion, and low mammalian toxicity make it suitable for widespread
agricultural use as a herbicide.

Triketone herbicides have been widely adopted due to their
high herbicidal activity; however, they exhibit significant differ-
ences in toxicity, metabolism, and environmental behavior. Among
them, sulcotrione, mesotrione, and tembotrione are currently the
most thoroughly studied, particularly with respect to their degra-
dation and transformation under soil conditions, aquatic environ-
ments, and photolytic processes. In neutral water, sulcotrione pri-
marily undergoes photolysis to form two main products: 2-Chloro-
4-mesylbenzoic acid (CMBA) and 1,3-cyclohexanedione (CHD).
In acidic water, it mainly degrades to 1,9-dione-3,4-dihydro-6-
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methylsulfonyl-xanthene (CP). Microbial degradation in soil pre-
dominantly yields CMBA and CHD, with the additional presence
of 5,7-diketo-7-(2-chloro-4-methylsulfonylphenyl)heptanoic acid in
acidic soils (Fig. 6) [136]. Similar degradation pathways have been
observed in Bradyrhizobium sp. SR1, which produces CMBA with-
out generating CHD [137]. Mesotrione exhibits a photolysis half-
life (DT5g) of 89-94 days in water and 23.9 days in soil, which
is significantly longer than its rapid degradation on crop sur-
faces (DTsg=2h). Photolysis primarily yields four products, indi-
cating that photolysis is a rapid dissipation process on crops. Mi-
crobial degradation is the primary pathway in soil, with strains
such as Bacillus species and Bradyrhizobium sp. SR1, E.coli, and
Pantoea species can degrade mesotrione. These bacteria convert
mesotrione through two metabolic routes: (I) Nitroreduction to
form AMBA; (II) oxidation leading to diketone cleavage, producing
4-methylsulfonyl-2-nitrobenzoic acid (MNBA) [138]. Subsequent
studies have elucidated the molecular mechanisms of mesotrione
metabolism by Bacillus sp., identifying NfrA1 and NfrA2/YcnD as
key enzymes in the degradation process [139]. Tembotrione’s hy-
drolysis and photolysis rates increase with rising pH, and its degra-
dation rate in soil positively correlates with soil organic matter
content. However, no strains capable of degrading tembotrione
have been identified. Under aerobic conditions in soil, it primarily
metabolizes to TCMBA, along with two further metabolites [140].
Most degradation products of these herbicides exhibit greater sta-
bility in soil and sediments than their parent compounds, and sun-
light can accelerate the degradation process of triketones and their
metabolites.

Regarding toxicity, the triketone herbicide family has not been
definitively linked to significant environmental or human health
risks. Most of the nine commercialized HPPD inhibitors show low
or minimal toxicity based on terrestrial ecotoxicology, aquatic eco-
toxicology, and health-related information reported during pes-
ticide registration (Table S1 in Supporting information, PPDB
database). However, certain compounds exhibit toxicity to specific
organisms [1]. Mesotrione generally displays favorable toxicological
and environmental characteristics, and under proper usage condi-
tions, poses low risk to humans and non-target organisms. Nev-
ertheless, some studies report moderate toxicity of mesotrione to
earthworms (LCsq > 437 mg/kg), and low concentrations can in-
duce DNA damage in fish [137,141]. Notably, mesotrione metabo-
lites such as MNBA and AMBA are more toxic than the parent
compound. Similarly, sulcotrione itself is generally safe, but among
its photodegradation products, CP exhibits particularly high toxi-
city, causing 7-9 times greater harm to organisms than the par-
ent compound or its major metabolites [142]. Benzobicyclon shows
high acute toxicity to aquatic organisms, with a 96h LCsq of
0.489mg/L for rainbow trout and a 48h LCsg of 0.368 mg/L for
Daphnia magna. Existing ecotoxicological evidence indicates that
the observed acute toxicity of benzobicyclon to aquatic organisms
is primarily due to the parent compound rather than its trans-
formation products. Tembotrione is moderately to highly toxic to
algae and Daphnia in aquatic ecosystems and also exhibits mod-
erate toxicity to earthworms. Due to its high solubility and per-
sistent residues, tembotrione may contribute to water contamina-
tion through runoff or leaching, posing potential food safety con-
cerns [140,143]. Fenquinotrione also shows moderate toxicity to al-
gae. Developmental toxicity studies in rabbits with bicyclopyrone
demonstrated structural abnormalities (e.g., extra ribs, craniofacial
and cardiac defects) at doses as low as 10mg kg! d!, indicating
teratogenic effects in this species. In contrast, no teratogenic ef-
fects were observed in rat developmental studies. Benquitrione ex-
hibits an excellent toxicological profile, showing very low toxicity
to non-target organisms. It causes no significant eye or skin irri-
tation, does not induce skin sensitization, and long-term studies
have provided no evidence of carcinogenicity, teratogenicity, or re-
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Fig. 6. Degradation pathways of sulcotrione, mesotrione, and tembotrione.

productive toxicity [144]. Overall, these triketone HPPD inhibitors
generally pose low acute risk to mammals and non-target aquatic
animals. However, their effects on algae and the potential toxicity
of their metabolites should be carefully considered in environmen-
tal risk assessments, as the sensitivity of algae may be related to
the inhibition of HPPD and the consequent disruption of photosyn-
thesis.

