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ABSTRACT 

Background: Naegleria fowleri, commonly known as the ―brain-eating amoeba,‖ 

is a free-living thermophilic protozoan responsible for a rapidly progressive and 

almost universally fatal infection known as primary amoebic meningoencephalitis 

(PAM). Despite being rare, the disease poses a severe public health concern due to 

its high mortality rate, diagnostic challenges, and limited therapeutic efficacy. 

Global climate change, increasing freshwater exposure, and inadequate awareness 

have contributed to the amoeba’s growing ecological persistence and sporadic 

outbreaks. Objective: This review aims to provide a comprehensive overview of N. 

fowleri—encompassing its environmental reservoirs, morphological transitions, 

molecular mechanisms of neuroinvasion, host–pathogen interactions, clinical 

manifestations, diagnostic advancements, therapeutic interventions, and emerging 

research directions—to highlight critical gaps and future challenges in managing 

PAM. Methods: A systematic literature review was conducted using scientific 

databases including PubMed, Scopus, ScienceDirect, and Google Scholar (2010–

2025). Peer-reviewed research articles, reviews, case studies, and epidemiological 

reports focusing on N. fowleri pathophysiology, host immune responses, diagnostic 

tools, and treatment strategies were analyzed and synthesized thematically. Results: 

N. fowleri exists in three morphologic stages—trophozoite, flagellate, and cyst—

enabling it to survive diverse environmental conditions. The infection initiates 

through nasal exposure to contaminated warm freshwater, allowing amoebae to 

traverse the olfactory epithelium and invade the central nervous system. The 

pathogen secretes proteolytic enzymes, disrupts the blood–brain barrier, and 

induces extensive neural tissue necrosis accompanied by intense inflammatory 

responses.  
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Current therapeutic regimens combining amphotericin B, 

miltefosine, and azoles have shown limited success due 

to late diagnosis, poor drug permeability, and rapid 

disease progression. Advances in molecular diagnostics, 

nanocarrier-based therapies, and genomic insights hold 

promise for improved detection and treatment outcomes. 

Conclusion: The pathogenesis of Naegleria fowleri 

reflects a complex interplay between environmental 

adaptability, virulence factors, and host immune evasion. 

Early diagnosis, rapid intervention, and novel drug 

delivery approaches are vital to improving survival rates. 

Strengthened environmental surveillance, public 

education, and integrated molecular research are urgently 

needed to mitigate the global threat of this lethal amoebic 

encephalitis. 

 

KEYWORDS: Naegleria fowleri, primary amoebic 

meningoencephalitis, neuroinvasion, host–pathogen 

interaction, amphotericin B, miltefosine, thermophilic 

amoeba, brain infection, environmental reservoirs. 

 

1. INTRODUCTION 
The free-living amoeba Naegleria fowleri has emerged as 

a formidable pathogen, colloquially known as the ―brain-

eating amoeba,‖ due to its ability to invade the central 

nervous system and cause the fulminant disease Primary 

Amoebic Meningoencephalitis (PAM) (Güémez & 

García, 2021; Mahajan, 2024). Although human 

infections are exceedingly rare, the nearly universal 

fatality associated with PAM highlights its critical 

importance in both environmental microbiology and 

clinical medicine. N. fowleri belongs to the genus 

Naegleria — among roughly 47 known species, it is the 

only one conclusively demonstrated to cause human 

disease (StatPearls, 2024). This pathogen thrives in warm 

freshwater environments and is increasingly recognized 

as an emerging public-health threat in the context of 

global warming, recreational freshwater exposure, and 

expanding underserved-water infrastructure (Bhardwaj & 

Satapathy, 2024; Mahajan, 2024). 

 

Epidemiologically, PAM remains extremely rare, with 

only a few hundred cases documented globally over 

several decades, yet the case-fatality rate consistently 

exceeds 95 % (Güémez & García, 2021; Yoder et al., 

2022). A global review identified 381 reported cases of 

PAM caused by N. fowleri across 33 countries, with the 

highest exposures reported in the United States (41 %), 

Pakistan (11 %), and Mexico (9 %) (Yoder et al., 2022). 

The rarity of the disease belies its severity: the 

incubation period from exposure to symptom onset is 

typically 1–12 days, and death often occurs within a 

week of symptom manifestation (Centers for Disease 

Control and Prevention [CDC], 2024; Mahajan, 2024). 

 

Historically, the first well-documented case of PAM was 

reported in Australia in 1965 (StatPearls, 2024). Since 

then, sporadic outbreaks and case reports have occurred 

worldwide, often linked to recreational water activities in 

warm freshwater lakes, hot springs, and poorly treated 

swimming pools (CDC, 2024; García et al., 2020). 

Notable outbreaks include cases in the United States, 

Asia, and Latin America where N. fowleri was isolated 

from environmental water sources following fatal 

infections (CDC, 2015; Yoder et al., 2022). For instance, 

a fatal case in Costa Rica in 2014 highlighted how hot 

spring exposure led to PAM in a child — underscoring 

the environmental-clinical interface of the pathogen 

(CDC, 2015). 

