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Abstract: Primary amoebic meningoencephalitis (PAM), caused by Naegleria fowleri, remains
an aggressively fatal infection with often ineffectual treatment avenues. This study reviews the
antiamoebic efficacy of natural-derived compounds, including plant-based, marine-sourced, and

nano-conjugated metabolites, bringing light to their potential as next-generation therapeutics.

PMMB 2025, 8, 1; a0000464. doi: 10.36877/pmmb.a0000464 http://journals.hh-publisher.com/index.php/pmmb



PMMB 2025, 8, 1, a0000464 2 of 22

Notably, plant-derived kaempferol and diosgenin were found to induce programmed cell death
(PCD) in N. fowleri via mitochondrial signalling and production of reactive oxidative species
(ROS), without the added toxicity to normal human cell lines. Terpenes such as thymol and
forskolin effectively targeted both trophozoites and cysts by disrupting intracellular signalling
and cell membrane integrity. The ability to cross the blood-brain barrier (BBB) was exhibited
by marine-derived oxasqualenoids and sesquiterpenes a key requirement for effective PAM
therapy, with the added ability to induce apoptosis in trophozoites. These compounds interfere
with critical pathogenic mechanisms, including phagocytosis, adhesion, and protease activity
highlighting their potential for multi-targeted therapy. Compared to current PAM treatments,
which are limited by toxicity and poor central nervous (CNS) penetration, these natural
compounds offer a safer and potentially more effective alternative. Additionally,
nanoconjugation significantly enhanced the compound bioavailability, brain-targeting, and
retention, further amplifying their therapeutic potential. This comprehensive review aims to
bring to the apogee, the scientific importance of these findings and lays the foundation for future
drug development strategies that harness the structural diversity and mechanistic specificity of
natural products for treating PAM.

Keywords: Naegleria fowleri, primary amoebic meningoencephalitis, nanoparticles, anti-
amoebic, natural compounds; SDG 3 Good health and well-being

1. Introduction

Naegleria fowleri, also known as the brain-eating amoeba, is a eukaryotic, free-living,
pathogenic amoeba that causes primary amoebic meningoencephalitis (PAM), a rare but highly
fatal infection. Naegleria spp. have been around for over a century, but a specific strain, N.
fowleri, has gained growing attention for the past 50 years, as very few infection cases have been
successfully treated and the currently available treatments have unpleasant side effects (2,

N. fowleri has been identified in 35 countries and can be found in water sources on all
continents except Antarctica Fl. Its natural habitats include rivers, freshwater lakes, hot springs,
and ponds. This parasite has also been detected in urban zones, including hotel swimming pools,
waterparks, recreational fountains, and tap water used for nasal rinsing. As a thermophilic
organism, it thrives under warmer conditions.

According to the latest statistics, 488 cases of primary amoebic meningoencephalitis
(PAM) have been reported worldwide according to latest statistics, with 164 cases occurring in
the USA between 1962 and 2023 51, However, the number of global cases is widely
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underestimated owing to the difficulty in the diagnosis of PAM and the rapid progression of the
infection, leading to patient death within 48 hours of the first symptoms €. The clinical
symptoms are highly similar to those of viral and bacterial meningitis 1. Headaches, fever, stiff
neck, nausea followed by seizures, neurological impairments, cerebral hemorrhage, and death
are the reported symptoms and prognosis of infected patients /8],

N. fowleri is a thermophilic amoeba that exists in three forms: the cyst form, the
trophozoite form, and the motile flagellate form. Although all forms are capable of causing
central nervous system infection, the trophozoite is the main proliferative and tissue-invasive
stage associated with disease progression. During hostile conditions, the amoeba transforms into
a metabolically inactive cyst, measuring 8—12 um in diameter, characterized by a thick double
wall with pores 1. In this stage, the organism remains dormant and highly resistant to various
physical and chemical stresses 271, Although cysts can be transported by dust particles and enter
the nasal mucosa, no cysts have been identified in brain tissue [1%1. Moreover, the trophozoite and
flagellate forms are typically inhaled during activities such as swimming, diving, or contact with
contaminated water. These forms are the only ones found in the affected tissues and
cerebrospinal fluid of infected individuals 1. Trophozoites attach to the nasal mucosa, penetrate
the olfactory epithelium, and traverse the cribriform plate to invade the brain 1. Once in the
central nervous system, trophozoites trigger intense inflammation, leading to neuronal damage
and extensive tissue destruction !, Currently, no drugs are specifically designed for PAM 22,
The current treatment for PAM includes a combination of antifungal agents (amphotericin B),
anti-cancer drugs (miltefosine), and antibiotics (rifampin) 1%, However, the use of these
medications is often associated with severe adverse effects. The blood-brain barrier further
complicates drug delivery to the central nervous system during infection. Consequently, higher
doses are typically required to achieve minimal inhibitory effects, thereby increasing the risk of
toxicity [*3l. Amphotericin B, for instance, is associated with unpleasant side effects such as
nausea and, in severe cases, nephrotoxicity [4. Furthermore, rifampin monotherapy is
discouraged due to the rapid emergence of drug resistance 1. Therefore, there is an urgent need
to develop safer and more effective therapeutic strategies [,

