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ABSTRACT: Advancements in small-molecule research have

created the need for sensitive techniques to accurately study Terpene

biological processes in living systems. Fluorescent-labeled probes \\_\

have become indispensable tools, particularly those that use \ Veant

boron—dipyrromethene (BODIPY) dyes. Terpenes and terpenoids eo | .

are organic compounds found in nature that offer diverse biological O/A magmgl
activities, and BODIPY-based probes play a crucial role in studying y

these compounds. Monoterpene—BODIPY conjugates have

Fungi

Live-cell

exhibited potential for staining bacterial and fungal cells. ® A

] N . [ ‘{_g“’ Wi N \
Sesquiterpene—BODIPY derivatives have been used to study 3 L N
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), % . [
indicating their potential for drug development. Owing to their /:'B-F-N{ Parasite Tumor

unique properties, diterpenes have been investigated using

BODIPY conjugates to evaluate their mechanisms of action. Triterpene—BODIPY conjugates have been synthesized for biological
studies, with different spacers affecting their cytotoxicity. Fluorescent probes, inspired by terpenoid-containing vitamins, have also
been developed. Derivatives of tocopherol, coenzyme Q10, and vitamin K1 can provide insights into their oxidation—reduction
abilities. All these probes have diverse applications, including the study of cell membranes to investigate immune responses and
antioxidant properties. Further research in this field can help better understand and use terpenes and terpenoids in various biological
contexts.

B INTRODUCTION photosensitizer in photodynamic therapy.'’ Boron—dipyrrome-
thene (BODIPY) dyes represent ideal luminophores. Key
features of these dyes include their intense and vibrant colors,
high molar absorptivity, and fluorescence emission across a

In recent years, considerable advancements have been made in
identifying the mechanisms of action (MOA) and cellular
targets of small molecules. However, current methods often rely

on indirect assays or involve cell lysis, which may not accurately broad range of wavelengths. These properties render them ideal
reflect biological processes in living systems, such as live cells, for fluorescence-based techniques, such as fluorescence
tissues, or animals.! To effectively identify target proteins and microscopy, flow cytometry, and bioimaging. By implementing
conduct MOA studies, developing strategies that can sensitively straightforward structural modifications, the crucial character-
detect biological processes in living systems are necessary, such istics of BODIPY derivatives can be regulated with less effort
as live-cell microscopy.” Fluorescent-labeled probes of bioactive compared to other dyes.'' The developed BODIPY bioconju-
small molecules have been used for a long time”* and have gates exhibit distinct properties, particularly in the context of
emerged as powerful tools for exploring biological phenomena medical and biochemical research. The specific characteristics of
and the MOA of these molecules.”™" This approach allows for each conjugate are determined by the nature of its components
drug uptake and subcellular distribution imaging.” In addition to and the conjugation method used.' Additionally, owing to their

the direct tracking of distribution, another method involves
using probes for membrane trafﬁcklng Moreover, in-gel
fluorescent band visualization following sodium dodecyl—
sulfate polyacrylamide gel electrophoresis separation can be
used to visualize the drug—protein target complex, even under
denaturing conditions.”

In general, a bioconjugate comprises a luminophore
conjugated with a drug or another biological compound via a
linker. The luminophore can serve as a drug by actively
participating in cancer cell destruction and acting as a

lipophilic nature, BODIPYs are suitable for labeling lipophilic
substances. This is particularly relevant because the lipophilic
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Figure 1. (A) Molecular structures of monoterpene—BODIPY conjugates 1—S. (B) Fluorescence microscopy images of myrtenol-BODIPY ester 1 in
Candida albicans (B-i) and Escherichia coli (B-ii).>> Copyright 2021, American Chemical Society. Visualization of myrtenol-BODIPY ester 1 (B-iii)
and the cationic myrtenol—BODIPY 2 in filamentous fungi (F. solani) (B-iv).”* Copyright 2023, Guseva et al,, Licensee MDPI, Basel, Switzerland.
BODIPY—monoterpene conjugate (Bi-q, ii-a, iii-a, and iv-a); calcofluor-white (Bi-b, ii-b, iii-b, and iv-b); and overlay (Bi-c, ii-c, iii-c, and iv-c).

Figure 2. (A) Molecular structure of BODIPY—thapsigargin derivative 6 with a fluorophore attached at the C-8 (red dot) position. Fluorescent images
of T. evansi parasite stained with H-300 anti-SERCA antibody (B-i), BODIPY-FL thapsigargin 6 (B-ii), and merged (B-iii).** Copyright 2015, Elsevier

Ltd.

character of biologically active compounds, such as terpenes, is
often essential for their original action in living systems.