 

Morbidly, PAM is characterized by rapid onset of 

symptoms—headache, fever, nausea, vomiting—

progressing swiftly to altered mental status, seizures, 

coma, and death within a median of five days from 

symptom onset (CDC, 2024; Güémez & García, 2021). 

The mortality remains exceedingly high: review data 

indicate a survival rate of less than 5 % even with 

aggressive treatment (Bhardwaj & Satapathy, 2024; 

Yoder et al., 2022). Given the disease’s rarity, high 

lethality, and diagnostic challenges, the true burden may 

be under-recognized, especially in regions with limited 

laboratory diagnostic capacity. 

 

From an environmental perspective, N. fowleri’s 

thermophilic nature, ability to inhabit warmed freshwater 

systems, and resilience in poorly chlorinated water 

reservoirs position it as a unique emerging threat in the 

era of climate change and expanding water recreation 

(Bhardwaj & Satapathy, 2024; StatPearls, 2024). 

Clinically, the nearly universal mortality rate, rapid 

disease progression, and absence of standardized, highly 

effective treatment underscore the urgent need for 

enhanced awareness, surveillance, and research into 

early diagnostics and novel therapeutics. 

 

In sum, N. fowleri represents a nexus of environmental 

microbiology and acute neuro-infectious disease. 

Understanding its ecology, epidemiological trends, 

historical outbreak profile, clinical severity, and fatality 

is essential for framing the subsequent discussion of its 

life cycle, neuroinvasive mechanisms, host–pathogen 

interactions, diagnosis, treatment, and prevention 

strategies. 

 

2. Taxonomy, Morphology, and Life Cycle 

2.1 Taxonomic Classification 

Naegleria fowleri is a thermophilic, free-living amoebo-

flagellate belonging to the domain Eukaryota, 

characterized by a single nucleus, mitochondria with 

discoid cristae, and flagellar capability. Taxonomically, 

it is classified as follows (Visvesvara & Schuster, 2023; 

Mahajan, 2024). 
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Table 1: Taxonomic Classification of Naegleria 

fowleri. 

Taxonomic Rank Classification 

Domain Eukaryota 

Supergroup Excavata 

Phylum Percolozoa 

Class Heterolobosea 

Order Schizopyrenida 

Family Vahlkampfiidae 

Genus Naegleria 

Species Naegleria fowleri 

 

This classification underscores its unique evolutionary 

position among protists—distinct from true amoebae and 

flagellates, exhibiting a flexible life cycle that allows 

adaptation to diverse ecological niches (Visvesvara & 

Schuster, 2023). 

 

2.2 Morphological Stages of Naegleria fowleri 

N. fowleri alternates among three morphologically and 

physiologically distinct stages—trophozoite, flagellate, 

and cyst—each specialized for survival, motility, and 

reproduction under varying environmental conditions 

(De Jonckheere, 2019; Güémez & García, 2021). 

 

(a) Trophozoite Stage 

The trophozoite represents the active, feeding, and 

replicative form (10–25 µm in size), characterized by 

eruptive, lobose pseudopodia used for movement and 

phagocytosis of bacteria and organic matter (Mahajan, 

2024). It reproduces via binary fission and thrives 

optimally at temperatures between 35–46°C, making it 

pathogenic when introduced into the human nasal cavity 

(Visvesvara & Schuster, 2023). In this form, N. fowleri 

expresses virulence-associated molecules such as 

cysteine proteases, phospholipases, and pore-forming 

proteins essential for host tissue invasion (Güémez & 

García, 2021). 

 

(b) Flagellate Stage 

Under nutrient-depleted or ionic stress conditions, 

trophozoites transform into a temporary flagellate stage 

within 2–3 hours. This form bears two flagella, enabling 

motility in aqueous environments and facilitating 

dispersal (De Jonckheere, 2019). The transformation is 

reversible, allowing the organism to revert to the 

trophozoite stage when favorable conditions return. This 

flagellate transition is unique among amoebae and 

contributes to the organism’s environmental adaptability 

(Mahajan, 2024). 

 

(c) Cyst Stage 

When exposed to adverse environmental conditions 

such as desiccation, nutrient scarcity, or low 

temperatures, N. fowleri forms a single-walled cyst 

approximately 9–12 µm in diameter (Visvesvara & 

Schuster, 2023). The cyst exhibits a smooth, spherical 

morphology with a thick cell wall composed primarily 

of cellulose-like polymers, conferring resistance to 

osmotic and chemical stress (Güémez & García, 2021). 

Encystment allows the organism to survive prolonged 

unfavorable conditions but not freezing or extreme 

chlorination. 

 

A comparative summary of the three morphologic stages 

is presented in Table 2 

 

 

 

Table 2: Morphological and Functional Characteristics of Naegleria fowleri Life Stages. 