In the search for improved therapies, natural products offer a promising alternative.
Composed of multiple bioactive compounds, natural substances exhibit a broad range of
biological activities, including antiparasitic, antifungal, antibacterial, anticancer, and antiviral
effects. For example, several natural compounds have showed activity against disease-causing
organisms such as Acanthamoeba, fungi, bacteria, and Leishmania. Beyond their biomedical
applications, natural compounds also possess electrochemical and photochemical properties,
making them attractive for renewable technologies such as solar panels [*>%¢1, Natural products



PMMB 2025, 8, 1, a0000464 4 of 22

have historically played a central role in drug discovery. According to the World Health
Organization, approximately 80% of the global population relies on medicinal plants for disease
management 17, and it is estimated that up to 50% of currently marketed drugs have natural
origins (81, In addition, microorganisms have proven to be rich reservoirs of therapeutic agents,
exemplified by the discovery of penicillin from Penicillium fungi. This breakthrough ushered in
a new era of natural-product-derived medicines, soon followed by landmark discoveries such as
streptomycin, cyclosporine, and erythromycin. Despite ongoing efforts to explore natural
chemical diversity, only a small fraction of newly discovered bioactive molecules advances
through rigorous clinical evaluation I, Given the limitations of current treatments for infections
such as PAM, natural products remain a largely untapped but highly promising source for novel
drug development 2. Moreover, notable examples such as amphotericin B (AmB) and
ivermectin both isolated from Streptomyces species underscore the therapeutic potential of
microbial-derived compounds 2, Several studies have evaluated the effects of naturally derived
compounds on N. fowleri, primarily targeting the trophozoite stage due to its active role in
infection. Although cyst and flagellate forms are also infectious, they are less frequently studied
because of the difficulty in establishing consistent experimental models. Nevertheless, promising
inhibitory agents have been identified; however, their mechanisms of action remain poorly
understood, limiting their translation into clinical applications.

Despite the discovery of several natural compounds with inhibitory effects against N.
fowleri, challenges such as poor solubility, low bioavailability, and inefficient delivery to target
tissues have hindered their clinical application. Therefore, innovative strategies, particularly
advanced drug delivery systems, are critical to unlocking the therapeutic potential of these
natural agents. One promising approach is nano-conjugation, which has gained significant
attention in drug discovery studies. Nano-carriers can enhance the pharmacokinetics and
pharmacodynamics of cargo drugs, improving their solubility, stability, and targeted delivery 11,
In recent years, scientists have successfully conjugated a wide range of compounds including
natural products and existing drugs with nanoparticles. Among these, gold, silver, and various
metal oxides are the most extensively researched carriers for nanoparticle-based drug delivery
systems (231, For example, a recent study investigated the activity of amphotericin B conjugated
with silver nanoparticles and found that the nanoconjugated AmB exhibited enhanced activity
against Naegleria ™31, In this review, we present a comprehensive summary of natural
compounds identified over the past decade that demonstrate inhibitory activity against N. fowleri
trophozoites. By consolidating these findings, we aim to support ongoing research toward the
development of safer and more effective therapeutic strategies against this devastating and often
fatal infection.



PMMB 2025, 8, 1, a0000464 5 of 22

2. Methods

A comprehensive literature search was conducted using Google Scholar, PubMed, and
Scopus to collect information on reported cases of N. fowleri inhibition published between 2014
and 2024. Keywords such as “Naegleria fowleri,” “natural compounds,” “natural extracts,”
“natural metabolites,” “Naegleria fowleri inhibition,” “nanoconjugated compound,” and related
terms were used to ensure an inclusive and focused search. Titles and abstracts were screened
for relevance, and studies focusing solely on synthetic compounds were excluded.