Terpenes and terpenoids are a broad and diverse group of
organic compounds found in plants and other organisms. The
repeating isoprene units comprise several structures and
functional groups that contribute to their wide range of
biological activities.'” For example, some of these natural
compounds have anti-inflammatory properties,'”'* whereas
others have antifungal,ls’16 antibacterial,'’ antiviral,'®'? and
antitumor”” activities.

Several applications of BODIPY-based probes have been
widely discussed in detail.*" In 2022, Antina et al."” provided an
overview of the BODIPY conjugates used in medical diagnostics
and treatment. Herein, a unique examination of BODIPY
conjugates in terpene and terpenoid research is provided,
highlighting their significant impact on the elucidation of the
biological activities of these compounds. We investigate the role
of BODIPY-labeled terpene conjugates, emphasizing their
contribution to advancing research across a spectrum of
biological applications in contemporary research.

B MONOTERPENES AND MONOTERPENOIDS

Monoterpenes comprise two isoprene units and are known for
their strong and characteristic aroma. They are commonly found
in various plants, including fruits, herbs, and essential oils, where
they play important roles in defense mechanisms against
herbivores and pathogens and aid in attracting pollinators.
Several applications of monoterpenes conjugated with meso-

modified BODIPYs were reported by Guseva et al. (Figure
1A).227%¢ Changes in the BODIPY structure have been
suggested to improve the properties of the dye, such as
photostability and affinity of the molecule to targets. The meso-
substituted BODIPY stains Gram-positive bacteria and can thus
be used for the differential staining of Gram-positive and
-negative bacteria in mixed cultures.”” To increase the efficiency
of penetration into bacterial and fungal cells, the meso-
substituted BODIPY was combined with myrtenol—bicyclic
alcohol monoterpenes that possessed anti-inflammatory, anti-
nociceptive, and antifungal activities.””*® Myrtenol-BODIPY
conjugate 1 is an uncharged, lipophilic aromatic compound that
tends to penetrate bacterial, mammalian, and fungal cells rapidly
and binds to membranes (Figure 1B).”” Furthermore, Guseva et
al”* introduced a quaternary ammonium fragment into the
structure and synthesized myrtenol-BODIPY conjugates 2 and
3 with spacers containing three or four CH, groups, respectively.
The tested myrtenol-BODIPY 2 was localized in fungal cells
(Figure 1B) and was also able to stain bacteria. A thioterpene
moiety was introduced at the meso-position of BODIPY in
subsequent studies.”*”° The thioterpene—BODIPY conjugate 4
actively penetrates erythrocytes and is poorly removed, even
after washing with phosphate-buffered saline. This property
ensures nontoxic staining of ery‘throcytes.25 Furthermore,
thioterpene—BODIPY $§ exhibits considerable antiplatelet and
anticoagulant activities. Molecular docking revealed that
conjugating BODIPY with thiotegpenoids enhanced dye affinity
for the platelet receptor P2Y12.*° The combination of tailored
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Figure 3. (A) Molecular structures of trilobolide—BODIPY 7—11 conjugated via an ester moiety at C-8 (red dot). (B) Live-cell images of 8 and 9 in
U20S cells. ER stained with 8 (B-i), ER-tracker blue-white DPX (B-ii), and overlay (B-iii). Live-cell images of 9 (B-iv), mitochondria stained with
MitoTracker Red FM (B-v), and overlay (B-vi). (C) Visualization of in situ production of NO in MCF-7 cells via the DAR-2 probe: localization of 8 (C-
i), activated DAR-2 probe (C-ii), and merged ( C-iii).”’ Copyright 2014, American Chemical Society. (D) Molecular structure of trilobolide—BODIPY
12 conjugated via the ester moiety with a PEG linker and cholesterol residue. (E) Formulation of construct 12 into 12@liposomes. (F) Imaging of
intracellular localization of 12@liposomes in U20S cells: bright-field images (F-i and F-iv), localization of 12@liposomes images (F-ii and F-v), and
merged images (F-iii and F-vi).*® Copyright 2017, Skorpilova et al, Licensee Beilstein-Institut.

BODIPY properties and natural properties of monoterpene/
monoterpenoid exhibited promising results in the field of
fluorescent probe development.

