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Abstract:  Pentacyclic triterpenes represent an important class of intensively studied substances in the
past two decades due to their wide spectrum of pharmacological effects. Even though this class is being
thoroughly researched for the development of new drugs, to date, no representative has qualified to become
a suitable candidate for various therapies. Although a large part of past and ongoing studies focuses on
triterpene chemical derivatization or formulation to increase its bioavailability, other researchers are focused
on obtaining semisynthetic derivatives not necessarily with increased hydrophilicity but with a superior
biological effect compared to their parent compound. The current review aims to report the biological
assessment of several ring-modified pentacyclic triterpene derivative series.
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Introduction

In developing countries, traditional medicine based on natural remedies remains the principal treatment
for more than 70% of the population, the main reason being the impossibility to access modern drugs [1].
Currently, natural remedies are becoming increasingly used in developed countries as well, due to the
increased pollution and rising incidence of chronic stress, which have induced an increased interest in the

general health of the population [2].

Nowadays, natural compounds play an important role in the discovery and development of new therapeutic
agents, acting as starting points for the synthesis of various new derivatives through different chemical
reactions. Frequently, the newly obtained semisynthetic derivatives show improved pharmacological

proprieties [3].
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Pentacyclic triterpenes are widely distributed in nature and can be found in numerous medicinal plants,
fruits, cereals and vegetable oils. The healthful effects of the Mediterranean diet are also associated with the
triterpene content of the fruits and vegetables consumed [4].

Pentacyclic triterpenes are secondary metabolites composed of isoprene units synthesized through the
cyclization of epoxidized squalene in the cytosol [5]. From a chemical perspective, the group of pentacyclic
triterpenes is composed of three main subclasses, based on the main scaffold: lupane, oleanane and ursane
derivatives [4].

Pentacyclic triterpenes are a class of natural compounds that have received considerable attention as a result
of their broad spectrum of biological effects, including antitumor, anti-inflammatory, cardio-protective,
vasodilatory and antioxidant activities [4,6].

A well-known problem of pentacyclic triterpenes is their low bioavailability caused mainly by their high
lipophilicity and water insolubility, which reduce gastrointestinal absorption. Various strategies have been
developed in order to overcome this obstacle, including the chemical derivatization of the compounds as well
as liposomes and nanoparticles formulation [4].

The present review aims to present a short overview of recent studies that have been conducted to determine
the therapeutic potential of newly obtained ring-modified triterpene derivatives.

Lupane Ring-Modified Compounds

The lupane group is a subdivision of the pentacyclic triterpenes main group, which includes lupeol, betulin
and betulinic acid [4]. Lupane-type triterpenoids are widely spread throughout the plant kingdom and
possess a wide panel of biological activities, including antibacterial, antiviral and anticancer properties.
In recent years, lupane-type triterpenoids have been subjected to numerous derivatizations aimed to improve
their bioavailability and enhance their therapeutic effects [7]. For example, to increase the cytotoxicity of
betulinic acid, the majority of studies focused on the derivatization of the A-ring, C-3 hydroxyl, C-20 alkene
and C-28 carboxylic acid moieties [8].

The in vitro activity against Mycobacterium tuberculosis was evaluated for a series of A-ring azepane and
azepinone derivatives of pentacyclic triterpenes. The newly synthesized A-azepano-28-hydroxy derivatives did
not induce an increase in the antimycobacterial activity (Figure 1A). The A-azepano-28-cinnamoyloxybetulin
proved to be a lead compound with strong activity against the well-known H,,Rv strain, with a minimum
bactericidal concentration value of 4 UM as well as a series of resistant strains, including isoniazid-resistant
strain (INH-R), ofloxacin-resistant strain (OFX-R) and rifampicin-resistant strain (RIF-R), with minimum
inhibitory concentration values of 4, 1 and 1 UM, respectively (Figure 1B) [9].

Six A-seco-amino derivatives were included in a study that conducted the invitro evaluation of the
anti-influenza type-A activity of a series of lupane-type pentacyclic triterpenes (Figure 1C). The compounds
proved to be more active against the H,N; strain than the initial acanthochlamic acid; however, the activity
against the H;N, strain was nearly nonexistent [10].

Haavikko et al. synthesized and tested against Leishmania donovani a series of A-ring fused heterocycles
of betulinic acid. After the primary evaluation, the A-ring fused pyrazine derivative (compound 5) and
the 4-Aza-3-oxohomobetulinic acid (compound 8) showed significant parasite growth inhibition, even in
low concentrations (5 uM), with IC,, values of 13.2 and 4.3 UM, respectively (Figure 2). Between the two
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compounds, compound 8 revealed a higher selectivity index and activity against infected macrophages and
axenic amastigotes [11].
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Figure 1. Chemical structures of various active lupane-type derivatives: A-azepano-28-hydroxy derivatives (A),
A-azepano-28-cinnamoyloxybetulin (B), A-seco-amino derivatives (C).
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Figure 2. Chemical structures of A-azepano lupine triterpene derivatives and lippiolides.