For each selected publication, detailed information was extracted, including the origin of
the tested compound, amoebicidal potential, cytotoxic activity, details of any nano-conjugation,
and proposed mechanisms of action. Additional data, such as compound concentrations,
experimental models (in vivo or in vitro), and statistical measures (e.g., ICso values when
available), were also recorded.

Multiple reviewers independently assessed the publications to enhance the objectivity of
the review process. Disagreements were resolved through consensus and discussion to minimize
potential bias. This systematic approach facilitated the development of a robust dataset,
providing valuable insights into the potential of natural compounds and nanoconjugates in
inhibiting N. fowleri viability and supporting future therapeutic advancements.

3. Results and discussion
3.1. Potential of Plant-Derived Compounds as Anti-microbial Agents against N. fowleri

The emergence of multidrug-resistant microorganisms requires the development of new
anti-microbial agents. Plant-derived compounds have emerged as promising candidates because
they possess diverse chemical structures and biological activities. A broad range of plant
secondary metabolites, including alkaloids, flavonoids, terpenes, and phenolic compounds, have
been studied for their anti-microbial properties 226l They have shown a range of
pharmacological effects, including disruption of bacterial cell membranes, interference with
RNA synthesis, modulation of bacterial efflux pump expression, and inhibition of quorum
sensing mechanisms 22261, Because of their broad-spectrum activity, these phytochemicals are
now being studied for their potential against free-living amoeba, such as N. fowleri and
Acanthamoeba spp. as shown in Table 1.

One promising source of anti-microbial agents is Momordica charantia (bitter melon), a
medicinal plant traditionally used in Asian, South American, and Caribbean medicine 71,
Previous studies have shown that diosgenin, a steroidal saponin extracted from M. charantia,
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exhibits broad pharmacological activities, including antiviral, anti-fungal, and antihelminthic
effects (2229 In a study on the amoebicidal activity of diosgenin against N. fowleri trophozoites,
diosgenin showed 98% inhibition at 100 pg/mL of the extract after 6 h of exposure and 100%
inhibition after 24 hours. Diosgenin was shown to disrupt trophozoite membrane integrity and
inhibit cysteine protease activity of N. fowleri through mechanistic studies, with Diosgenin as a
potential therapeutic agent 34,

Similarly, Larrea tridentata, referred to as the creosote bush, endemic to the remote
southwestern United States, is known for its varied pharmacological properties, including
antioxidant and anti-bacterial properties [l. Nine secondary metabolites from L. tridentata were
evaluated against N. fowleri in an assay conducted by Bashyal et al. ¥2, The amoebicidal
activities of seven of these compounds against N. folweri were determined to be potent, with
ECso values between 37 and 235 uM. The primary mechanism of action was found to be
inhibition of cysteine protease activity, a process required for trophozoite survival and
pathogenicity %2,

Another medicinal plant, Inula viscosa has been studied for its antiamoebic properties.
Inula viscosa crude extracts showed inhibitory activity against N. fowleri trophozoites, with an
ICs0 of 17.89 pg/mL. Subsequent purification led to the identification of two bioactive
compounds, Inuloxin A and Sakuranetin. These compounds induced programmed cell death
(PCD) in trophozoites, as previously described by Zeouk et al. 2. PCD hallmarks, such as
chromatin condensation, mitochondrial damage, cell membrane disruption, and increased
production of ROS, were induced, demonstrating their potential as effective therapeutic agents
against amoebic infections 31,

Polyphenolic compounds, called flavonoids, have shown considerable promise in
fighting protozoal infections, including those arising from free-living amoebae. Lé et al. [?8
recently evaluated the antiamoebic activity of 18 flavonoids against N. fowleri. Among these
compounds, they identified the most potent compounds to be demethoxycurcumin and
kaempferol, with 1Cso values below 40 uM. Kaempferol has been extensively studied for its
antimicrobial and antiparasitic properties and is widespread in many fruits and vegetables. This
compound has shown efficacy against pathogenic bacteria, fungi, and protozoa 4. Recently,
kaempferol was tested against N. fowleri and was shown to induce PCD in trophozoites. The
mechanisms of action include disruption of cellular processes such as chromatin condensation,
mitochondrial dysfunction, increase of ROS production, culminating in apoptotic, ultimately
leading to 'non-apoptotic,” cell death. These findings suggest that kaempferol is a promising
candidate for new treatment strategies against N. fowleri infections [,