Stage Morphology Environment 
Motility 

Mechanism 

Reproductive 

Capability 
Pathogenic Role 

Trophozoite 
Amoeboid (10–25 

µm) 
Warm freshwater 

Lobose 

pseudopodia 
Binary fission 

Pathogenic form; tissue 

invasion 

Flagellate 
Pear-shaped, 

biflagellated 

Nutrient-depleted 

water 

Flagellar 

movement 

Non-

replicative 

Transitional, non-

pathogenic 

Cyst 
Spherical, single-

walled 

Unfavorable (dry, 

cold) 
None Dormant 

Survival stage, non-

pathogenic 

(Adapted from De Jonckheere, 2019; Visvesvara & Schuster, 2023; Güémez & García, 2021). 

 

2.3 Environmental Adaptability and Life Cycle 

Transitions 

The life cycle of N. fowleri exhibits remarkable 

plasticity, allowing the organism to alternate between 

trophozoite, flagellate, and cyst stages depending on 

temperature, nutrient availability, and ionic concentration 

(De Jonckheere, 2019; Mahajan, 2024). In warm aquatic 

environments, trophozoites dominate and multiply 

rapidly. Upon nutrient limitation, they differentiate into 

flagellates, which migrate to more favorable conditions. 

Under environmental stress, trophozoites encyst, 

preserving viability until conditions improve (Visvesvara 

& Schuster, 2023). 

 

The encystment process is regulated by osmotic and 

oxidative stress signaling pathways. It involves 

cytoplasmic dehydration, synthesis of protective wall 

polymers, and reduction in metabolic activity (Güémez 

& García, 2021). Conversely, excystment occurs when 

environmental conditions stabilize (optimal temperature 

and nutrients), triggered by rehydration and enzymatic 

breakdown of the cyst wall, restoring trophozoite activity 

within hours (De Jonckheere, 2019). 

 

Such adaptability not only ensures environmental 

persistence but also enhances transmission potential, as 

trophozoites in warm, nutrient-rich waters are the 

infective form capable of invading human neural tissues 
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(Mahajan, 2024). Therefore, understanding these life 

cycle transitions is fundamental for predicting ecological 

distribution and developing control strategies. 

 

The polymorphic nature and thermotolerance of 

Naegleria fowleri underlie its environmental survival and 

pathogenic potential. Its ability to alternate between 

trophozoite, flagellate, and cyst stages enables resilience 

against environmental stressors while maintaining 

virulence during human infection. This biological 

plasticity distinguishes N. fowleri from other free-living 

amoebae, providing insights into its success as a 

facultative pathogen in both aquatic ecosystems and 

neural tissues. 

 

3. Ecological and Environmental Reservoirs 

3.1 Natural Habitats of Naegleria fowleri 

Naegleria fowleri is a thermophilic, free-living amoeba 

that predominantly inhabits warm freshwater 

environments, thriving in conditions that support its 

trophozoite stage. Its ecological distribution spans lakes, 

rivers, geothermal hot springs, soil sediments, 

thermal discharges from power plants, and 

inadequately chlorinated swimming pools (De 

Jonckheere, 2019; Visvesvara & Schuster, 2023). The 

organism prefers temperatures between 35°C and 

46°C, with growth inhibition observed below 25°C 

(Mahajan, 2024). 

 

In aquatic systems, N. fowleri resides in the upper 

sediment and biofilm layers, where it feeds on bacteria 

and organic matter (Güémez & García, 2021). Its 

presence in chlorinated swimming pools and municipal 

water systems has been attributed to poor maintenance 

and suboptimal chlorination levels, enabling cysts or 

trophozoites to persist (Siddiqui & Khan, 2021). The 

amoeba has also been isolated from geothermal and 

industrial effluents, suggesting that human-generated 

thermal discharges contribute to its ecological 

propagation (Bhardwaj & Satapathy, 2024). 

 

A summary of the principal natural and artificial habitats 

of N. fowleri is presented IN Table 3. 

 

Table 3: Ecological Habitats and Environmental Conditions Favoring the Occurrence of Naegleria fowleri. 

Habitat Type Representative Example 
Environmental 

Conditions 

Detection 

Frequency 

Freshwater lakes & ponds 
Warm, stagnant 

recreational waters 
30–45°C, pH 6.5–8.0 High 

Geothermal springs Hot springs, geysers 
>40°C, mineral-rich, low 

flow 
Moderate 

Soil and sediments 
Moist soil near aquatic 

systems 

Moderate moisture, rich 

organic content 
Moderate 

Thermal discharges 
Power plant cooling 

channels 
>35°C, high nutrient load Increasing 

Chlorinated pools & water 

systems 

Poorly maintained 

municipal or private pools 
<1 mg/L free chlorine 

Sporadic but 

notable 

(Adapted from De Jonckheere, 2019; Siddiqui & Khan, 2021; Visvesvara & Schuster, 2023). 

 

3.2 Factors Influencing Proliferation 

The proliferation of N. fowleri in aquatic environments 

depends on several physicochemical and biological 

factors, including temperature, pH, microbial flora, 

and organic load. 

