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Ursolic and oleanolic acids: two
natural triterpenoids targeting
antibacterial multidrug tolerance
and biofilm formation
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Natural products have been used since ancient times to treat various ailments and
have been recognized for many years as a source of therapeutic agents and
structural diversity. Plant-derived products have thus served as dietary
components but also to maintain a state of wellbeing and health by
preventing different diseases both of inflammatory and infective nature.
Pentacyclic triterpenoids, particularly ursolic acid (UA) and oleanolic acid (OA),
are well-studied natural products endowed with complex biological profiles. In
this mini-review, we summarized the most advanced results on extraction
methodologies and antimicrobial activity of UA and OA, focusing on their
potential role as antimicrobic adjuvants, bacterial biofilm inhibitors and related
mechanisms of action. This offers a theoretical basis and inspiration for further
studies on their bioactivity mechanism.
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1 Introduction

The emergence of new pathogens is a significant global issue, presenting unique
challenges for public health. For decades, scientists have warned that microorganisms
are rapidly evolving resistance to antibiotics, complicating the effective treatment of many
infectious diseases, but antimicrobial resistance has nevertheless become a global pandemic
threatening human health, life expectancy, and food production. The increasing antibiotic
resistance and the void in the new class of antibiotics discovery have given a renewed
impulse to search for natural sources and new antibacterial strategies (Elmaidomy et al.,
20225 Atanasov et al., 2021). New bioactive natural products (NPs) and combinations of
NPs have shown the potential to contrast the rising incidence of drug-resistant pathogens
(Vaou et al, 2021) and examples of potential next-generation therapeutics include
bacteriophages (Luong et al., 2020) antibacterial peptide produced by microorganism
(Xuan et al, 2023) and plant-derived compounds such as polyphenols and flavonoids
(Manso et al., 2021), terpenoids (Sycz et al., 2022), plant essential oils (Lopez-Hortas et al.,
2018), and alkaloids (Othman et al., 2019). Triterpenoids represent the most abundant
group of terpenoids found in dicotyledons serving as chemical defenses against competing
plants, pathogens and herbivores (Wronska et al., 2022). They exhibit antioxidant,
antimicrobial, antiallergic, antidiabetic, fungicidal (Becker et al., 2005) and antiparasitic
(Jaki et al., 2008) properties. Additional studies have also reported their anti-inflammatory
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FIGURE 1

Chemical structure of UA (1) and OA (2) (drawn according to FooDB Website).

(Andre et al., 2012), analgesic (Hussain et al., 2017; G; Liu et al,
2023), cardiotonic and sedative (Do Nascimento et al., 2014)
properties. Particularly, two triterpenoids, namely, ursolic acid
(UA, Figure 1, 1) and oleanolic acid (OA, Figure 1, 2) and their
derivatives are renewed for their antibacterial properties against
Gram-positive (Park et al., 2015) and Gram-negative bacteria (Sycz
et al., 2022). This mini-review aims to summarize recent updates
concerning the extraction methodologies and bioactivity of UA and
OA with a focus on the mode of action of antibacterial and anti-
biofilm activities.