Timisoara Med. 2020, 2020(2), 7 4

In an extensive study conducted by Kazakova et al., a series of C,s-amino lupane derivatives were
synthesized in order to evaluate their invitro cytotoxicity against a panel of 6o cancer cell lines.
A-azepano-28-amino-betulin derivatives showed notable activities against all cell lines, with IC,, values
ranging between 1.16 and 2.27 uM (Figure 2.). The highest measured activities were recorded towards leukemia,
breast cancer, colon cancer and nonsmall cell lung cancer cell lines. The replacement of the hydroxyl group
at C,g of the A-azepano-betulin with an amino group did not significantly improve the cytotoxicity of the
obtained derivatives [7].

A recent study described the development of new cholinesterase inhibitors based on A-ring
azepano-triterpenoids and 3,4-seco derivatives.  The synthesized compounds revealed a mixed-type
inhibitory effect on both acetylcholinesterase and butyrylcholinesterase. Between the evaluated compounds,
a C,g-amide derivative of azepanobetulin (compound 8) showed a promising cholinesterase inhibitory
effect, being approximately ten times more active than the reference compound, galantamine hydrobromide
(Figure 2) [12].

It was reported that lupane-type triterpenoids possess antidiabetic proprieties through various mechanisms
including the inhibition of &-glucosidase [13,14]. In a study that highlighted the key role of the amide side
chain in C,g for the o-glucosidase inhibitory effect, an imidazole amide with A-lactam cycle (compound 21)
proved to be 30 times more active than the standard acarbose, with an IC,, value of 6.19 uM. In the
same study, complete loss of activity was reported for the A-azepanone-r7-cyano-lup-20(29)-ene derivative
(compound 17) [1s].

Maldonado et al. isolated lippiolide and lippiolic acid, two new lupane-type triterpenoids found in Lippia
mexicana, and evaluated their anti-inflammatory activity on the TPA-induced mouse ear edema model.
Lippiolide, containing a d-lactone at ring E, showed significant edema reduction (74.9%); however, the IC,
value (0.73 uM) was three times higher than the value recorded for the standard indomethacin (IC,, 0.24 pM)
(Figure 2). The edema reduction induced by lippiolic acid was significant (74.9%), but the IC, value could
not be determined due to its low solubility at concentrations over 1 UM [16].

Oleanane Ring-Modified Compounds

Oleanolic acid is among the most studied pentacyclic triterpenes, which can be found in more than 1600
species of plants worldwide and exhibits a wide range of pharmacological proprieties, such as antiviral,
anticancer and antibacterial [3]. Due to its polycyclic structure, which has allowed various chemical
transformations, the pharmacological activity of the main compound has been improved by chemically
modifying the oleanane ring, as reported by various in vivo and in vitro studies. Oleanolic acid possesses three
active sites, C,-hydroxyl, C,,-C,; double bond in ring-C and C,s-carboxylic acid, which can be chemically
modulated for an optimized pharmacologic effect [17].

An improved antiviral activity was noticed for the O-acyloxyamino derivates of oleanane; these derivates
were tested comparatively with the main compound, oleanolic acid, in terms of their activity as inhibitors of
HIV-1 dimerization protease. The acyl function has proved to be responsible for a stronger inhibition of the
enzyme; furthermore, the acylated oximes of oleanolic acid also revealed higher antifungal activity than the
parent compound (Figure 3) [3].

In another study conducted by Wei Cui et al., the antimuscle atrophy effect of oleanolic acid was compared to
one ofits derivatives, HA-19, through in vitro and in vivo experiments (Figure 3). Firstly, in vitro models were
used to assess myoblast differentiation and myotube atrophy in order to establish the inhibitory capacity of
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oleanolic acid and its derivatives on muscle atrophy. The most promising derivate was HA-19, which was able
to up-regulate the protein synthesis pathway and also prevent protein degradation by down-regulating the
negative growth factors. The antimuscle atrophy effect was confirmed by an in vivo disuse-induced muscle

atrophy model [18].

Methyl 3-hy droxy imino-1 1-oxoolean-12-en-28-oate (HIMOXOL) Methyl 3,11-dioxoolean-12-en-28-olate

Figure 3. Chemical structures of oleanane type triterpene derivatives.

The antiosteoporotic propriety of oleanolic acid and its derivatives was assessed by Jun-Feng Li et al;
a preliminary analysis of oleanolic acid’s derivates demonstrated that hydrophobic groups, such as methyl
ester, may act as a promoter of the antiosteoporotic activity, while the substitution of the phenyl ring with an
indole moiety could also enhance the biological effect. The length of the alkyl chain in amino acid derivates
was also crucial; short chains, such as alanine and glycine, trigger an intensified activity, while long chains
might be detrimental to the pharmacological activity [19]. In order to evaluate the antimicrobial activity,
oleanolic acid was derivatized at the amide bond with diethylenetriamine; the new compound showed
promising activity against both Gram-negative and Gram-positive bacteria. Although the derivative cannot
be put in use yet, in vivo studies aiming to investigate its cytotoxicity are currently underway [20].

