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Abstract: Tuberculosis (TB) stands as the second most prevalent cause of global human mortality from infectious diseases. In 2022,
the World Health Organization documented an estimated number of global TB cases reaching 7.5 million, which causes death for
1.13 million patients. The continuous growth of drug-resistant TB cases due to various mutations in the Mycobacterium tuberculosis
(MTB) strain, raises the urgency of the exploration of novel anti-TB treatments. Ursolic acid (UA) is a natural pentacyclic triterpene
found in various plants that has shown potential as a novel anti-TB agent. This review aims to provide an overview of the therapeutic
prospects of UA against MTB, with a particular emphasis on in silico, in vitro, and in vivo studies. Various mechanisms of action of
UA against MTB are briefly recapped from in silico studies, such as enoyl acyl carrier protein reductase inhibitors, FadAS (Acetyl-
CoA acetyltransferase) inhibitors, tuberculosinyl adenosine transferase inhibitors, and small heat shock protein 16.3 inhibitor. The
potential of UA to overcome drug resistance and its synergistic effects with existing antituberculosis drugs are briefly explained from
in vitro studies using a variety of methods, such as Microplate Alamar Blue Assay, Mycobacteria Growth Indicator Tube 960 and
Resazurin Assays, morphological change evaluation using transmission electron microscopy, and in vivo studies using BALB/C
infected with multi drug resistant clinical isolates. Besides its promising mechanism as an antituberculosis drug, its complex chemical
composition, limited availability and supply, and lack of intellectual property are also reviewed as those are the most frequently
occurring challenges that need to be addressed for the successful development of UA as novel anti-TB agent.
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Introduction

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis (MTB), remains a significant threat to
global health. According to the World Health Organization, in 2022 there will be 10.6 million new cases of TB, resulting
in 1.6 million fatal accidents. The combination of drug resistance and human immunodeficiency virus (HIV) coinfection
contributes to the elevated mortality rate, with 6.7% of people living with HIV. Geographically, most TB cases were in
Southeast Asia (45%), including Indonesia."

Multidrug-resistant tuberculosis (MDR-TB), which is a form of TB caused by bacteria that do not respond to at least
isoniazid and rifampicin, the two most potent TB drugs, is a growing problem in TB treatment. Moreover, extensively
drug-resistant tuberculosis (XDR-TB) is a more severe form of MDR-TB caused by bacteria that do not respond to the
most effective second-line anti-TB medications, leaving patients frequently without further treatment options.' The need
for developing novel chemical entities of TB medicines is highlighted by the rising prevalence of treatment resistance.
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Ursolic acid (3-hydroxy-urs-12-ene-28-oic acid) is a pentacyclic triterpenoid with a variety of pharmacological effects.
As a secondary metabolite, this substance is typically found in fruit peels and stem bark.? Since it is found in the leaves of
rosemary, thyme, oregano, lavender, and hawthorn, ursolic acid (UA) has been used as an herb extract in traditional
medicine for centuries. There is a growing interest in UA because of its beneficial effects including anti-inflammatory,” anti-
cancer,” and antioxidant.>’ This pentacyclic triterpenoid has also been proven to have antibacterial effects,™” and it has
been demonstrated that their action can make bacteria more susceptible to other chemicals, including antibiotics. '

The antimycobacterial activity of UA isolated from Duroia macrophylla was assessed, and the results showed that
UA significantly inhibited the growth of MTB with a minimum inhibitory concentration (MIC) of 25 pg/mL against
sensitive and resistant strains of MTB."' The concentration of mycolic acid in the MTB H37Ra strain decreases when
treated with UA, according to Jyoti et al. The transmission and scanning electron microscopy (SEM and TEM) images of
a sensitive MTB strain treated with UA revealed morphological abnormalities and cell lysis.'? In addition, investigations
of the combination of UA and antituberculosis drugs (isoniazid, ethambutol, streptomycin, and rifampin) revealed
a synergistic effect against MTB.'? Jiménez-Arellanes et al also observed that the combination of UA and oleanolic
acid (OA) has immunomodulatory effects.'* The combination is also effective against intracellular MTB, resulting in
substantially decreased lung bacillary loads.'*

This review aims to provide an overview of the therapeutic potential of UA against MTB, with a particular emphasis
on in silico, in vitro, and in vivo studies. While acknowledging the challenges associated with UA isolation and
purification, and the lack of property protection, this review discreetly identifies emerging prospects that may guide
the future research and development of UA as an anti-TB drug.