 

3.2.1 Temperature 

Temperature is the primary determinant of N. fowleri 

growth and survival. As a thermophilic amoeba, it 

exhibits optimal proliferation between 35°C and 46°C, 

and it can tolerate transient exposures up to 50°C (De 

Jonckheere, 2019; Mahajan, 2024). Elevated 

temperatures not only favor trophozoite activity but also 

enhance bacterial populations that serve as prey. The 

increasing global average water temperature due to 

climate change has expanded its ecological range to 

regions previously considered too cold for survival 

(Bhardwaj & Satapathy, 2024). 

 

3.2.2 pH and Organic Matter 

N. fowleri prefers a neutral to slightly alkaline pH 

(6.5–8.5). Acidic conditions inhibit its growth, whereas 

alkaline environments promote trophozoite proliferation 

(Siddiqui & Khan, 2021). The availability of organic 

matter and bacterial biofilms provides essential 

nutrients and surfaces for attachment. These biofilms act 

as microhabitats, protecting the amoeba from 

environmental stress and facilitating its transition 

between stages (Visvesvara & Schuster, 2023). 

 

3.2.3 Microbial Flora and Competition 

The presence of other microorganisms significantly 

influences N. fowleri ecology. It coexists and competes 

with Acanthamoeba spp., Hartmannella spp., and 

diverse bacterial communities (Güémez & García, 2021). 

While some bacteria serve as nutritional sources, others 

secrete antimicrobial compounds limiting amoebal 

proliferation. The symbiotic and competitive dynamics in 

microbial communities thus dictate population density 

and persistence in aquatic habitats (De Jonckheere, 

2019). 

 



Prathyusha et al.                                                              International Journal of Modern Pharmaceutical Research 

 
90 Volume 9, Issue 11. 2025 │ ISO 9001:2015 Certified Journal │ 

 

Creative Commons Attribution 

4.0 International license.  

3.2.4 Anthropogenic and Climate-Driven Spread 

Anthropogenic factors, including urbanization, 

industrial wastewater discharge, geothermal 

exploitation, and inadequate water treatment, have 

facilitated N. fowleri expansion (Bhardwaj & Satapathy, 

2024). Rising global water temperatures and increased 

recreational water activities contribute to new 

ecological niches for the organism. Climate change–

driven warming of temperate regions has resulted in 

sporadic detections in northern U.S. states, Europe, 

and Asia, regions historically devoid of the pathogen 

(Mahajan, 2024). 

 

3.3 Environmental Monitoring and Detection 

Methods 

Accurate environmental detection of N. fowleri is 

essential for risk assessment and outbreak prevention. 

Multiple molecular and culture-based techniques are 

employed for environmental surveillance (Siddiqui & 

Khan, 2021; Visvesvara & Schuster, 2023). 

 

3.3.1 Culture-Based Methods 

Traditional detection relies on non-nutrient agar (NNA) 

plates seeded with Escherichia coli as a food source. 

Amoebae are identified based on motility, morphology, 

and temperature tolerance. However, this method is 

time-consuming and requires skilled interpretation (De 

Jonckheere, 2019). 

 

3.3.2 Molecular Techniques 

Modern surveillance utilizes polymerase chain reaction 

(PCR) and quantitative PCR (qPCR) targeting the N. 

fowleri 18S rRNA gene for species-specific detection, 

offering higher sensitivity and specificity than culture-

based assays (Siddiqui & Khan, 2021). Quantitative PCR 

enables estimation of amoebal load in environmental 

samples, supporting public health monitoring. 

 

3.3.3 Metagenomic Approaches 

Recent advancements employ metagenomic sequencing 

and environmental DNA (eDNA) profiling to detect N. 

fowleri alongside other microbial communities 

(Bhardwaj & Satapathy, 2024). These high-throughput 

tools allow the identification of amoebae from complex 

environmental matrices and facilitate ecological 

modeling of their distribution. 

 

A concise comparison of commonly used detection 

techniques is summarized in Table 4: 

 

Table 4: Detection Methods for Naegleria fowleri in Environmental Samples. 

Detection Method Principle Advantages Limitations 

Culture (NNA + E. coli) Visual trophozoite growth 
Low-cost, isolates live 

cells 

Time-consuming, low 

sensitivity 

PCR 
Amplification of species-

specific genes 
High specificity, rapid 

Requires pure DNA 

extraction 

qPCR 
Quantitative detection of 

DNA copies 
Sensitive and quantifiable Equipment-intensive 

Metagenomics Whole-sample sequencing 
Detects multiple pathogens 

simultaneously 

Expensive, bioinformatics 

expertise required 

(Adapted from Siddiqui & Khan, 2021; Visvesvara & Schuster, 2023; Bhardwaj & Satapathy, 2024). 