PMMB 2025, 8, 1, a0000464 7 of 22

Recent findings highlight the presence of many terpenes that exhibit strong antiamoebic
activities with both N. fowleri trophozoites and cysts. Forskolin, thymol, borneol, and
andrographolide showed potent inhibitory effects against parasites with low cytotoxicity to
human cells. These terpenes have diverse mechanisms of action, including membrane disruption,
inhibition of enzymatic activities, and modulation of cellular signaling pathways, which signify
their potential as promising candidates for further development as antiamoebic agents [61,

Additionally, propolis is known to have broad-spectrum anti-microbial potential. Recent
studies have demonstrated that propolis is effective against N. fowleri, exhibiting both
amoebicidal and cysticidal activity. Treatment of N. fowleri trophozoites with propolis at a
concentration of 5 pg/mL for 24 hours resulted in a 96% reduction in viability, indicating its
potential as a therapeutic agent against this highly pathogenic amoeba. The potency of propolis
is likely attributed to its complex chemical composition, rich in flavonoids, phenolic acids, and
terpenes, which together may disrupt cellular functions and ultimately lead to cell death in
amoebae 371,

Terpenes are a diverse class of naturally occurring organic compounds that exhibit anti-
fungal, antibacterial, and antiparasitic activities. Our group has revealed that terpenes such as
forskolin, thymol, borneol, and andrographolide possess the most potent activity against N.
fowleri. Although these compounds inhibited trophozoites and cysts of N. fowleri as effectively
as possible, they demonstrated low toxicity to human cells [,

Forskolin, a diterpene extracted from Coleus forskohlii, has been reported to disrupt
protozoan cellular signalling pathways, while thymol, a monoterpenoid phenol found in thyme
oil, compromises the intergrity of microbial cell membranes 63, Borneol’s antibacterial
activity improves its ability to penetrate microbial cells. Andrographolide, a diterpenoid lactone
from Andrographis paniculata, shows strong anti-inflammatory and anti-parasitic activities and
might account for its action against N. fowleri. Together, these terpenes suggest their potential
use as part of a multi-targeted therapeutic intervention against amoebic infections 1,

More recently, Pinus densiflora, a member of the Pinaceae family, widely distributed in
East Asia and used in traditional medicine was tested against N. fowleri 1. The leaf extracts of
P. densiflora showed promising amoebicidal activity with low toxicity against glial cell lines
making it a good candidate for development of novel drug for PAM.
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Table 1. Naturally derived compoinds with anti-amoebic activity against N. fowleri, including their key active

compounds, their mechanisms of action, and inhibitory effects.

Compounds Active
Source Compounds

Momordica Diosgenin

charantia

Larrea Multiple Secondary

tridentata metabolites

Inulaviscosa  Inuloxin A and
Sakuranetin

Propolis Propolis  extracts,
Flavonoids, and
phenolic acids

Variety of Kaempferol

plants

Medicinal Forskolin, thymol,

Plants andrographolide,
borneol

Streptomyces | Indolocarbazoles

sanyensis

Fungal Bioactive extracts

isolates

Fungal Lovastatin

Activity on N. fowleri trophozoites

Plant Based
98% inhibition of trophozoites at 100

pg/ml

ECso: 37- 235 uM

1Cs0 17.89 pg/mL
Inuloxin A at 21.27 uM
Sakuranetin: 74.83 uM

96% inhibition of trophozoites after

24 hours

Low ICsg values (< 40 uM). ICso Of
29.28 +0.63 uM

1Cs0 (UM):

Thymol 153.601 pM,

Forskolin 189.170 uM,

Percentage Inhibition:
Borneol: 49%
Andrographolide:46%

Inhibits trophozoites and cysts, low
human cell toxicity

Microbes
ICsp ranging 0.08 - 11.51 uM

> 33% inhibition

1Cs0 19.742 uM

Mechanism of action

Disrupt membrane integrity,

Inhibition ~ of  cysteine
protease
Inhibition ~ of  cysteine

protease activity
Induction of programmed

cell death (PCD)

Disrupts cell membrane,

induces cell death

Induces apoptosis-like cell
death
Disrupts cellular processes,

membrane integrity

Induction of programme cell
death

Not reported

Not reported

References

[31]

[32]

[33]

[37]

[28]

[36]

[40]

[41]

[42]
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Bacillus spp.  Tyrocidines - 94% inhibition after 24h Not reported (431
derived peptides
Marine Compounds