2 Recent advances in green extraction
techniques for optimal recovery of
ursolic and oleanolic acids from

plant matrices

Since pharmacologically active compounds are usually present
in low concentrations in vegetable matrices, optimal extraction
conditions are always needed for their recovery and purification
(Tostes et al., 2016). Many studies have been published concerning
the extraction of UA and OA from plant materials using methods
such as maceration with ethanol (Ludefia Huaman et al., 2021) or
sunflower oil (Maisto et al., 2023) as well as ultrasound-assisted
extraction (Fan et al., 2016). Interestingly, in recent years a great
attention has been directed to more environmentally friendly and
low toxic solvents and extraction techniques. Natural deep eutectic
solvents (NADES) are a class of solvents that are formed by the
combination of a hydrogen bond donor and a hydrogen bond
acceptor, which results in a eutectic mixture (Villa et al., 2024).
While most NADES are hydrophilic, hydrophobic deep eutectic
solvents (HDES) have been recently discovered. HDES can
selectively dissolve non-polar compounds, offering an alternative
to traditional organic solvents (Cao and Su, 2021). Silva et al. (2020)
published a study in which the extraction of triterpene acids from
Eucalyptus globules biomass was evaluated by using HDES. The
solubility of UA in ethanol was approximately 5 mg/g and in
n-hexane it was 13 mg/g. However, using the series of HDES, the
solubility significantly increased ranging from 28 up to 50 mg/g.
Furthermore, UA’s solubility was highest in HDES with higher
thymol ratio at 60°C leading to a solubility of 66 mg/g. Overall,
the results were positive for the recovery of triterpene acids while
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reinforcing the potential of DES as potential solvents to be applied in
extraction processes. In 2023, Li et al. (2023) published a paper
concerning the extraction of UA with HDES corroborating previous
results. Fifteen different HDES were prepared and used to extract
UA from apple. The results shown that the solubility of UA in HDES
can be nine times higher than traditional solvent such as ethanol.
The highest UA solubility was observed in HDES composed of
menthol and thymol with a molar ratio 1:6 and an optimization
temperature of 49°C. The same chemical considerations can also be
made concerning OA extraction. In the same year, Petrochenko et al.
(2023), successfully extracted twenty-one different triterpene
saponins (derivatives of UA and OA) from Aralia elata var.
seven acid-based NADES. Hydrophilic
NADES were found to be more effective solvents for extracting

mandshurica using

the triterpenes saponins compared to water and ethanol. Specifically,
NADES formulated with choline chloride and malic acid (1:1), as
well as sorbitol and malic acid (1:1), demonstrated the highest
solubility for the target compounds. Besides the numerous
publications available concerning UA and OA extraction, there
are also different patented sequences for extraction and
purification of UA and OA, but to our knowledge, these patented
technologies use organic and more toxic solvents making these
technologies only appreciable in the laboratory scale research

(Hussain et al., 2017).

3 Antibacterial activity and mechanism
of action of UA and OA

The threat posed by antibiotic resistance has motivated the quest
for novel strategies to deal with the new generations of multidrug
resistant bacteria. Triterpenoids, and UA and OA in particular, show
high prospective in the context. Thus, while the antibacterial actions
of UA and OA in the planktonic state is known for decades, the last
years have seen new and unexpected modalities of action be
deciphered (Table 1). The antibacterial actions of triterpenoids
are reported to be associated with morphological changes in the
bacterial cells (Sycz et al., 2022), with UA and OA stimulating
chemotaxis genes in host defense and affecting bacterial gene
expression related to biofilm formation, peptidoglycan turnover,
and cell autolysis (Wolska et al.,, 2010). In addition, OA and UA
along with their derivatives, have shown strong antimutagenic
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TABLE 1 Summary of the antimicrobial mode of action exerted by triterpenoids, UA and OA.

Natural compound Antimicrobial mode of action

Triterpenoids (UA and OA) Morphological changes in bacterial cells

References

Sycz et al. (2022)

UA and OA Variation in bacterial gene expression related to biofilm formation, peptidoglycan turnover, cell =~ Wolska et al. (2010)
autolysis

UA and OA Antimutagenic effect Lira et al. (2008)

UA and OA Sensitization of S.aureus and E. coli to antibiotics Brehm-Stecher and Johnson

Extracts from Spermacoce princeae
UA and OA Moderate inhibition of bacterial efflux pump

Terpenoids from Rosmarinus
officinalis

Terpenoids from Levisticum officinale

OA and UA Induction of a stress response

Inhibit bacterial division and growth during the logarithmic period

Potentiate the susceptibility of S.aureus to erythromycin

Potentiate the susceptibility of P.aeruginosa to ciprofloxacin

(2003)
Du et al. (2024)
Martins et al. (2011)

Oluwatuyi et al. (2004)

Al-Qudah (2024)

Grudniak et al. (2011)

OA and UA Modulate resistance to p-lactam antibiotics

OA and UA from Vitellaria paradoxa | Synergic effect with B-lactams on MRSA

Kurek et al. (2012)

Catteau et al. (2017)

Farnesol Inhibition of recycling of C55 lipid carrier Kuroda et al. (2007)
UA Inhibition of biofilm formation Ren et al. (2005)