Chemical Characteristic and Isolation of UA

UA has a molecular mass of 456.71 g/mol and the chemical formula C;0H4303 (Figure 1). UA is soluble in alcoholic
sodium hydroxide and heated glacial acetic acid but poorly soluble in water.'> It is primarily biosynthesized from the
dammarenyl cation via the folding and cyclization of squalene, which forms the fifth ring of UA via ring extension and
the formation of an additional ring. In the compound, there are three oxygen atoms, which activate double or triple
neutral ligands and the transfer of electron pairs to the transition metal atom."”

UA is a pentacyclic triterpene that is present widely in various medicinal plants, particularly in leaves and flowers,

18,19

such as thyme and calendula.'” Fruit skins, eg, apple and cambuca peels, are also known as an excellent source of

UA since they are produced as protective coating against biotic and abiotic stresses, stomatal water-loss, and the leaching
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Figure | Structure of UA (PubChem ID: 64945).|6

of organic and inorganic compounds.”® Commercially dried fruit such as raisins and dried berries are also proven to
contain UA.?' Latest study conducted by Kalogeropoulos et al has also shown that several wild edible mushrooms
contain UA although in a small concentration.??

UA is a Biopharmaceutics Classification System (BCS) IV agent that has poor solubility and permeability. Its
perceived permeability coefficient in human intestinal epithelial Caco-2 cell monolayers is 2.7x10 ¢ cm/s.*> When UA
was measured by LC-MS in rat plasma and tissue, it was discovered that the liver was the main location of UA
metabolism and that it received significant pharmacokinetic properties, including a Ty, 0f 0.42 £ 0.11 h, a C,, of 1.10
+ 0.31 pg/mL, an Area Under Curve (AUC) of 1.45 + 0.21 pg-h/mL, and a Ka of 5.64 + 1.89 /h.** After oral
administration of a Sambucus chinensis L. extract containing UA at 80.32 mg/kg, LC-MS determined the pharmacoki-
netic parameters in rat plasma. The results demonstrated t,, at 4.3 h, elimination rate constant (Ke) at 0.16 h, T, at 1.0
h, Cpax at 294.8 ng/mL, AUC,_ at 1007.1 ng/mL, and AUC o at 1175.3 ng/mL.25

Based on the results of earlier studies, the isolation of UA can be achieved using various extraction methods and
a range of solvents.?® Traditional extraction techniques such as maceration, soxhlet extraction, and heat reflux extraction
have been predominantly utilized for extracting UA from fruits and medicinal plants.”® Conventional solvents, including
water, lower alcohols, alcohol-water mixtures, acetone, diethyl ether, chloroform, hexane, and ethyl acetate, have been
compared for extracting UA from seeds and fruits.?’ Previous studies have also indicated that microwave-assisted
extraction (MAE), ultrasonic-assisted extraction (USAE), and accelerated solvent extraction (ASE) can be employed to
enhance extraction selectivity and reduce extraction times when obtaining UA from natural sources, resulting in
favorable yields and recovery rates.”®

Despite being the current primary way to acquire UA on a large scale, extraction from medicinal plants is considered
inefficient due to its high energy and time consumption, and results in low purity and yield percentage.”* ' An
alternative method available for producing UA is by using engineered microbes that express specific plant biosynthesis
enzymes.'*? Previous studies have conducted the manufacturing of UA using numerous microorganisms as biocatalyst,

3031 and Yarrowia lipolytica.>

such as Saccharomyces cerevisiae
Yarrowia lipolytica has been found to produce the highest UA titer of 254.3 mg/L in 24-deep-well plates.*> However,
Saccharomyces cerevisiae is more convenient to work with and is considered an ideal host for producing natural

products.®® Initially, Saccharomyces cerevisiae only produced very low amounts of UA (0.1 mg/L) through the
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heterologous expression of CrAS and Cr40 (CYP from Catharanthus roseus).”* However, by using the right selection of
CPRs and optimizing fermentation conditions, the UA titer in Saccharomyces cerevisiae reached 123.27 mg/L in
a 5-L fermenter.>> Latest study that used combinatorial metabolic engineering strategies by optimizing the CYP-CPR
pair and redistributing the synthetic pathway has shown an increased result of UA titer (483.4 mg/L); furthermore, the
separation of heterologous enzymes was eliminated through LD compartmentalization, and the NADPH regeneration
system was strengthened, resulting in further increases in the titer of UA to 1132.9 mg/L in a 3-L fermenter.*