 

The ecological resilience of Naegleria fowleri arises 

from its ability to adapt to thermally enriched and 

nutrient-rich aquatic environments. Environmental 

factors such as temperature elevation, pH balance, 

microbial interactions, and anthropogenic alterations 

significantly influence its survival and transmission 

potential. Advanced molecular detection tools—

especially qPCR and metagenomics—offer promising 

avenues for environmental surveillance and early 

outbreak prevention. 

 

4. Transmission and Portal of Entry 

4.1 Infection Route: Nasal Exposure through 

Contaminated Water 

Naegleria fowleri infection occurs primarily when 

contaminated freshwater enters the nasal cavity during 

swimming, diving, or other aquatic activities. The 

amoebae are not infectious when ingested orally but gain 

access to the central nervous system (CNS) through the 

nasal passages (Capewell et al., 2015). Thermophilic 

conditions in natural water bodies, including lakes and 

poorly chlorinated swimming pools, promote trophozoite 

proliferation, increasing the risk of exposure (Visvesvara 

& Moura, 2018). Nasal insufflation of contaminated 

water introduces trophozoites into the upper nasal cavity, 

initiating infection at the olfactory mucosa (Grace et al., 

2015). 

 

4.2 Mechanism of Olfactory Mucosa Invasion 

Once in the nasal cavity, N. fowleri trophozoites adhere 

to the olfactory epithelium using surface glycoproteins 

and lectin-like adhesion molecules. The pathogen 

secretes cytolytic enzymes such as phospholipases, 

proteases, and neuraminidases that degrade epithelial 

tight junctions and extracellular matrix components 

(Marciano-Cabral & Cabral, 2007). These virulence 

factors facilitate penetration through the cribriform 

plate—a porous structure separating the nasal cavity 

from the brain—enabling entry into the olfactory bulbs 

(Siddiqui et al., 2021). 
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Table 5: Key Enzymes and Molecules Involved in Olfactory Mucosa Invasion by N. fowleri. 

Virulence Factor Functional Role Effect on Host Tissue 

Phospholipases A and C Disruption of lipid bilayers Lysis of nasal epithelial cells 

Cysteine proteases 
Degradation of extracellular matrix 

proteins 
Facilitate tissue penetration 

Neuraminidases Breakdown of sialic acid residues Promote epithelial detachment 

Amoebastomes (―food cups‖) Trophozoite feeding structures Phagocytosis of host cells 

Adhesion glycoproteins Attachment to olfactory mucosa Anchoring for invasion 

(Adapted from Marciano-Cabral & Cabral, 2007; Siddiqui et al., 2021) 

 

4.3 Migration via the Olfactory Nerve to the Brain 

Following penetration, trophozoites utilize the olfactory 

nerve as a conduit to reach the olfactory bulbs and 

frontal lobes. They migrate along the olfactory axons 

through the perineural and perivascular spaces, 

bypassing the blood–brain barrier (BBB) (Jarolim et al., 

2000). Once in the brain, trophozoites proliferate rapidly, 

releasing cytotoxic molecules that cause neuronal 

necrosis, inflammation, and hemorrhagic 

meningoencephalitis (Grace et al., 2015). Electron 

microscopy studies confirm amoebic presence along 

axonal pathways, indicating neural tract migration as the 

primary route of CNS invasion (Schuster & Visvesvara, 

2014). 

 

4.4 Host Susceptibility Factors 

Host-related factors significantly influence infection risk 

and disease severity. N. fowleri infections predominantly 

occur in healthy children and young adults engaged in 

warm freshwater activities (Yoder et al., 2012). Age-

related differences in nasal epithelium permeability, 

increased aquatic recreation, and enhanced exposure 

duration contribute to higher susceptibility. Moreover, 

genetic variations in innate immune components, such as 

toll-like receptors (TLRs) and complement pathways, 

may affect host defense (Siddiqui et al., 2016). 

Immunocompromised individuals are not necessarily 

more susceptible, suggesting that exposure level and 

entry efficiency are more critical than immune 

suppression (Visvesvara & Moura, 2018). 

 

Transmission of N. fowleri is a highly specific and 

opportunistic process dependent on environmental 

exposure and nasal invasion. The pathogen’s ability to 

adhere, secrete degradative enzymes, and migrate along 

neural pathways underlies its exceptional neurotropism. 

Understanding these transmission dynamics is essential 

for developing preventive measures, enhancing 

diagnostic protocols, and formulating targeted 

therapeutic strategies. 

 

5. Pathophysiology and Host–Pathogen Interactions 

5.1 Overview of Pathogenic Mechanisms 

Naegleria fowleri exhibits remarkable adaptability and 

virulence, enabling it to transition from an environmental 

organism to a lethal human pathogen. Once the 

trophozoite form enters the central nervous system 

(CNS), it induces extensive necrosis, inflammation, and 

hemorrhage, leading to primary amoebic 

meningoencephalitis (PAM) (Grace et al., 2015). The 

organism’s pathophysiological impact results from both 

direct cytotoxicity and indirect immunopathology 

mediated by the host’s inflammatory response 

(Marciano-Cabral & Cabral, 2007). 