UA Inhibitory effect on GTF (Y. Liu et al,, 2021)
UA Suppression of growth phase, biofilm inhibition, morphological changes in bacterial cells (G. Liu et al,, 2024)

effects (Lira et al., 2008). In 2003, a study was published regarding
the sensitization by triterpenoids of S.aureus and Escherichia coli to
antibiotics by Brehm-Stecher & Johnson, (2003). Due to their
inherent lipophilicities, terpenoids show an affinity for and
partition within biological membranes, where their accumulation
may have an impact on the structural and functional properties of
these membranes. Starting from this concept, it was discovered that
triterpenoids and sesquiterpenoids can disrupt the normal barrier
function of the bacterial cell membrane, allowing the permeation
into the cell of exogenous solutes such as ethidium bromide and
different antibiotics. In 2023, Sekandi et al. (2023) investigated the
antibacterial and antifungal effects of Spermacoce princeae (K.
schum), a medicinal plant used in the African traditional
medicine to treat skin infections. They isolated and purified
different including UA,
highlighted that UA was active against S. aureus and E. coli with
inhibition zones of 20.0 + 0.1 mm and 18.0 + 0.1 mm, respectively

active compounds, and results

and fungi C. albicans and A. flavus, with inhibition zones of 12.0 +
0.1 mm and 20.5 + 0.3. Recently, Du et al. (2024) published a study
where they investigated the antibacterial mode of action of
compounds isolated from Urtica dioica L. The antimicrobial
activity  against methicillin-resistant ~ Staphylococcus

(MRSA) was explored based on bio-guided fractioning. Thus,

aureus

nine pharmacologically —active compounds were isolated
(including UA, with MIC of 0.75 mg/mL against MRSA), all of
them inhibiting bacterial division and growth during the logarithmic
period. The inhibition was mediated by the inhibition of cell
structure, leading to leakage of sugars, nucleic acids and proteins.
Another possible mechanism of action of these triterpenoids is
related to their moderate ability to interfere with efflux pumps,
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which could directly interfere with the viability of this species, as
demonstrated in E.coli. (Martins et al., 2011). Triterpenoids from
Rosmarinus officinalis and extracts from Levisticum officinale were
reported to inhibit the multidrug efflux pump and thus potentiate
respectively the susceptibility of S.aureus to erythromycin
(Oluwatuyi et al, 2004) and P.aeruginosa to ciprofloxacin (Al-
Qudah, 2024). OA and UA are associated with the induction of
stress response (Grudniak et al., 2011; Park et al., 2015, studied the
mechanism of action of OA and UA on S.mutans and the findings
suggested that the antimicrobial activity is achieved by inhibiting
glycolysis, fatty acids synthesis, amino acids synthesis, and
peptidoglycan synthesis pathways. In 2012, a study published by
Kurek et al. (2012) showed that the pentacyclic terpenoids UA and
OA can modulate resistance to p-lactam antibiotics, ampicillin and
oxacillin, in four bacterial pathogens (P.aeruginosa, S.aureus,
S.epidermidis, L.monocytogenes). FICI (fractional inhibitory
concentration index) estimation and the results of time-kill
assays demonstrated that some combinations of the tested
compounds produced synergistic antibacterial effects. OA and/or
UA in combination with ampicillin have shown synergic effects on S.
aureus, both in the planktonic and in biofilm states, and against
S.epidermidis in the state of biofilm. OA and UA exhibited a
synergistic effect with oxacillin on S.aureus, S.epidermidis,
L.monocytogenes although in the case of S.aureus, only the
combination with OA and not UA displayed significant synergy.
The authors hypothesized two different mechanisms of action for
the observed synergy, namely, the possibility that PBPs, the target of
B-lactams, are also the target of these pentacyclic triterpenoids, and
that triterpenoids interfere with p-lactamase translocation to the
periplasm. However, as could have been expected the marked
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structural diversity between triterpenoids and 3-lactams, none of the
studied L.monocytetogenes PBPs was able to interact with
radiolabeled OA, and OA failed to compete with penicillin for
binding to PBPs. In addition, the synergy of the combination of
triterpenoids and (-lactams in preventing the growth of non-
pathogenic E.coli cannot be explained entirely by inhibition of B-
lactamase translocation to the periplasm, since this was found to be
diminished by only 25%. It has also been demonstrated that both OA
and UA do not substantially increase the transport of {-lactam
(nitrocefin) into E.coli cells. Thus, the synergistic action of plant-
derived compounds and antibiotics is based on the interaction of the
agents with bacterial resistance mechanisms, each of these may be
influenced by plant-derived compounds. Some years later, Catteau
et al. (2017) published an interesting study concerning the
synergistic effect of these two triterpenoids with p-lactams on
MRSA. In the study, they evaluated the direct and indirect
antimicrobial activities of Vitellaria paradoxa leaves extract
of UA and OA) in
combination with B-lactams (ampicillin, oxacillin and nafcillin)