Laurencia Oxasqualenoids ICs0:16.25 + 1.23 uM and 12.70 + Not reported [44]
viridis 2.64 uM
Gongolaria Meroterpenoids I1Cs0 ranging 19.86 - 58.91 Induction of programmed [
abies-marina, cell death
Laurencia Sesquiterpenes ICso: 61.52 + 12.97 uM Not reported (461
dendroidea.
Laurencia Laurinterol ICs0: pM Not reported 20]
Johnstonii Debromolaurinterol | Laurinterol: 13.42

Isolauritenol Debromolaurinterol: 18.76

Isolauritenol: 28.18
3.2. The Therapeutic Potential of Marine Bioactive Compounds

The unigueness of the marine environment and the extremes of its habitats have emerged
as a source of bioactive compounds with significant potential for drug discovery. Marine
organisms, including algae, sponges, and corals, are prolific sources of structurally diverse
metabolites that demonstrate a wide spectrum of bioactivities, notably antiviral, antibacterial,
anticancer, and anti-inflammatory properties “~*°1. In recent years, efforts have focused on
harnessing these marine-derived compounds to develop novel therapeutic agents against free-
living amoebae, such as N. fowleri, the causative agent of PAM, a rare but often fatal infectious
process.

Another promising avenue for research is the extraction of oxasqualenoids from the red
algae Laurencia viridis ™. These compounds also significantly inhibited N. fowleri
trophozoites. Yucatone, most active oxasqualenoid identified, exhibits potent antiamoebic
activity with an ICso value of 28.53 uM. This efficacy may be attributed to the unique squalene-
derived backbone of oxasqualenoids, which is thought to disrupt membrane integrity and induce
cell death in parasitic amoebae. These findings position red algae-derived metabolites as a novel
and promising class of antiamoebic agents (441,

Another group of marine-derived secondary metabolites, meroterpenoids, have also
demonstrated potent antiamoebic activity [*°l. Six bioactive compounds were extracted from the
brown alga Gongolaria abies-marina, all of which inhibited N. fowleri trophozoites to a
comparable degree. Of these, the most potent inducer of PCD in the parasite was identified as
Gongolarone B. Several cellular events are involved in PCD, such as chromatin condensation,
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mitochondrial damage, and an increase in ROS production, which essentially indicates that

Gongolarone B could effectively disrupt the parasite’s survival mechanisms 5],

The antiamoebic potential of sesquiterpenes isolated from the red alga Laurencia
dendroidea has also been explored ™8, The sesquiterpene (+)-elatol demonstrated notable
activity against trophozoites and cysts of N. fowleri. Importantly, the compound's low molecular
weight and high lipophilicity make it a powerful candidate for crossing the blood-brain barrier,
which is an essential requirement for effective PAM treatment. Further mechanistic studies have
identified that (+)-elatol induces PCD in trophozoites and has the potential to serve as a
therapeutic agent targeting multiple stages of the parasite life cycle [“61. Furthermore, recent
studies have focused on the potential of cyclolaurane-type sesquiterpenes as potential
antiamoebic agents. Debromolaurinterol, a compound isolated from the red alga Laurencia
johnstonii, demonstrated remarkable efficacy against N. fowleri, achieving 99.98% inhibition
of ATP production in treated cells 1. Molecular modeling and Structure-Activity Relationship
(SAR) analysis indicated that the unique structural features of cyclolaurane metabolites
improved their binding affinity and efficacy against the parasite. Further, in silico ADME/Tox
analysis also indicated satisfactory pharmacokinetic properties, thus reinforcing the potential of
these compounds as chemical models for the development of new PAM treatments [61,

A germacrane sesquiterpene lactone, was isolated from the zoanthid coral, Palythoa aff.
Clavate %, Recently, it has been shown to be a promising antiamoebic compound. In vitro
testing showed that anhydroartemorin inhibited N. fowleri with an ICso 0of 23.02 £+ 1.26 uM. The
compound was also tested for its ability to induce programmed cell death in trophozoites, and
showed positive results. Anhydroartemorin possesses properties that allow it to cross the blood-
brain barrier, a major hurdle in the development of effective antiamoebic drugs. Hence, due to
its ability to penetrate the central nervous system, it is a promising candidate for further
development as a PAM therapeutic agent [,

The diversity and uniqueness of the chemical structures in marine metabolites form a
largely untapped reservoir of a large number of potential bioactive compounds, with the potential
for innovation in the search for therapeutics against combating N. fowleri and other challenging
pathogens. As research into marine bioactive compounds continues to expand, there is growing
optimism that these natural products may yield effective and targeted solutions for combatting
amoebic infections and other emerging diseases.
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3.3. Microbial Metabolites in the Quest for Novel Therapies