The cytoprotective and anti-inflammatory activity of oleanolic acid was assessed comparatively to its
derivatives in a study conducted by Kuzniak et al. The higher biological effect exhibited by the semisynthetic
derivatives might be correlated to oleanolic acid’s low bioavailability caused by its hydrophobic character.
In order to increase its bioavailability, oxime derivatives were conjugated with succinic acid at the C-3 position,
each derivative differing from the other through various substituents in the C-17 position. Each derivative
was tested for its effect on the signaling pathways involved in inflammation; the results of the study indicated
that morpholide derivative acted as the most efficient down regulator of the tested pathways [21].

Another study focused on the pro-apoptotic propriety of oleanolic acid and its derivates on breast cancer
cells. The antitumor activity of the oleanolic acid was confirmed by its inhibitory effect on tumor cell
promotion and angiogenesis, although its low efficiency caused by its physicochemical properties raised the
need to design semisynthetic derivates that could significantly increase its anticancer activity. The oleanolic
acid was modified at positions C;, C;; and C,s of the main scaffold, by inserting hydroxyimin and keto
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groups; the introduction of the C;-hydroxyimin group induced not only a higher inhibition of tumor
cell proliferation but also the ability to cause cell death by apoptosis or autophagy. An MTT assay was
performed on the oleanane derivates in order to select the one which possess the strongest cytotoxic effect
against cancer cells; it revealed that the highest pro-apoptotic effect was exerted by HIMOXOL (Methyl
3-hydroxyimino-ir-oxoolean-12-en-28-oate) (Figure 3) [22].

In order to solve the issue of chemotherapy failure in hematological malignancies caused by multidrug
resistance, a study describing the development of a set of oleanolic acid derivatives was conducted. Oleanolic
acid was modified at C;, C;;, C,, and C,g positions; the propriety of multidrug resistance modulator was
tested on human lymphoblastic leukemia cell lines. The most promising compound was DIOXOL (methyl
3,11-dioxoolean-12-en-28-olate), which showed a significantly higher effect than the parent compound

(Figure 3) [23].

The cytotoxic evaluation of oleanolic acid and its derivatives has been again performed by MTT assay on
human cancer lines in another study conducted by Pattnaik et al. The most efficient semisynthetic derivative,
which induced a mediated apoptosis and withheld the cell cycle in Go/Gi, was a compound containing a
conjugated double bond system in ring C; its cytotoxic activity was significantly increased compared to the
parent compound [17].

Another study focused on oleanolic acid semisynthetic derivatives that contain an o, 3-unsaturated carbonyl
moiety; their anticancer activity was assessed in vitro by means of MTT assay. Most derivatives showed an
improved inhibitory cell growth activity compared to the parent compound; by modifying the carboxylic
moiety and introducing an amidic bond, a semisynthetic derivative that can significantly induce cell apoptosis
and arrest the cell in S phase was obtained [24].

Oleanolic and ursolic acids were derivatized in order to highlight their potential for inhibiting cholinesterases
in the attempt to improve life quality for people who suffer from neurodegenerative diseases. Whereas ursolic
acid only showed inhibitory activity against acetylcholinesterase, its hydroxy-propynyl derivative exhibited
promising activity against both acetylcholinesterase and butyrylcholinesterase [25].

Other Types of Modified Compounds

Glycyrrhetinic acid is another compound that belongs to the group of triterpenes which also exhibits
apoptotic and growth inhibitory properties in cancer cells. ~ The antiproliferative activity of its
derivatives exerted through apoptosis induction showed a significant improvement compared to the parent
compound [3].

Ursolic acid also revealed antiproliferative activity against cancer cells; due to its low bioavailability, the need
to synthesize a highly active functional derivative became crucial. The main chemical functionalizations were
performed at the carboxyl moiety in C,g position and on the unsaturated C-ring in the C,,-C,; position; all
semisynthetic derivatives revealed stronger antiproliferative activity in several cancer cell lines compared to
the parent compound [26].

Boswellic acid is a pentacyclic triterpene with anticancer activity; the chemical derivatization of its
skeleton leads to intensified biological effects. Some synthesized compounds were obtained through the
esterification of the A-ring lactones or lactams, revealing a highly improved cytotoxicity compared to the
main compound [27].
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Conclusions

The current need for developing natural compounds able to offer high tolerability for patients suffering
from different types of cancer, HIV, bacterial or viral infections has hit a high peak in the last decade.
Triterpenes are a chemical group of compounds that possess a wide range of pharmacological proprieties,
not only anticancer and antibacterial but also hepatoprotective, antioxidant, anti-inflammatory, analgesic,
antihyperlipidemic and antinociceptive. =~ Chemical transformations of these natural compounds are
compulsory in order to overcome their low bioavailability due to their high hydrophobicity. The resulting
semisynthetic compounds show stronger pharmacological activity compared to the parent compound.
The current review covers the applications of several derivatization methods to the most frequently used
triterpenes in the pharmaceutical and biomedical fields in order to augment their pharmacological properties.
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