Triketone HPPD inhibitors are primarily metabolized by cy-
tochrome P450 enzymes in plants. For instance, resistant weeds
such as Amaranthus palmeri, Conyza canadensis, and Setaria
viridis accelerate the hydroxylation of mesotrione by upregulat-
ing P450 enzymes, including the CYP71A and CYP72A families,
which produce less active or inactive metabolites, such as 4-OH-
mesotrione and 5-OH-mesotrione [54-56,145]. Moreover, in Ama-
ranthus palmeri-resistant populations, the increased expression of
the HPPD gene suggests that resistance arises from a combina-
tion of metabolic detoxification and overexpression of the target
enzyme. Similarly, crops like maize rapidly hydroxylate mesotri-
one into inactive products via the cytochrome P450 enzyme
CYP71C3v2. Other metabolic enzymes, such as the glycosyltrans-
ferase MdUGT91AJ2 in apples, also participate in detoxification
by glycosylating sulcotrione [146]. Additionally, in rice, the trike-
tone dioxygenase (TDO) enzyme can metabolize sulcotrione into
less active or inactive forms such as 5-OH-mesotrione and oxy-
mesotrione [147]. Overall, weed resistance mainly results from en-
hanced metabolic processes rather than mutations in the target
gene. In contrast, the metabolic differences between crops and sus-
ceptible weeds contribute to the selective herbicidal activity.

7. Summary and outlook

This review introduces an up-and-coming class of chemical
scaffolds and triketone compounds with broad applications span-
ning agriculture, medicine, and materials science. Among these, the
study of HPPD inhibitors, particularly those derived from plants,
is the most prominent. These inhibitors are utilized as bleach-
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ing herbicides in agrochemicals, with commercial products such
as sulcotrione and mesotrione demonstrating high herbicidal effi-
cacy and strong environmental adaptability. However, the increas-
ing prevalence of herbicide resistance due to cytochrome P450-
mediated metabolic detoxification in weeds underscores the need
to develop next-generation triketone herbicides that can overcome
enzymatic degradation pathways. Additionally, the metabolism of
triketone compounds in different environments should be con-
sidered to prevent environmental pollution, including bacterial
metabolism in soil, photodegradation in aquatic environments, and
decomposition on plant surfaces.

The binding sites of HPPD from different species exhibit a high
degree of similarity in their protein sequences and binding modes
with the ligand, which allows triketone compounds to effectively
inhibit HPPD in other species. This makes them potential therapeu-
tic agents for treating conditions such as those caused by blood-
feeding insects, various bacterial infections, and human diseases
like tyrosinemia type I, alkaptonuria, and possibly hawkinsinuria.
Notably, the structural flexibility of triketones allows for chemical
modifications that enhance their potency and selectivity. However,
due to certain toxicity issues, particularly ocular toxicity caused
by tyrosine accumulation when treating human diseases, more in-
depth pharmacokinetic studies and optimized drug designs are
necessary.

Triketone compounds that do not function as HPPD inhibitors
also exhibit significant bioactivity, including antibacterial, anti-
cancer, antiviral, and anti-inflammatory properties, paving the way
for new avenues in drug discovery. However, the mechanisms of
action have only been elucidated for a subset of these compounds,
leaving many pathways yet to be explored. In materials science,
integrating triketones into polymer chemistry has led to the devel-
opment of new strategies for dynamic covalent networks and the
development of sustainable materials. These compounds enable
the formation of recyclable and processable polymers, aligning
with global trends promoting green chemistry and circular econ-
omy principles. Future research into triketone-based polymer
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systems is expected to drive advancements in high-performance
recyclable materials.

Further exploration of structure-activity relationships, mecha-
nisms of action, metabolic pathways, and biocompatibility will
be essential for maximizing the potential of triketones. Interdisci-
plinary collaborations involving computational modeling, synthetic
chemistry, and chemical biology are expected to accelerate the de-
velopment of multifunctional triketones. As research continues to
uncover the potential of these compounds, they are poised to make
sustainable contributions and enhance global capabilities in ad-
dressing agricultural and health-related challenges.
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