Microbial metabolites have attracted the interest of researchers as promising candidates
for novel therapeutic research. Metabolites produced by microorganisms have shown therapeutic
potential for a range of diseases, including cancer and infections %4, Indocarbazoles derived
from Streptomyces sanyensis showed promising results against N. fowleri. These compounds
have previously been reported for their ability to induce PCD. Four compounds extracted from
mangroves were found to inhibit N. fowleri . These findings align with previous studies
reporting that parasites use protein kinases for several biological processes and for survival. In
support of this, a study conducted by Rizo-Liendo et al., the indolocarbazoles derived from
Streptomyces sanyensis exhibit protein kinase and DNA topoisomerase | inhibitory properties
551~ All these findings point to a possible avenue to developing compounds that are more
effective against N. fowleri.

In addition to bacterial sources, mangrove fungi can produce a wide range of secondary
metabolites that exhibit significant antimicrobial activity. For instance, fungal isolates from
Rhizophora mangle, Avicennia germinans, Laguncularia racemose, Conocarpus erectus, and
Coccoloba uvifera have been previously screened for bioactive extracts. From this screening, 34
extracts exhibited greater than 33% amoeba inhibition. Among the compounds identified,
lovastatin, acommon secondary metabolite produced by various fungal species, was of particular
interest %61, This compound is a known inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, a crucial component of cholesterol biosynthesis in humans and
ergosterol in protozoa Y. Given that ergosterol is essential for the integrity of the cell membrane
of N. fowleri, makes it a good target for antiamoebic compound screening 4. Notably, lovastatin
was tested against N. fowleri trophozoites and successfully eliminated the pathogen.

Futhermore, tyrocidin-derived peptides have shown promising activities against N.
fowleri. Tyrocidines are naturally occurring antimicrobial produced by Bacillus spp. found in
the soil [*l. When tested against N. fowleri in vitro, this compound exhibited potent inhibitory
effects on trophozoites and encystation. Although the mechanism of action was not reported in
this study, a previous study reported the ability of tyrocidine to disrupt membrane integrity and
lead to cell death (71,

3.4. Pathways Targeted by Natural Agents in N. Fowleri

Natural compounds and their nano-formulated derivatives target multiple vital
mechanisms in N. fowleri. In the last decade, several in vitro and in vivo studies have confirmed
their effectiveness through molecular, cellular, and biochemical analyses. These studies
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demonstrate how natural agents modulate cellular pathways, suppress virulence factors, and
induce programmed cell death.

3.4.1. Inhibition of Cytolytic Activity

Cytolytic activity is the fundamental mechanism by which N. fowleri invades host tissues.
The amoeba produces cytolytic enzymes, such as phospholipases and neuraminidases, which
degrade host cell membranes, enabling tissue invasion and feeding on cellular debris ],
Phospholipases hydrolyze phospholipids, disrupting cell membrane integrity, whereas
neuraminidases cleave sialic acids from host cell surfaces, enhancing adhesion and phagocytosis
(581, Natural compounds, such as quercetin and kaempferol, both flavonoids, have shown promise
in inhibiting phospholipase activity, thereby reducing tissue destruction caused by N. fowleri
[3435 - Additionally, saponins found in various plants can disrupt cell membranes, potentially
contributing to the immune responses that protect against amoebic infections. These findings

suggest that natural compounds may be effective in limiting the cytotoxic effects of N. fowleri
[59]

3.4.2. Adhesion and Phagocytosis Inhibition

Adhesion is critical for N. fowleri infection in host tissues. Amoebas use structures called
food cups during phagocytosis to engulf host cells 5%, It relies on adhesion molecules, such as
lectins and surface glycoproteins, to attach to epithelial cells, such as those in the nasal cavity.
Lectins bind to specific sugars on host cells, facilitating attachment, whereas surface
glycoproteins assist in interacting with host cell receptors, promoting invasion %, Natural
compounds have demonstrated efficacy in disrupting adhesion mechanisms. For example, plant-
derived polysaccharides, such as those from Aloe vera, can inhibit the ability of N. fowleri to
adhere to host cells, preventing the amoeba from accessing the central nervous system (CNS)
[20] - Resveratrol, a polyphenol found in grapes, affects cytoskeletal dynamics, hindering the
formation of food cups necessary for phagocytosis. This disruption of adhesion reduces the
ability of N. fowleri to cause infection and to propagate within host tissues 1,