 

5.2 Molecular and Cellular Mechanisms of 

Neuroinvasion 

The invasion of the CNS begins with N. fowleri’s 

attachment to the olfactory epithelium through adhesion 

molecules such as Nfa1 (Naegleria fowleri adhesion 

protein 1), a key virulence determinant involved in host 

cell binding and cytoskeletal rearrangement (Jeong et al., 

2005). Upon adhesion, the amoebae release a cascade of 

cytolytic enzymes including proteases, phospholipases, 

and pore-forming proteins that degrade host tissues and 

facilitate penetration into brain parenchyma (Siddiqui et 

al., 2016). 

 

Once inside the CNS, N. fowleri triggers neuronal 

apoptosis, microglial activation, and massive 

neutrophilic infiltration, causing destruction of brain 

tissue and elevated intracranial pressure (Schuster & 

Visvesvara, 2014). The parasite’s amoebastomes (food 

cups) actively engulf and digest neurons and glial cells, a 

hallmark of its necrotic pathology (Visvesvara & Moura, 

2018). 

 

Table 6: Major Virulence Factors and Their Role in N. fowleri Pathogenesis. 

Virulence Factor Function Pathophysiological Impact 

Nfa1 adhesion protein Mediates attachment to host cells Initiates infection at nasal epithelium 

Cysteine proteases Degrade extracellular matrix Promote tissue invasion 

Phospholipases Disrupt lipid membranes Cause neuronal lysis 

Naegleriapores Form transmembrane pores in host cells Induce cytolysis 

Amoebastomes Specialized feeding structures Phagocytosis of neural cells 

Heat-shock proteins Enhance survival in hostile environments Facilitate stress tolerance and immune evasion 

(Adapted from Jeong et al., 2005; Siddiqui et al., 2016; Schuster & Visvesvara, 2014) 
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5.3 Host Immune Response and Inflammatory 

Damage 

The host immune response plays a dual role—attempting 

to eliminate the pathogen while simultaneously 

contributing to neural injury. Recognition of N. fowleri 

antigens activates pattern recognition receptors 

(PRRs) such as toll-like receptors (TLRs) on 

macrophages and microglia, leading to the release of 

pro-inflammatory cytokines including IL-1β, TNF-α, 

and IL-6 (Siddiqui et al., 2021). This acute inflammation 

disrupts the blood–brain barrier (BBB), permitting 

additional amoebic infiltration and leukocyte migration 

(Fowler et al., 2013). 

 

Moreover, N. fowleri can resist complement-mediated 

lysis by expressing complement-regulatory surface 

proteins, enabling prolonged survival within the 

cerebrospinal fluid (CSF) (Siddiqui & Khan, 2012). The 

resulting hyperinflammatory environment leads to 

neuronal edema, hemorrhage, and rapid deterioration of 

neurological function. 

 

 
Figure 1: Schematic Representation of N. fowleri Pathogenesis. 

 

5.4 Neuroinflammatory Cascade and Cellular 

Damage 

Histopathological analysis of PAM reveals necrotizing 

hemorrhagic meningoencephalitis, characterized by 

trophozoites distributed in perivascular spaces, 

meninges, and gray matter (Capewell et al., 2015). The 

infection induces severe oxidative stress, mitochondrial 

dysfunction, and blood–brain barrier disruption 

(Khan, 2019). 

 

Activated microglia and astrocytes release nitric oxide 

and reactive oxygen species (ROS), amplifying 

cytotoxicity (Grace et al., 2015). Concurrently, apoptotic 

signaling pathways—such as caspase-3 and NF-κB 

activation—are upregulated in infected neurons, 

accelerating neural death and inflammation (Siddiqui et 

al., 2021). 
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Table 7: Summary of Host–Pathogen Interaction Mechanisms in N. fowleri Infection. 

Mechanism Parasite Action Host Response Pathological Outcome 

Adhesion & invasion 
Expression of Nfa1, 

proteases 

Activation of epithelial 

cytokines 
Breach of mucosal barrier 

Immune evasion 
Complement resistance, 

antioxidant enzymes 
Inefficient opsonization Persistent CNS colonization 

Inflammatory damage 
Cytokine and ROS 

overproduction 
BBB breakdown Cerebral edema, necrosis 

Cellular destruction 
Amoebastome-mediated 

phagocytosis 
Neuronal apoptosis Meningoencephalitis and death 

(Adapted from Siddiqui et al., 2016; Khan, 2019; Visvesvara & Moura, 2018) 

 

The pathophysiology of Naegleria fowleri infection is 

marked by a rapid, multifactorial cascade involving 

adhesion, enzymatic tissue degradation, immune evasion, 

and severe inflammation. The parasite’s virulence factors 

synergize with the host’s uncontrolled immune response 

to produce catastrophic brain injury within days. 

Elucidating these molecular and immunological 

interactions is crucial for developing targeted therapeutic 

and diagnostic strategies to mitigate PAM mortality. 