UA as a New Treatment for Tuberculosis: Current Progress
In silico Study
Enoyl Acyl Carrier Protein Reductase Inhibitor
Enoyl acyl carrier protein reductase (InhA) is a fatty acid synthesis enzyme that belongs to the nicotinamide adenine
dinucleotide (NADH) dependent acyl carrier protein reductase family. InhA is an essential enzyme involved in mycolic
acid biosynthesis. In the extension phase of the fatty acid synthase (FAS) II pathway, this enzyme catalyzes the NADH-
specific reduction of 2-trans-enoyl-ACP. InhA, a member of the NADH-dependent acyl carrier protein reductase family,
is a critical enzyme in the synthesis of fatty acids, specifically mycolic acid.* The InhA enzyme is the target for the pro-
drug of isoniazid (INH), which is catalyzed to become active by the enzyme catalase-peroxidase (KatG).>®

As a pentacyclic triterpenoid, UA also showed a good affinity to InhA with a binding energy of —9.2 kcal/mol.
According to the dynamic simulation, the UA-inhA complex was relatively stable and established hydrogen bonds with
Thr196 and Ile194 (Figure 2).%’
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Figure 2 Mechanisms of UA for anti-TB agent using computational methods (reproduced with permission from Ref. (Ramon-Luing et al, 2023),® ©2023 Pathogens;
(Sundararajan and Muniyan, 2021),3* ©2021 Molecular Biology Reports; (Jacobo-Delgado et al, 2023),*® ©2023 Frontiers in Immunology. Created with Biorender.com.
Retrieved from https://app.biorender.com/biorender-templates. Rv3377¢, Diterpene cyclase; Rv3378, Tuberculosinyl adenosine transferase; FadA5, Acetyl-CoA acetyltrans-
ferase; InhA, Enoyl acyl carrier protein reductase.

1972 "oes Drug Design, Development and Therapy 2024:18

Dove!


https://app.biorender.com/biorender-templates
https://www.dovepress.com
https://www.dovepress.com

Dove Pitaloka et al

FadA5 (Acetyl-CoA Acetyltransferase) Inhibitor

During the chronic phase of TB infections, FadAS, a thiolase from MTB, catalyzes the final step of the B-oxidation
reaction responsible for cholesterol side-chain degradation, thereby releasing essential metabolites. MTB eliminates
cholesterol from the host to fulfil its metabolic needs, avoid host immunity, and facilitate macrophage infiltration.
Bacteriostasis occurs as a consequence of the inhibition of the cholesterol catabolic pathways.*'** Thus, it reveals that
FadAS5 might be a potential for drug development against TB.

UA was subjected to investigation for its interaction with FadAS5 from MTB through the molecular dynamics and
hybrid quantum mechanics approaches. Analysis of root mean square fluctuations (RMSF) demonstrated that the stability
of the FadAS5-UA complex exhibited greater fluctuations compared to FadAS5 bound with OA and myristic acid (MA).
The binding free energies followed a decreasing order as: FadAS5-UA > FadAS5-OA > FadAS5-MA > FadAS5-dBA.
Furthermore, the key amino acids, namely Ser93, Leul28, GInl51, Val60, His347, and Val349 have optimal binding
affinity at the active site of the FadA5 thiolase.*

Tuberculosinyl Adenosine Transferase Inhibitor
Tuberculosinyl adenosine transferase, encoded by Rv3378c gene, is an MTB enzyme that is responsible for catalyzing the
synthesis of tuberculosinyladenosine, a class of proteins that act as virulence factors in MTB infections and are also
important for bacterial survival inside macrophages and bacterial wall biosynthesis. Inhibiting this enzyme could
potentially lead to the depletion of MTB’s virulence factors, thereby hindering its pathogenicity.**