B SESQUITERPENES

Sesquiterpenes are composed of three isoprene units and often
contribute to the distinct aromas of plants and fungi. Several
sesquiterpenes have been studied for their potential medicinal
properties. For example, artemisinin, a sesquiterpene lactone
derived from sweet wormwood plants, is a critical element in the

treatment of malaria.”” Other sesquiterpenes have been
investigated for their potential anticancer, anti-inflammatory,
and immunomodulatory properties.’® Thapsigargin is a
sesquiterpene that specifically inhibits sarcoplasmic/endoplas-
mic reticulum (ER) calcium ATPase (SERCA). The binding site
of thapsigargin at SERCA was described by Skytte et al,,” and
the mechanism of inhibition in eukaryotic organisms was
studied previously.”> The fluorescent commercial probe
thapsigargin—BODIPY derivative 6 (Figure 2A) has widely
contributed to SERCA research.’~*° Recently, Pérez-Gordones
et al.*° used conjugate 6 to localize a SERCA-like calcium pump
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Figure 4. (A) Molecular structure of forskolin—BODIPY 13 with a fluorophore attached at the C-7 (red dot) position via an ester bond. (B)
Fluorescence colabeling microscopy images of myenteric ganglia with 13 and calbindin-D28. Forskolin—BODIPY 13-labeled neurons in the myenteric
ganglion (B-i). The same ganglion was subjected to immunofluorescence labeling with primary antiserum to calbindin-D28, where the secondary
antibody was labeled with Texas Red (B-ii). Another ganglion in a different tissue was labeled with 13 (B-iii). The same ganglion in (B-iii) showed
colabeling with calbindin-D28 (B-iv).”” Copyright 1998, Springer-Verlag, Berlin, Heidelberg.

Figure S. (A) Ryanodine-based BODIPY probes 14 and 15, the mixtures of ryanodine and 9,21-dehydroryanodine, are conjugated with BODIPY-FL
or BODIPY-TR-X via an ester bond, “probably” at the C-10 (red dot) position. MCF-7 cells were stained with BODIPY-FL-X thapsigargin (B-i),
BODIPY-TR-X ryanodine 15 (B-ii), and merged (B-iii).*' Copyright 2008, Springer Science Business Media, LLC.

in Trypanosoma evansi (Figure 2B). These results showed that
thapsigargin or thapsigargin derivatives could be used as anti-T.
evansi drugs.

Trilobolide, with a sesquiterpene lactone structure, is similar
to thapsigargin and is assumed to interact with SERCA protein.
Jurasek et al.” synthesized and evaluated the biological activities
of five fluorescent trilobolide—BODIPY conjugates, 7—11
(Figure 3A). The designed conjugates differed according to
the nature of linkers and were labeled with green-emitting
BODIPY. Only trilobolide—BODIPY 8 and 9 preserved the
biological effect and were localized in the ER of several cell lines;
see colocalization observed in the U20S cell line in Figure 3B.
Fragmentation of the mitochondrial network has also been
reported, corresponding to the effects of trilobolide. Both
trilobolide—BODIPY 8 and 9 induced nitric oxide release in
cancer cell lines and primary immune cells and induced cytokine
secretion in primary immune cells. Thus, both these probes can
be used to further explore the molecular mechanism of
trilobolide. gkorpilové et al.>® showed the synthesis of liposomes
from trilobolide—BODIPY 12. Figure 3D—F show the structure
and localization of trilobolide—BODIPY 12 in U20S cells. The
liposomal construct was designed to increase the aqueous
solubility of trilobolide. The fluorescent liposomes mainly
stained lipid compartments in living cells and, therefore, do not
seem to be promising for the delivery of SERCA inhibitors into
cancer cells.

B DITERPENES AND DITERPENOIDS

Diterpenes consist of four isoprene units and have diverse roles
in nature, including serving as defense compounds against

predators, contributing to the aroma of certain plants, and
playing substantial roles in ecological interactions. Some
diterpenes also have medicinal properties and are used in
traditional medicine and modern pharmaceuticals. Diterpenes
conjugated with BODIPY present a broad spectrum of
compounds and applications. Many of these conjugates are
commercially available and have been very popular, and some
can be purchased for experiments. One of the labeled diterpenes
is forskolin, conjugate 13 (Figure 4A), which has been used in
several studies. For example, Liu et al.”’ showed forskolin-
BODIPY 13’s usage as a fluorescent marker for membrane
adenylyl cyclase in living enteric neurons in the guinea pig ileum.
Forskolin—BODIPY 13 uses the activity of forskolin in adenylyl
cyclase types I-VIII and is a suitable neural marker for
identifying various classes of neurons. This was proved by
colocalization experiments with specific calcium-binding
proteins, such as calbindin-D28, as shown in Figure 4B.
Fluorescent probes for the diterpene ryanodine have been
reported previously. This alkaloid, originally used as an
insecticide, has a high affinity for the ryanodine receptor
(deriving its name) and can lock it in a half-open or closed state.
In mammalian cells, this receptor is related to Ca** release from
the sarcoplasmic reticulum and drives muscle contraction.”
Ryanodine—BODIPY 14 and 15 (Figure SA) are commercially
available, and conjugate 15 was used by Saldana et al,*" who
characterized the ryanodine receptor in MCF-7 cells. They
applied two different fluorescent probes, BODIPY-TR-X
ryanodine and BODIPY-FL-X thapsigargin, for the subcellular
localization of the ryanodine receptor and evaluation of its
colocalization with SERCA (Figure SB) for staining MCF-7
cells. The ryanodine receptor was found in the perinuclear zone
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Figure 6. (A) Molecular structures of ester-based phorbol-BODIPY conjugates 16—19 attached at the C-10 (red dot) position. (B) Representative
images of real-time visualization of red-emitting probe 18 with green fluorescent protein (GFP)-labeled RasGRP3 or PKC§ (green) in Chinese
hamster ovary cells. Adapted from Braun, D. C,, et al,, 2005, with permission from AACR*