 

6. Clinical Manifestations and Diagnosis 

6.1 Overview of Clinical Course 

Primary amoebic meningoencephalitis (PAM) caused by 

Naegleria fowleri is an acute, fulminant, and often 

fatal infection of the central nervous system (CNS). The 

disease progression is typically rapid, with symptom 

onset occurring within 2 to 7 days following exposure to 

contaminated freshwater (Capewell et al., 2015). Once 

the amoeba reaches the brain, it induces severe 

inflammation and necrosis, leading to death in over 97% 

of reported cases (Cope & Ali, 2016). The nonspecific 

early symptoms closely resemble bacterial meningitis, 

frequently resulting in misdiagnosis and delayed 

treatment (Grace et al., 2015). 

 

6.2 Early and Progressive Symptoms 

The initial presentation of PAM includes headache, 

fever, nausea, and vomiting, followed by stiff neck, 

photophobia, altered mental status, and seizures as 

the infection advances (Yoder et al., 2012). Rapid 

deterioration occurs within 3 to 5 days, leading to coma 

and death due to increased intracranial pressure and 

brain herniation (Martinez & Visvesvara, 1997). 

 

Table 8: Common Clinical Manifestations of Primary Amoebic Meningoencephalitis. 

Stage Symptoms Pathophysiological Correlate 

Early (1–2 days) Headache, fever, nausea, vomiting Initial meningeal irritation 

Intermediate (3–4 days) Neck stiffness, confusion, photophobia Cerebral edema and inflammation 

Late (5–7 days) Seizures, coma, respiratory failure 
Raised intracranial pressure, 

brainstem compression 

(Adapted from Cope & Ali, 2016; Grace et al., 2015) 

 

6.3 Cerebrospinal Fluid (CSF) Findings 

Lumbar puncture and CSF examination remain essential 

diagnostic tools in suspected PAM cases. However, CSF 

profiles of N. fowleri infection often mimic bacterial 

meningitis, displaying turbid appearance, neutrophilic 

pleocytosis, elevated protein, and decreased glucose 

levels (Schuster & Visvesvara, 2014). The presence of 

motile trophozoites observed under a wet-mount 

microscopy or Giemsa staining provides a key 

diagnostic clue (Capewell et al., 2015). 

 

Table 9: Comparison of CSF Findings in PAM vs. Bacterial Meningitis. 

Parameter PAM (Naegleria fowleri) Bacterial Meningitis 

Appearance Turbid or hemorrhagic Turbid or purulent 

Cell count Predominantly neutrophils Predominantly neutrophils 

Protein Elevated (>100 mg/dL) Elevated 

Glucose Low (<40 mg/dL) Low 

Organism identification Motile amoebae (wet mount) 
Bacteria (Gram 

stain/culture) 

Culture result 
Negative (unless specialized media 

used) 
Positive in most cases 

(Adapted from Martinez & Visvesvara, 1997; Schuster & Visvesvara, 2014) 

 

6.4 Neuroimaging Findings 

Radiological imaging plays a supportive role in diagnosis 

but lacks specificity. Computed tomography (CT) and 

magnetic resonance imaging (MRI) of the brain 

typically reveal diffuse cerebral edema, meningeal 

enhancement, and frontal lobe lesions (Grace et al., 
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2015). MRI may show hyperintense areas in the 

temporal and olfactory regions, correlating with the 

amoeba’s invasion route (Visvesvara & Moura, 2018). 

Such findings help rule out other etiologies like viral or 

bacterial meningoencephalitis but are not diagnostic by 

themselves. 

 

6.5 Laboratory and Molecular Diagnostic Techniques 

6.5.1 Microscopic and Culture-Based Methods 

The definitive diagnosis of PAM relies on detecting N. 

fowleri trophozoites in CSF or brain tissue. Wet-mount 

microscopy allows real-time visualization of motile 

trophozoites, while staining with Giemsa, trichrome, or 

Wright’s stains enhances cellular detail (Schuster & 

Visvesvara, 2014). Cultivation on non-nutrient agar 

overlaid with Escherichia coli can confirm the 

diagnosis but is rarely performed due to the infection’s 

rapid progression (Siddiqui et al., 2021). 

 

6.5.2 Polymerase Chain Reaction (PCR) and qPCR 

Molecular amplification assays, particularly real-time 

PCR (qPCR), provide high specificity and sensitivity 

for identifying N. fowleri DNA from CSF or tissue 

samples (Puzon et al., 2009). PCR targeting ITS1, ITS2, 

and 18S rRNA regions can differentiate N. fowleri from 

other free-living amoebae such as Acanthamoeba and 

Balamuthia (Siddiqui et al., 2016). These methods 

enable rapid diagnosis, crucial for initiating treatment 

within the short therapeutic window. 

 

6.5.3 Advanced Molecular Diagnostics 

Emerging approaches include metagenomic next-

generation sequencing (mNGS) and loop-mediated 

isothermal amplification (LAMP) assays, which allow 

pathogen detection even in low-DNA samples (Huang et 

al., 2021). Additionally, immunofluorescence assays 

(IFA) and enzyme-linked immunosorbent assays 

(ELISA) have been explored for detecting amoebic 

antigens and antibodies but remain primarily research 

tools (Visvesvara & Moura, 2018). 