Kataev et al investigated the activity of UA against Tuberculosinyl adenosine transferase. The structure of UA was
found to be very well accommodated in the enzyme’s binding site. The analysis revealed that the compound interacts
with a good binding energy (9.8 kcal/mol) which indicates moderate antitubercular activities of UA.*

Small Heat Shock Protein 16.3 Inhibitor

Using molecular docking and dynamics simulation, Jee et al demonstrated the ability of UA to inhibit MTB’s small heat shock
protein 16.3 (sHSP16.3). This protein plays a role in MTB growth and development, pathogenicity, and thickening of the cell
wall. It also serves as a molecular chaperone during stress and is critical for MTB survival in the host. Based on a molecular
docking investigation, UA GLUS56 and PROS58 formed two robust hydrogen bonds. The RMSD of the backbone plot and
visual inspection of the bound structures revealed that the ligand-bound protein complex eventually converged to a stable
structure on a time scale of 60 ns, indicating robust ligand binding without disrupting the native protein structure.*®

In vitro Study

Researchers have also conducted in vitro studies to investigate the potential anti-TB effect of UA. The UA has been
reported to possess the potential for inhibiting mycobacterial cytochrome B subunit (QcrB) protein, outperforming
lansoprazole sulphide and telacebec because of its high binding affinity to QcrB protein, established through the
formation of hydrogen bonds and van der Waals forces with hydrophobic amino acids.*’ In addition, UA exhibited
a significant antimycobacterial effect, with MIC value of up to 25 pg/mL against MTB strain H37Rv, including isoniazid-
resistant (INH-R), rifampicin-resistant (RIF-R), and ethambutol-resistant (EMB-R) strains. This effect was attributed to
the irregularities in the structure of the bacterial cell membrane.*” Moreover, UA demonstrated a significant reduction in
the number of viable bacilli present in the lungs and displayed diverse immunoregulatory activities (Table 1). UA also
encoded and stimulated the production of cytokines such as IFN-y, TNF-a, and iNOS."*

Mycobacterium avium, one of the closest relatives of MTB, offers a valuable model for researching MTB due to its
tuberculosis-like effect on humans and immune tolerance of the host. The colony-forming unit analysis revealed that UA
reduced the intracellular and extracellular presence of Mycobacterium avium in macrophages. During infection, UA
downregulated the levels of TNF-a and IL-6 while upregulating the levels of IL-1 and nitrite. Additionally, it inhibited
the phosphorylation of ERK1/2 but induced the phosphorylation in the C-Jun N-terminal kinase signaling pathway. This
study provides experimental evidence on the potential application of UA and suggests that it may be a promising
candidate for future TB treatment.*’
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Table | Several in vitro Essay of UA for Several Type of TB-Resistant

No | Chemical Compound Assay Type of TB-Resistant MIC Ref
(ng/mL)
| Ursolic acid from Chamaedora tepejilote Micro Alamar Blue Assays Streptomycin-resistant (ATCC 35820) 12.5 Jiménez-Arellanes
and Lantana hispida Aetal 2013)"*
Isoniazid-resistant (ATCC 35822) 25
Ethambutol-resistant (ATCC 35837) 25
Rifampicin-resistant (ATCC 35838) 25
MTY 147 (resistant to isoniazid, rifampicin, 25

ethambutol, and ethionamide)

MMDO (resistant to isoniazid and ethambutol) 25
2 Ursolic acid-3-acetate from Buddleja Micro Alamar Blue Assays MDR-TB clinical isolates (rifampicin, isoniazid) 62.5 Singh A et al (2017)*
saligna
MDR-TB clinical isolates (rifampicin, isoniazid) 62.5
XDR-TB clinical isolates
3 Ursolic acid from Artemisia capillaris ® MGIT™ 960 and resa- | Streptomycin-resistant (KMRC 00122-00123) 12.5 Jyoti MA et al (2015)'2
zurin assay
® Morphological ~ changes | Isoniazid-resistant (KMRC 00120-00137) 50
evaluation: TEM
Pyrazinamide-resistant (KMRC 00120-00064) 12.5
Rifampicin-resistant (KMRC 00121-00341) 25
MDR MTB strains (KMRC 001 16-00250) 25

Pitaloka et al conducted susceptibility testing to determine the MIC of UA against various strains of MTB, including
the H37Rv strain, streptomycin-rifampin resistant strain, and isoniazid-ethambutol resistant strain, all of which exhibited
an MIC of 50 pg/mL. Interestingly, when UA was combined with conventional anti-TB medications, a synergistic
interaction was observed, and no antagonistic effects were reported.'