Figure 7. (A) Molecular structure of C-1-linked (red dot) carbamate-based oridonin—BODIPY conjugate 20. (B) Representative fluorescent images
in the Jurkat cells labeled with 20 (B-i), nucleolin (B-ii), and merged (B-iii).*” Copyright 2018, Vasaturo et al.

Figure 8. (A) Molecular structure of the C-20 (red dot) ester-linked daphnane—BODIPY conjugate 21. (B) Representative fluorescent images in the
C4—2B cells labeled with 4',6-diamidino-2-phenylindole (DAPI) (B-i), anti-importin-f31 antibody (B-ii), 21 (B-iii), and merged (B-iv).** Copyright

2022, American Chemical Society.

and adjacent to the endomembrane of cells and did not
colocalize with thapsigargin-sensitive Ca**-ATPase. Saldana et
al. demonstrated that MCF-7 cells express ryanodine receptor
type 1 by molecular cloning techniques.

Labeled diterpenes have been used to investigate the MOA of
phorbol esters. Braun et al.** reported various conjugates of
phorbol esters linked to BODIPY-FL (green) and BODIPY
581/591 (red) (Figure 6A). These conjugates were intentionally
designed with varying lipophilicities, resulting in different
cellular uptake properties and affinity levels toward their natural
targets, protein kinase C (PKC) and RasGRP. They act as tumor
promoters via their interaction with PKC and RasGRP, and
Braun et al. showed the colocalization and co-migration of
receptors and ligands in real-time analysis;*’ the images of
phorbol-BODIPY 18 are shown in Figure 6B. A similar
behavior of RasGRP was reported later.

The cytotoxic activity of the diterpene oridonin has been
studied in various human cells, and its molecular target was
identified as protein kinase B.**** In addition, the inhibition of
NLRP3 by oridonin and its anti-inflammasome activity have
been reported.* Vasaturo et al.*’ prepared a fluorescent
derivative of oridonin, using BODIPY-FL as a fluorescent
label, to study the mechanism of action, efficiency, and kinetics
of oridonin uptake in leukemia-derived Jurkat cells. The
oridonin—BODIPY conjugate 20 (Figure 7A) exhibited
maximum fluorescence in cells after 2 h of exposure and
possibly colocalized with nucleolin (images in Figure 7B),
suggesting a direct interaction, which was confirmed in the
following experiments.

Another example of a diterpene with cytotoxic activity is a
daphnane diterpene. A comprehensive study of its effects on
castration-resistant prostate cancer (CRPC), including the use
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Figure 9. (A) Molecular structure of C-2 (red dot)-linked ester-based paclitaxel-Pt—BODIPY conjugate 22. (B) Self-assembly of 22 into NPs. (C)
Representative fluorescent images in AS549 cells labeled with DAPI (C-i), 22@NPs (C-ii), Lyso-Tracker Red (C-iii), and merged (C-iv).>? Copyright

2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10. (A) Molecular structure of C-7 (red dot)-conjugated ester-based dimeric paclitaxel-NIR-BODIPY conjugate 23. (B) Self-assembly of 23
into 23@NPs and the proposed mechanism of action. (C) In vivo NIRF imaging of Kunming mice bearing U14 tumors after intratumorally injecting
with 23@NPs.>* Copyright 2018, Elsevier Ltd.

of daphnane—BODIPY conjugate 21, was reported by Huang et
al.** in 2022. They showed selective growth inhibition of CRPC
cells and complete blockage of tumor growth in preclinical
models after treatment with a daphnane derivative containing
benzoyl and phenyl groups and identified importin-31 as its
direct target. The colocalization of daphnane—BODIPY 21 and
its structure are shown in Figure 8. Both these diterpenes,
oridonin and the daphnane derivatives, are promising new
molecules in the field of cancer treatment with new druggable
targets, whereas paclitaxel represents a well-established drug in
the treatment of breast and non-small-cell lung malignancies.*’