(containing known concentrations
on a panel of S.aureus reference strains as well as clinical MRSA
isolates. A synergistic effect was obtained for concentrations of 4 and
8 mg/L of UA and OA (ie, % MIC), respectively with both
antibiotics. The potential mechanism of action was investigated
focusing on the two principal p-lactam resistance mechanisms of
MRSA. Results were somehow inconsistent with those of Kurek et al.
(2012), as both triterpene acids reverted P-lactam resistance
mediated by PBP2A delocalization (effect of OA and UA on
PBP2 recruitment to the septum) and inhibition of p-lactamase
activity (nitrocefin test). Moreover, the synergistic effect in vivo was
also investigated. UA in combination with nafcillin was tested in a
murine model of subcutaneous infection of MRSA. Results
demonstrated that the synergy also takes place in vivo by
reducing the size of the lesion and the production of pro-
inflammatory cytokines. For instance, in 2007, data published
showed that farnesol (a natural sesquiterpene) can inhibit the
recycling of C55 lipid carrier of the murein monomer precursor
and reduce the secretion and activity of p-lactamase, thus
contributing to increased susceptibility to p-lactams MRSA
(Kuroda et al, 2007). The ability of triterpenoids to inhibit
biofilm formation and/or disruption of preformed biofilm, is also
an object of several studies. Bacteria can form biofilms on living
surfaces such as tissue and non-living surfaces like medical devices
and implants which are of the utmost clinical relevance. Ren et al.
(2005) found that UA inhibits biofilm formation and demonstrated
that this compound affects the expression of genes in E.coli,
particularly those involved in sulfur metabolism, stress responses
and cysteine regulation. Hence, they demonstrated that the biofilm
inhibition by UA does not seem to be restricted to specific species,
strains or growth conditions. By studying the complete
transcriptome, it was also shown that UA induces chemotaxis,
motility, and heat shock genes in E.coli and represses genes
related to sulfur metabolism, which suggests that UA may
function as a signal that tells cells to remain too motile for
UA  was
concentrations since 10 pg/mL removed 72% of the E.coli
biofilm. Hence, the addition of UA as an adjuvant to destabilize
biofilms is an alternative approach. UA may also be chemically

adequate biofilm formation. effective at low

modified to improve efficacy by using combinatorial chemistry and
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screening with the biofilm assay to identify even better biofilm
inhibitors. Grudniak et al. (2011) observed that E.coli treated with
OA and UA altered the synthesis of DnaK, inducing the heat-shock
response in this species. The results demonstrated that the treatment
of E.coli with OA or UA reduces the expression of three operons that
are members of the cysteine regulation. In addition, OA is a weak
inducer of DnaK synthesis, so this compound extends the list of
known stress-inducing agents. Again, Y. Liu et al. (2021) in a study
recently published, confirmed the antibiofilm activity of UA against
S.mutans and further revealed the mechanism underlying the
inhibitory effect of UA on glucosyltransferases (GTF) mediated
synthesis of extracellular polysaccharides (EPSs), and so they
provide UA as a potential antimicrobial agent that can be used
to prevent and cure oral and other GTF-related diseases. To explore
the potential of UA, they first performed an antimicrobial activity
assay and then an XTT reduction assay to screen the viability effect
of UA on biofilms, finally fluorescence staining was used to
determine biofilm integrity. In the same study, MIC (0.25 mg/
mL) and MBC (0.25 mg/mL) values of UA against S.mutans
were evaluated and then the effect of UA on biofilm was
evaluated through the XTT reduction method. The bacterial
viability within the biofilm decreased as the concentration of UA
increased. To observe the direct effects of UA on biofilms, the live/
dead bacterial viability kit was used to examine the activity of UA
against S.mutans. The results confirm that UA can significantly
destroy biofilms by affecting bacterial survival and adhesion.
Recently, G. Liu et al. (2024), copiously examined the mechanism
of action of UA, at different purity levels, extracted from R.
officinalis. The
calculating MIC values, while the synergistic effects by measuring
the FICI index. UA exhibited antibacterial activity against S.aureus
(MIC 39 ug/mL), S.dysgalactiae (MIC 19.5 pg/mL), S.agalactiae
(MIC 156 pg/mL), E.faecalis (MIC 19.5 pg/mL), and S.mutans (MIC
9.75 ug/mL). However, it did not affect E.coli in contrast with what