SEM micrographs of the MTB-sensitive H37Rv strain displayed distinguished signs of cell wall damage, character-
ized by deep craters, burst cells, lysis, and substantial wall disruption, leading to a distorted shape. Outer membrane
thickening indicated severe damage in the MTB-sensitive H37Rv.>” Moreover, TEM showed that UA severely affected
the cell wall peptidoglycan of the H37Ra-sensitive strain of MTB. The entire PG layer detach from the cell body due to
an osmotic imbalance. The condensation of nucleic acid and protein materials was also observed in the inner cytoplasm
of the cell because of UA efflux in the cytoplasm.'?

Furthermore, the synergistic interaction between OA and UA exhibited potent antibacterial activity at lower
concentrations against various MTB strains, including H37Rv, isoniazid-resistant, rifampicin-resistant, ethambutol-
resistant, and streptomycin-resistant strains.'* The OA synergy with UA was reported to be more effective than
a single compound for producing the intended outcomes and several immunoregulatory activities enable the control of
pulmonary TB, thus yielding new antibiotics and immunotherapeutic agents that are beneficial for TB treatment. Based
on these reports, UA can be considered as a potential candidate for TB treatment and immunotherapy.

In vivo Study

Recently, in vivo studies related to the development of UA for anti-TB have been limited. Jiménez-Arellanes et al
reported that the combination of UA and OA demonstrates both antimicrobial and immunomodulatory effects in TB
treatment. In vivo studies using BALB/C infected with MDR clinical isolates showed that the combination of UA and
OA has synergistic activity. This combination proved effective against intracellular mycobacteria, showing significantly
lower lung bacillary loads at 1 month of treatment and improvement in lung histopathology. Moreover, the combination
of UA and OA was associated with increased concentrations of cytokines such as IFN-y, TNF-0, and enhanced iNOS

expression in the lungs when compared to the control.'*
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A metered-dose inhaler (MDI) was also developed combining UA and OA for treat TB. It was develop to encounter
the major obstacle of the effective delivery of these compounds. The pharmacokinetics study reported that the MDI can
increase the biological half-life of UA (9.23+0.104 h) and OA (8.93+0.166 h) in combination therapy. Toxicity study also
found that no adverse effect on body weight and vital organs in the treatment group compared to control conducted on
Wistar rats.>”

UA as a New Treatment for Tuberculosis: Challenges

Complex Chemical Composition

The contents of natural products include not only UA, but also many complex mixtures of compounds, complicating the
identification and isolation of the specific active components responsible for therapeutic effects.’’ Purification of UA is
problematic due to its structural and physicochemical similarity to its isomer, which makes separation challenging.
Numerous analytical separation techniques, including HPLC,**** HPTLC,*** GC,’* ion-exchange chromatographic,’”
and others, have been developed. This process can be time-consuming and the intricate structures of these compounds
may lead to challenges in optimizing pharmacokinetics and bioavailability.>>>* Ensuring consistency of UA in the natural
product quality, potency, and safety of natural products also becomes a formidable task.’”

Furthermore, natural products often exhibit lower bioavailability and stability compared to synthetic drugs due to
their molecular complexity structure and their intricate structure.’® This complexity can render them susceptible to
degradation or metabolism before reaching their target site in the body, resulting in reduced efficacy. Their poor stability
and bioavailability can limit the therapeutic potential of UA from natural products, requiring additional formulation
strategies or delivery systems to enhance their pharmacokinetic properties.’” To overcome these issues, formulating UA

3839 soluble,®® and effective dosage forms®' become imperative. Achieving consistent

from natural products into stable,
delivery and bioavailability while preserving efficacy presents a substantial challenge that necessitates innovative

formulation strategies.

Limited Awvailability and Supply

UA from natural product is found in plants and herbs,**%*

cranberries,** roots of Actinidia Arguta (berry fruit tree)®> and
Urtica dioica leaves®® which can be difficult to locate and harvest sustainably. This scarcity not only impacts the
accessibility of UA from natural products for drug development but also raises concerns regarding their environmental
impact and conservation. The limited availability of natural products can hinder large-scale production and

commercialization.