Paclitaxel causes mitotic arrest in tumor cells with micro-
tubule stabilization by creating multiple hydrogen bonds within
the p-tubulin-binding site.’” Its clinical limitations, such as
solubility and toxicity, have promoted the development of taxoid

analogs, including paclitaxel nanoparticles and BODIPY
conjugates.*’ Compared with free drugs, nanoparticles increase
water solubility and accumulate preferentially in the tumor
tissue. Additionally, fluorescent nanoparticles exhibit higher
photostability and better biocompatibility than traditional
fluorescent dyes. Similar to the use of drug carriers in the past,
current approaches rely on supramolecular self-assembly in
aqueous solutions.”’ Sun et al.’> prepared amphiphilic
paclitaxel—-Pt—BODIPY conjugate 22 (Figure 9), in which a
platinum moiety (Pt) was used as the hydrophilic head.
Paclitaxel —-Pt—BODIPY 22 can self-assemble into nanoparticles
(22@NPs) in water. 22@NPs penetrated human lung
carcinoma (AS49) cells via endocytosis, as shown in Figure
9C, and demonstrated high cytotoxicity against these cells and
human breast cancer (MCFE-7) cells.
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Furthermore, Zhang et al.>’ reported the synthesis of
paclitaxel—near-infrared (NIR)-BODIPY conjugate 23 (Figure
10A), which could self-assemble into spherical nanoparticles
suitable for chemotherapy and bioimaging. 23@NPs rapidly
disassembled in the presence of proteinase K and accumulated
in HeLa cell lysosomes, where various proteinases are naturally
present. They exhibited potent cytotoxicity toward HeLa and
HepG2 cells. In vivo experiments showed that 23@NPs could be
used for bioimaging without harming normal tissues (as seen in
Figure IOC).53

Another activatable fluorescent prodrug of paclitaxel and
BODIPY was prepared and characterized by Xia et al.>*
Paclitaxel-BODIPY conjugate 24 (Figure 11A) contains a

24
g%’ Cell environment cleavage
@@ oassembly J”’“ﬁ‘(‘% ROS/GSH ® .‘(
+ > '
2’:{@& g%?#p f
F127 e S92 NPs disassembly |
) iy
) ﬂTax release
24@NPs
@® =Tax _ . o
= Slinker @ “oH = BODIPY visualization
@ - BODIPY @ = Tax binds microtubules

Figure 11. (A) Molecular structure of the C-2’ (red dot)-linked
cleavable thioether moiety containing paclitaxel-BODIPY conjugate
24. (B) Co-assembly of 24 into NPs and its proposed mechanism of
action. (C) Representative fluorescent images in HeLa cells labeled
with Hoechst (C-i), 24@NPs (C-ii), Lyso-Tracker Red (C-iii), and
merged (C-iv).>* Copyright 2021, Royal Chemical Society.

monosulfide linker that can be cleaved at high levels of
glutathione or H,O, in cancer cells. Controllable drug release
and redox activation led to higher selectivity of prodrugs to
cancer cells and reduced damage to normal cells.”* Various
applications of paclitaxel-conjugated BODIPY have been
reported by Wijesooriya et al.”> They synthesized a photo-
activatable probe, paclitaxel-BODIPY conjugate 25 (Figure
12A), for localization-based super-resolution microscopy, where
paclitaxel is responsible for targeting of microtubules.
Paclitaxel-BODIPY conjugate 25 can be used to image live
cells in various imaging buffers, even without the addition of
reducing agents or oxygen scavengers. Photoactivation is
accomplished using lower irradiation than alternative probes;
thus, it is gentler for various biological samples that might
otherwise be damaged by the high power or UV lasers.

B TRITERPENES AND TRITERPENOIDS

Triterpenes comprise six isoprene units, making them larger
than most other terpenes. Most have a characteristic structure
consistir_lg of several fused rings, which give them structural
rigidity.”® One of the primary MOA of terpenes is their ability to
modulate various cell signaling pathways. For example,
triterpenes can inhibit the activity of certain enzymes involved
in inflammation such as cyclooxygenase and lipoxygenase.”’
They can also activate nuclear receptors such as peroxisome
proliferator-activated receptor gamma,”® which are involved in
regulating glucose and lipid metabolism. Another common
mechanism is the downregulation of the NF-xB pathway and
prevention of increased cytokine levels.”” Triterpenes can
inhibit the multidrug resistance protein 1 (MDRI) efflux
pump, which can be potentially used to improve the
effectiveness of drugs.”” Compared with current anticancer
drugs, the main advantage of triterpenes is that they can trigger
apoptosis by an intrinsic pathway independent of DNA damage
signaling,m’62 permeabilize the mitochondrial membrane, and
release cytochrome ¢ into the cytoplasm.”’ Given their
promising results in anticancer research, their MOA need to
be clarified. The conjugation results of triterpene carboxylic
acids, the triterpene betulin, and bevirimat derivatives with
BODIPY dyes are described later. All these cases focus on the
synthesis, supplemented by the basic biological characterization
of the conjugates.