3.4.3. Induction of Programmed Cell Death

Programmed cell death or apoptosis is a promising strategy for controlling the growth of
N. fowleri 12621 Apoptosis results in cellular self-destruction without causing an inflammatory
response, making it a desirable mechanism for reducing the viability of pathogens. Natural
compounds can induce apoptosis in N. fowleri via pathways such as caspase activation and
mitochondrial dysfunction 5631, Caspases are enzymes critical for executing apoptosis, and their
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activation can trigger cell death in amoebas. Kaempferol induces apoptosis-like morphological
changes in N. fowleri, including chromatin condensation and membrane blebbing [B64,
Similarly, curcumin, a compound found in turmeric with known anti-inflammatory properties,
has been demonstrated to activate apoptotic pathways. Curcumin is believed to generate reactive
oxygen species (ROS) and disrupt mitochondrial function, thereby promoting cell death in N.
fowleri. These natural compounds may serve as potent agents for inducing cell death in amoebas,
limiting their pathogenic potential ['].

3.4.4. Inhibition of Enzymatic Activity

The survival and proliferation of N. fowleri depend on various enzymatic activities such
as those of acetylcholinesterase (AChE) and proteases %51, AChE is responsible for the
breakdown of acetylcholine, a neurotransmitter essential for neuronal signalling. By inhibiting
AChE, natural compounds can disrupt neural communication in N. fowleri and impair its motility
651 proteases that facilitate degradation are vital for cellular function and growth. Laurinterol, a
compound derived from marine algae, has been identified as an AChE inhibitor that effectively
disrupts neurotransmitter signalling in N. fowleri and hinders its motility 2%, Furthermore, plant-
derived protease inhibitors have been shown to impair the proteolytic activity of N. fowleri,
further limiting its ability to grow and spread within host tissues. These findings underscore the
potential of enzymatic inhibition as a therapeutic approach for treating N. fowleri infections !,

3.5. Combination with Nanotechnology: A Promising Strategy

In recent years, nanoparticles have emerged as a revolutionary tool in drug delivery,
owing to their unique physiochemical properties 7. Metals such as silver, gold and zinc have
been extensively studied and utilized due to their exemplary antimicrobial properties alongside
its compatibility with preexisting medical applications [¥¢71. Offering several advantages over
traditional systems, such as targeted drug delivery to specific tissue, controlled drug release and
enhanced stability of the drug [®®l. The nanoscale interaction of biological systems at a molecular
level is astounding with reports of increased bioavailability and precision therapeutic
intervention %%, This coincides perfectly to the needs of N. fowleri afflictions as this circumvents
the known challenges of poor solubility, degradation of natural compounds, and mitigating other
potential unintended side effects ["l. The adjudication of nanoparticles with natural compounds

aims to augment the existing treatments by increasing efficacy and efficiency against N. fowleri
[71]

Further expanding upon the pertinence of the metallic components of nanoparticles, such
as silver and gold due to their small size and large surface area ['?, they are more readily able to
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interact effectively with microbial cells, including amoebic parasites such as N. fowleri doing so
by inhibiting cell growth and cellular functions [*%l. The reports of enhanced amoebicidal activity
with silver nanoparticles coated in amphotericin B serves as the basis for improvement of natural
compounds with nanoparticles against N. fowleri 3], The conjugation of nanoparticles also
enables targeted and controlled drug delivery, with the ability to be engineered to target specific
cells by attaching functional groups or ligands that bind to receptors on diseased cells ['4l, This
allows for more controlled drug release, reduced frequency of dosing and the reduction of drug
concentration for treatment. As for the question of biocompability reports detail that this can be
addressed with functionalization of gold and zinc with organic polymers to enhance human cell
compatibility "], The added benefit of nanoconjugated compounds having a reduced cytotoxic
effect on human cells while maximizing pathogen damage, this is underscored with the study
done by Sani, 202 [8],

Table 2 shows the recent studies that have explored the use of nanoparticles to enhance
the efficacy of existing drugs against N. fowleri. Notably, the clinically approved antifungal
drugs amphotericin B, fluconazole, and nystatin were tested against N. fowleri alone and in
conjugates with silver nanoparticles. Nanoconjugates of these drugs showed potent amoebicidal
activity at 10 pM, which was significantly more effective than when the drugs were tested alone
[66.771 trans-Cinnamic acid and curcumin are both natural anti-microbial that possess a wide
range of biochemical properties. Both were conjugated with gold nanoparticles to enhance their
anti-microbial activity against N. fowleri. The conjugates demonstrated enhanced anti-Fowleri
activity compared to that of the compounds alone 781,