bacteriostatic properties were assessed by

was previously reported by Ren et al. (2005) and Martins et al.
(2011). Furthermore, in order to identify the possible mode of action
they studied the impact of UA on S.aureus growth and a suppression
of stationary phase growth was highlighted. Levels of biofilm
formation were quantified using crystal violet staining, revealing
that biofilm levels declined with increasing UA concentration. At the
above MIC, UA significantly reduced the biofilm levels. SEM and
TEM analysis were adopted to study the morphological changes
caused by extracts, surface sinking, slurring of the boundary and
disturbance of the uniformity of cytosol were identified after
exposure at different concentrations. While UA and OA hold
potentials as antimicrobial agents, careful consideration of the
associated risks is crucial. Like many antimicrobial agents, there
is a potential for microorganism to develop resistance to UA and
OA. Continuous exposure can lead to adaptive changes in microbial
population, thus combination therapies, rotational use of antibiotics
and dosage optimization can mitigate these effects (Alvarez-
Martinez et al., 2020). UA and OA can also manifest cytotoxicity
to cells (i.e., HepG2 cell line). Pure synthetic mixtures of UA and OA
at concentration of 32 umol/L produced a decrease of approximately
35% on the cell viability, while natural mixture of UA and OA from
leaves of Plumeria obtusa L. var. sericifolia at same concentration did
not produce significant changes in cell viability (A. M. Silva et al,,
2019). This increased toxicity is attributed both to the highest purity
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of synthetic mixtures and to the presence of other isomers with
lower activity in natural mixtures. Conducting comprehensive
in vitro and in vivo toxicity studies to establish the safety
margins and guidelines will help address challenges associated
with these compounds.

4 Discussion

In conclusion, the exploration of UA and OA as natural
triterpenoids with biological activities presents a compelling
avenue for further research. These compounds, abundantly found
in various common plants such as apples, olives, and numerous
aromatic and medicinal herbs, offer a sustainable approach to
harnessing their bioactive properties. The accessibility of UA and
OA from natural sources underscores their potential for therapeutic
applications and promotes the use of renewable resources in drug
development. However, it is not yet clear the mechanism of action
involved in the antimicrobial activity of these compounds.
Variability in reported activities may be due to differences in test
methods, compounds purity, reproducibility, precision and bacterial
strain purity as stated by Jaki et al. (2008). They explore the
variability of biological responses of UA from the perspective of
sample purity and introduces the concept of purity-activity
relationship  (PARs) product
highlights that there is no correlation between biological activity

in natural research. Results
and sample purity. Nonetheless, UA and OA have demonstrated
significant potential in various therapeutic areas beyond their
antimicrobial properties, including anti-inflammatory, anticancer,
and cardioprotective effects. Their ability to modulate multiple
biological pathways suggests they could be valuable in treating
complex diseases that involve multiple targets. This multifaceted
potential adds to their appeal in drug development. Moreover, the
integration of UA and OA in adjuvant strategies represents a
biofilm-related
antibiotic resistance, and persistent infections. Their role as

promising approach to combat challenges,
adjuvants enhance the efficacy of existing antibiotics, potentially
reducing the required dosage and minimizing side effects. This
synergy is crucial in the fight against multidrug-resistant bacterial
strains, providing a complementary approach to traditional
antibiotics. Furthermore, techniques such as gene expression
analysis and proteomics studies can provide insights into the
mechanism of actions and facilitate the development of targeted

therapies. Additionally, exploring the synergistic effects of UA and
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