Weakly fluorescent

Highly fluorescent

Figure 12. (A) Molecular structure of C-7 (red dot) ester-conjugated photoswitchable paclitaxel-BODIPY conjugate 25. (B) Proposed mechanism of
action; super-resolution image of an activated probe (C-i) and its diffraction-limited image (C-i).>* Copyright 2018, Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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Figure 13. (A) Molecular structures of different triterpene—BODIPY 26—34 conjugated via an ester moiety at C-3 (red dot) (A-i) or C-28 (blue dot)/
C-30 (green dot) (A-ii). (B) Live-cell localization of the cytotoxic probes in U20S cells, namely, 26 (B-i), 27 (B-ii), 32 (B-iii), and 34 (B-iv). Staining
with Hoechst (nuclei) (i—iv-a), localization of the triterpene-based BODIPY probes (i—iv-b), and merged (i—iv-c).** Copyright 2018, Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim.

The first study describing betulinic acid (BA) conjugation
with BODIPY was performed by Krajcovicova et al. in 2018.
They synthesized triterpene—BODIPY 26—34 and showed the
results of linking the fluorescent BODIPY-FL tag at three
different positions on the triterpene core: C-3 triterpene—
BODIPY 26, C-28 triterpene—BODIPY 31, and C-30
triterpene—BODIPY 32 (Figure 13A). The conjugates of BA
at positions C-28 and C-30 were almost inactive, suggesting that
the pharmacophore is present in this part of the compound. In
addition to the highly active derivative of BA with an aldehyde
group at the C-30 position of triterpene—BODIPY 27, only the
conjugate of the triterpene with a fused pyrazine labeled at the
C-28 position, triterpene—BODIPY 34, was cytotoxic to various
cell lines. Unlike triterpene—BODIPY 31, the same triterpene
structure (34, differing with a shorter linker to BODIPY-FL) was

active only in the CCRF-CEM cell line. After short incubation
periods, all conjugates were detected in living cells (Figure 13B),
with possible colocalization in ER and mitochondria,”* which
are known targets of BA.5%%°

Brandes et al.”’ reported results of BA, oleanolic (OA), ursolic
(UA), and glycyrrhetinic (GA) acids and betulin (BN)
conjugated with BODIPY-FL; the structures of triterpene—
BODIPY 35—37 are shown in Figure 14. They demonstrated
the influence of different spacers between the terpenes and the
BODIPY dyes. The best option was an ethylenediamine spacer
in a conjugate of 3-O-acetylbetulinic acid with BODIPY-FL; the
conjugate triterpene—BODIPY 42 was cytotoxic to MCF-7 cells
but not to other cell lines. All ethylenediamine-derived amides
were more cytotoxic than their piperazinyl-derived analogs.
Only the 3-O-acetylated piperazinyl-derived amide of GA
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Figure 14. Molecular structures of different triterpene—BODIPY probes 35—47 (the acyl residues of OA, UA, BA, GA, and BA) conjugated via an
amide or ester moiety at the C-3 (red dot), C-28 (blue dot), or C-30 (green dot) positions of the triterpene molecule.
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Figure 15. Molecular structures of BA and BA—BODIPY 48—55. The probes were prepared from the C-2 (orange dots)-extended motif of the BA
ester. The C-2 BODIPY probes were prepared from the alkynylated triterpene by the Sonogashira cross-coupling reaction with differently halogenated
BODIPY dyes. Red dots: C-3 position and blue dots: C-28.

(triterpene—BODIPY 44) was active in various cells, except HT- result was described by Krajcovicova et al.”* by considering
29. The difference in cytotoxicity depends on the chosen spacer different spacer lengths. Later, they reported the synthesis and
and further proves the importance of a suitable spacer between characterization of triterpenoids labeled with aza-BODIPY. The
the triterpene and the additionally introduced group.®” A similar triterpenoid—aza-BODIPY conjugates 37, 40, and 43 did not
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Figure 16. (A) Molecular structures of different blue-emitting triterpene—BODIPY 56—61 (BA, betulinic acid; Bev, bevirimat) conjugated via an
amide or ester bond with BODIPY (red dots: C-3 position; blue dots: C-28)). (B) Live-cell localization of the cytotoxic probes in U20S cells. U20S
ER cell lines (i-a), U20S GA cell line (i-b), and U20S mitochondria cell lines (i-c) transduced with lentiviral particles expressing tag mCherry targeted
to specific subcellular locations. (ii-a—c) Covisualization of probe 56 (blue) with the dye-transfected organelles (red) and (iii-a—c) colabeling of probe
61 (blue).” Copyright 2021, Kodr et al., Licensee MDPI, Basel, Switzerland.
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Figure 17. (A) Molecular structures of QS-21 saponin (mixture of QS-21-apiose and QS-21-xylose) and red-emitting saponin—BODIPY conjugate 62
conjugated via an amide bond. (B-i) Subcellular localization of fluorescent 62 in immature dendritic cells. (B-if) BODIPY—glycine methyl ester was
used as a control.”” Copyright 2012, American Chemical Society.