Toxicity

Firstly, UA-induced inflammation needs extra attention. UA activates NF-kB in mouse macrophages, leading to an
increase in nitric oxide and TNF-o production.®” UA also interacts with CD36 to activate p38 MAPK, ERK1/2, and
caspase-1, release ROS, and begin an inflammatory chain reaction in pMphi cells in the peritoneum of mice and the
colonic mucosa of ICR mice. This led to an upregulation of interleukin-13 (IL-1B), a crucial pro-inflammatory
mediator.®® According to Tkeda et al®® putting UA on the skin also raised the amounts of mRNA for TNF-o, COX-2,
and cyclooxygenase (COX)-1 in mouse skin by a large amount. Another thing that UA did was turn on extracellular
signal-regulated kinase 2 (ERK2). This caused resting RAW264.7 murine macrophages to produce pro-inflammatory
chemicals, such as intracellular macrophage migration inhibitory factor (MIF).”

However, no unfavorable outcomes are reported when UA is extensively used as a dietary supplement, which
supports the idea that UA toxicity is closely linked to the dosage and duration of UA administration. With an LD50
of 9.26 g/kg in an acute mouse toxicity test,”' sustained administration of an excessive dose of UA may frequently result
in hepatic cytotoxicity,”? not genetic toxicity. Nevertheless, further study is needed to investigate the processes under-

lying UA toxicity in specific circumstances.
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Lack of Intellectual Property

The lack of intellectual property protection for natural products poses a significant hurdle in their development as drug
therapies. Since natural products cannot be patented in their natural state, pharmaceutical companies may hesitate to
invest in their research and development due to the absence of exclusive commercial rights. This issue can hinder the
funding and incentivization necessary for the extensive clinical trials and regulatory processes required for drug approval,
limiting the progression of natural products into the market as mainstream therapies.”

Many patents were filed between 2012 and 2016 for UA and its synthetic analogs describing both their syntheses and
therapeutic applications. Most of the patents along with antihyperlipidemic, antihypercholesterolemic, and anticardio-
vascular activities.”* However, any pharmaceutical innovation of UA-derivatives is dependent on raw material supply.

In addition, natural products can vary significantly in terms of composition due to several factors such as environ-
mental conditions, harvesting methods, geographical location, and many more. This variability poses challenges in
achieving consistent and reproducible therapeutic effects across different batches of natural products. Variability in
composition of natural products from different sources hinders reproducibility and consistency in therapeutic effects.>®

Conclusion and Future Perspective
UA holds substantial promise as a novel anti-TB agent, with a multifaceted approach to combating TB. Its diverse
pharmacological properties, including antimicrobial activity, anti-inflammatory effects, and immunomodulatory capabil-
ities, have been demonstrated in various in silico, in vitro, and in vivo studies. While the potential therapeutic benefits of
UA are promising, several challenges and research gaps need to be addressed before it can be integrated into the clinical
management of TB. In particular, the purification and standardization of UA, particularly in natural sources, present
considerable hurdles. Structural similarity with isomers makes separation challenging, and optimizing pharmacokinetics
and bioavailability remains a complex task. Furthermore, the limited clinical data available necessitates more compre-
hensive human trials to establish its efficacy, safety, and optimal dosing regimens.

In the coming years, there are several important directions to consider regarding the potential use of UA as
a treatment for TB. Firstly, rigorous clinical trials will be essential to thoroughly evaluate UA’s effectiveness, safety,
and the best ways to administer it to patients. These trials will provide precise information on its therapeutic benefits.
Secondly, research into advanced methods for formulating UA-based treatments will help improve how the drug is
absorbed and used by the body, ensuring consistent and reliable results in various forms of medication. Exploring the
combination of UA with existing TB drugs may offer a more effective treatment approach while reducing the risk of drug
resistance development. Additionally, continuous monitoring for the development of resistance to UA, both in the MTB
and other related microbes, is crucial to prevent the spread of drug resistance. Lastly, ensuring the sustainability of UA
from natural origins will be important both for preserving the environment and making sure the compound remains
available for future use.
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