Our group reported the effects of oleic acid and terpenes andrographolide, borneol, and
forskolin-conjugated silver nanoparticles against N. fowleri. Significant activity was exhibited
at a concentration of 10 uM when the trophozoites were treated with the nanoconjugates, and
low toxicity was recorded against host cells [®8%, The exact mechanism is unknown; however,
silver nanoconjugated oleic acid has been previously reported to cause cytoplasmic destruction
in bacteria, leading to cell death. Oleic acid is a fatty acid that occurs naturally in living
organisms and possesses anti-inflammatory and immune-system-boosting properties in humans.
Flavonoids, a diverse group of plant-derived secondary metabolites, have garnered significant
attention owing to their wide range of biological activities and therapeutic potential [,
However, the clinical applications of these compounds are limited owing to their poor
bioavailability. Hesperidin and naringin, two flavonoids derived from citrus fruits, have been
conjugated with gold and silver nanoparticles and stabilized by plant gums . This unique
approach resulted in drastically enhanced amoebicidal activity with the inhibition of encystation
and excystation. The integration of nanotechnology offers a promising avenue for the
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development of effective therapies against N. fowleri, addressing the urgent need for new and
more effective treatments (82,

Table 2. Summary of the natural compound nanoconjugates and their efficacy.

Compound Conjugated with In vivo efficacy on trophozoites Reference
(% inhibition)
Oleic acid Silver 66 [80]
trans-Cinnamic Gold 84 [78]
Acid

Hesperidin Silver 99 [(81]
Naringin Gold 75

Curcumin Gold 69 83]

Andrographolide Silver 63 (7l
Borneol 70
Forskolin 73

4. Future Directions

The future of treating amoebic infections, especially PAM, lies in the advancement of
innovative technologies as well as multidisciplinary methodologies to combine biochemistry,
synthetic chemistry, pathology, nanotechnology, and physiology. The effectiveness of these
bioactive compounds should be enhanced through auspicious structural modifications. A semi-
synthetic derivative approach can be applied for these terpenes, flavonoids, and oxasqualenoids
to tailor their structures, which will further improve their ability to cross the BBB, selectivity,
transportation, and potency. This could enhance the effectiveness of these compounds against
PAM infection. Furthermore, other computational methods, such as dynamic simulation and
molecular docking, should be employed to assist in the discovery and fine-tuning of compounds
that target critical cellular pathways.

This novel nanotechnological approach offers a highly promising strategy, particularly
in coating drug-loaded nanoparticles designed for tissue-specific targeting and precise drug
release. Functionalized nanoparticles can cross the BBB and are likely to considerably improve
the effectiveness of both existing and newly identified therapeutic drugs and compounds against
PAM infection. Likewise, the conjugation of nanoparticles, biologically active plant-derived and
marine compounds, and other anti- microbial compounds can produce synergistic effects. Thus,
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reducing the likelihood of resistance and ensuring the complete eradication of both trophozoite
and cyst stages of N. fowleri. Effective and meaningful advancement in these areas necessitates
interdisciplinary teamwork among researchers in pharmacology, chemistry, natural compounds,
and nanomedicine to develop novel and effective treatments for this crucial health challenge.

5. Conclusion

N. fowleri is a highly pathogenic and often fatal, bi-phasic, free-living amoebic parasite.
The search for potent therapeutic drugs against this fatal amoeba has advanced significantly
through two major strategies, which is the use of natural products, particularly purified
compounds, and the application of nanotechnologies. Among these natural sources, plant-
derived bioactive compounds such as kaempferol, terpenes, and diosgenin, along with marine
metabolites like sesquiterpenes and oxasqualenoids, have shown strong and promising
antiamoebic activity. These properties are achieved by various mechanisms of action, such as
triggering PCD, disruption of cellular membranes, and inhibition of different enzymes. Likewise,
microbial bioactive metabolites, such as tyrocidines and lovastatin, have demonstrated
significant efficacy by targeting crucial cellular processes and pathways of these amoebic
parasites. However, this approach faced critical challenges that were overcome by a novel
strategy. That is by incorporating bioactive compounds with various nanoparticles. This
enhanced their stability, precise transportation, concentration, and bioavailability, while
reducing their potential toxicity to human cells due to their small size. This integrated novel
approach shows great promise in overcoming current challenges and combating pathogenic N.
fowleri, highlighting the crucial role of naturally derived compounds and advanced technologies
in the management and treatment of fatal PAM infections.
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