exhibit cytotoxicity in various cell lines. Unfortunately, the Spivak et al.”” developed a new approach for the synthesis of
localization of conjugates cannot be evaluated because micro- triterpenoid acids conjugated with BODIPY. First, they applied

N . . . 68 . . o sgs
scopic images were poor in quality and resolution. C-2 propynyl derivatives of BA as initial substances for
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Figure 18. Molecular structures of BODIPY-based probes inspired by (A) tocopherol 63—69 (vitamin E), (B) ubiquinone 70 (coenzyme Q; vitamin

Q), and (C) phylloquinone 71 (vitamin K1).

conjugation with the BODIPY dye and synthesized BA—
BODIPY conjugates 48—53. Later, they reported a method for
synthesizing BA—BODIPY derivatives with a terminal mito-
chondrial-targeting triphenylphosphonium group on the side
chain C-28; see the structure of BA—BODIPY 54 and 5§ in
Figure 15. The developed protocol enabled the preservation of
native 3-OH and 28-COOH groups in the triterpene core.”’
Unfortunately, these compounds were not further biologically
evaluated.

The most extensive results were obtained in a study on BA
decorated with polar groups and BODIPY with blue
fluorescence. This dye is a unique example in the literature
and is suitable for fluorescence applications. Compared with the
commonly used coumarins, it exhibits superior photochemical

properties, and with the classic BODIPY-FL, it can preserve the
natural properties of the conjugates. The BODIPY-labeled
analogs derived from BA (56—61) were prepared by Kodr et
al,”' and the structures are shown in Figure 16A. The
introduction of an amino moiety into a BA molecule was
supposed to enhance its antitumor activity.”” The conjugates
were tested for cytotoxicity and their influence on the cell cycle,
anti-HIV-1 activity, and cellular uptake. Conjugates 56 and 61
were detected in living cells and colocalized with the ER and
mitochondria (Figure 16B). Triterpene—BODIPY 56 has a
fluorophore attached to the carboxyl group at the C-28 position.
Triterpene—BODIPY 58 contains a conjugated amine at the C-
28 position. The fluorophore is attached to the hydroxy group at
the C-3 position of BA. Because the localization of both
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compounds was similar, the target may have remained
unchanged. However, the free amine groups in the molecule
enhance the effect of conjugate 61.”'

Derived from Quillaja saponaria, QS-21 is a natural product
extract exhibiting robust immune-stimulating properties’> that
were closely explored and led to the approval of two vaccines.”*
This semipurified extract comprises a blend of triterpene
saponins consisting of two principal constituents, QS-21-apiose
and QS-21-xylose.”>’® These constituents of QS-21 play a
critical role in immunostimulation, each characterized by four
distinct structural domains: the central triterpene (quillaic acid),
a branched trisaccharide located at the C-3 position of the
triterpene, a linear tetrasaccharide linked to the C-28 position of
the triterpene, and a branched acyl chain tethered to the central
fucose moiety of the linear tetrasaccharide.

Despite its potential, QS-21 has certain limitations, including
low isolation yield, inconsistent composition, lack of purity, and
spontaneous hydrolysis of the acyl domain. Therefore, Chea et
al.”” conducted a study to identify specific substructures within
the saponin adjuvant, which is crucial for its adjuvant activity to
enable a rational approach for the synthesis of derivatives. They
successfully developed a synthetic Quillaja scaffold that
accommodated the attachment of fluorescent reporter groups
while retaining adjuvant activity. This opens the possibility of
studying the mechanism of action of QS-21 and other saponin
adjuvants. Although saponin—BODIPY 62 exhibited limited
immune-potentiating effects and was localized exclusively to the
plasma membrane of the examined immature dendritic cells (see
Figure 17 for structural and fluorescent images), this synthesis
strategy can be used to attach other tags, facilitating inquiries
into biodistribution and molecular targets in the future.

B BODIPY-TAGGED PROBES INSPIRED BY
NATURALLY ACTIVE TERPENE-CONTAINING
COMPOUNDS

The chemical structures of vital vitamins with a terpenoid side
chain, exhibiting an oxidation—reduction function in living
tissues, have inspired chemists recently to design and synthesize
new fluorescent sensors based on their structures (Figure 18).
Because BODIPYs are suitable fluorophores owing to their
lipophilicity, several studies have focused on this type of
compound. Derivatives of vitamin E (tocopherol; Figure 18A),
coenzyme Q10 (ubiquinone; Figure 18B), which is now
commonly referred to as vitamin Q, and vitamin KI
(phylloquinone; Figure 18C) have been described previously.
Tocopherol derivatives 63—65 (Figure 18A) were prepared
by Grubbs metathesis of the respective terminal alkenes and
subsequent double-bond reduction.”® Analog 65, which
contains an eight-carbon chain between the aromatic chromanol
and BODIPY, had the highest affinity for a-tocopherol transfer
protein (K = 94 + 3 nM). Because it could not be displaced by
cholesterol, the binding was specific, and this derivative
exhibited the highest similarity to natural tocopherol.
BODIPY-based probes 66—68 were prepared from Tro-
lox.””* Sensors 66 and 67 contain an ester linkage between the
fluorophore and the redox moiety. Derivative 66 exhibited
antioxidant properties and exhibited a considerable decrease in
the emission quantum yield, which increased considerably upon
exposure to peroxyl or alkyl radicals. This result indicates the
exhaustion of antioxidants and the onset of radical-controlled
oxidation via increased emissions. Derivative 68 was prepared
from Trolox by chain extension with one carbon atom via a
nitrile intermediate and its subsequent hydrolysis to a carboxylic

acid. BODIPY was incorporated into this functional group. The
sensor contains a nonhydrolyzable methylene linker between
the redox moiety and fluorescent reporter. Lipophilic peroxyl
radicals were scavenged with compound 68 with the same
efficiency as compound 67. In general, the substitution of a long
terpenoid chain for a short connecting bridge with the BODIPY
reporter did not affect the oxidation—reduction ability of the
vitamin in the tested models.

The ester conjugate tocopherol-BODIPY 69 was used to
form a nanoemulsion, functioning as a lipid anchor.®" The
derivative exhibited a high molar extinction coeflicient, quantum
yield, and solubility in oils. Brightly fluorescent nanoemulsions
were obtained by spontaneous emulsification, with sizes ranging
from 40 to 75 nm and a good polydispersity index. Tocopherol
can be generalized as an effective natural lipid anchor for
efficiently Ioadin§ nanoemulsions with fluorophores.

Derivatives 70> and 71° represent other examples of the use
of the redox part of vitamins that originally contained terpenoid
side chains (Figure 18B and C). The principle of photoinduced
electron transfer (PeT), PeT-quenched vs PeT-out state,
considerably affects the response of the sensor in terms of
emitted radiation. As both sensors exhibited conserved redox
properties, they can be used to study and better understand the
functions of these vitamins in living systems.

Bl CONCLUSIONS

Herein, BODIPY conjugates developed using various terpenes
and terpenoids have been thoroughly discussed. All studies
included both chemical and biological evaluations of exper-
imental compounds, each presenting varying levels of detail,
such as the use of different microscopic techniques. In summary,
fluorescent probes, particularly those based on BODIPY, have
not only facilitated terpene-based research but also indicated
potential broader applications in natural product research,
enabling a deeper understanding of the mechanisms of these
compounds. The biological properties, which are highly
dependent on the linker used in the conjugate structure and
on the properties of the parent-targeting structure, offer insights
that can be extrapolated to other classes of natural products.
Therefore, future studies should consider the previously
reported outcomes. Studies on monoterpenoid-conjugated
BODIPY showed their potential for diagnostic applications;
these conjugates could label distinct cells without cytotoxic
effects. Moreover, sesquiterpenes have shown promising results
for future therapeutic applications, particularly in the field of
oncology. The Diterpenes and Diterpenoids section highlights
the diverse applications of BODIPY-labeled terpenes, taking
advantage of their natural binding partners in receptor
localization to direct anticancer effects when used as
paclitaxel-derived theranostic conjugates. Studies on triterpene
carboxylic acids have revealed that the most promising
fluorescent probes are derivatives of BA. Other triterpene
carboxylic acids also can be conjugated with BODIPY dyes, with
some showing potent cytotoxicity in tumor and nontumor cell
lines. The best results were obtained by labeling the triterpene
molecule at C-3 or C-28, thus keeping the allyl functional group
of BA free for binding. Introducing an amino group into the
parent structure or linker part was very efficient in terms of
promoting biological activity. BODIPY conjugates with vitamin-
based terpene structures have proven to be valuable tools for
studying the oxidation—reduction function of vitamins,
enhancing our understanding of their roles in living systems.
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In conclusion, BODIPY terpenes and terpenoid conjugates
provide evidence of the synergistic potential of organic
chemistry and molecular biology. As we continue to explore
their possibilities and limitations, these molecular tools are
poised to contribute considerably to our understanding of
cellular processes and the development of novel therapeutic
agents. The implications of this research extend beyond the
current scope of terpenoid-focused research and promise
exciting developments in the broader field of natural product
studies.
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