 

6.6 Diagnostic Challenges and Misidentification 

Despite technological advancements, PAM remains 

underdiagnosed due to nonspecific clinical 

presentation, limited laboratory awareness, and rapid 

disease progression (Capewell et al., 2015). Many cases 

are only confirmed post-mortem. The resemblance of 

CSF parameters to bacterial infections often leads to 

empirical antibacterial therapy, delaying amoebic-

specific treatment. A combination of clinical suspicion, 

rapid molecular testing, and microscopic 

confirmation is vital for timely diagnosis and improving 

survival outcomes. 

 

The clinical spectrum of Naegleria fowleri infection 

reflects an aggressive neuroinvasive disease with high 

mortality and rapid onset. Early recognition, supported 

by molecular diagnostics such as PCR or mNGS, is 

essential for therapeutic success. Enhanced awareness 

among clinicians and routine testing of suspected 

meningitis cases for amoebic pathogens could 

substantially reduce diagnostic delays. 

 

7. Therapeutic Interventions and Treatment 

Challenges 

7.1 Current Therapeutic Regimens 

The treatment of Naegleria fowleri infection, or primary 

amoebic meningoencephalitis (PAM), remains a major 

clinical challenge due to the pathogen’s rapid 

progression and limited therapeutic window. The 

conventional regimen includes intravenous and 

intrathecal administration of amphotericin B, which 

remains the cornerstone of therapy (Capewell et al., 

2021). Amphotericin B acts by binding to ergosterol-like 

molecules in the amoebic membrane, disrupting 

permeability and leading to cell lysis. However, its use is 

constrained by nephrotoxicity and poor penetration 

across the blood–brain barrier (Siddiqui & Khan, 2020). 

 

In addition, miltefosine, originally developed as an anti-

leishmanial drug, has shown amoebicidal activity both in 

vitro and in limited clinical cases (Debnath et al., 2019). 

Combination therapy using amphotericin B, miltefosine, 

azithromycin, rifampicin, and fluconazole has been 

reported to enhance survival when initiated early 

(Shakoor et al., 2018). Supportive measures such as 

management of cerebral edema, hypothermia induction, 

and corticosteroid therapy have been used adjunctively to 

reduce intracranial pressure and inflammation (Grace et 

al., 2015). 

 

Table 10: Current Therapeutic Agents and Their Mechanisms of Action against N. fowleri. 

Drug/Agent Mechanism of Action Limitations References 

Amphotericin B 
Binds to sterol-like molecules in 

cell membrane; causes lysis 

Nephrotoxicity, poor CNS 

penetration 
Capewell et al., 2021 

Miltefosine 
Disrupts membrane signaling 

and lipid metabolism 

Limited clinical data, 

delayed access 
Debnath et al., 2019 

Azithromycin 
Inhibits protein synthesis via 50S 

ribosomal binding 

Variable efficacy, 

supportive role 
Grace et al., 2015 

Rifampicin 
Inhibits DNA-dependent RNA 

polymerase 

Limited amoebicidal 

potency 
Siddiqui & Khan, 2020 

Fluconazole 
Interferes with sterol 

biosynthesis in membrane 
Acts as adjunctive therapy Shakoor et al., 2018 

Hypothermia therapy 
Reduces cerebral metabolism 

and inflammation 

Requires ICU support, not 

curative 
Capewell et al., 2021 
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7.2 Limitations of Current Therapies 

Despite aggressive multi-drug therapy, the survival rate 

of PAM remains under 5% (Siddiqui et al., 2021). Major 

limitations include delayed diagnosis, limited drug 

delivery across the blood–brain barrier, and intrinsic 

resistance mechanisms of N. fowleri. The trophozoite’s 

ability to form cysts further complicates eradication, as 

cysts are highly resistant to chemical and 

pharmacological interventions (Visvesvara et al., 2020). 

 

Amphotericin B’s limited CNS bioavailability 

necessitates intrathecal administration, which carries 

procedural risks. Moreover, emerging reports indicate 

variable susceptibility among N. fowleri strains, 

potentially due to genetic and environmental diversity 

(Capewell et al., 2021). These challenges underline the 

urgent need for innovative therapeutic strategies. 

 

7.3 Emerging and Experimental Therapies 

Recent research focuses on nanocarrier-based drug 

delivery, repurposed compounds, and 

immunomodulatory agents. Nanoparticle formulations 

of amphotericin B and miltefosine have demonstrated 

enhanced CNS targeting and reduced toxicity in 

preclinical models (Siddiqui & Khan, 2020). Other 

promising candidates include azoles with better CNS 

penetration (voriconazole, posaconazole) and novel 

compounds like chlorpromazine and trifluoperazine, 

which interfere with amoebic calcium homeostasis 

(Debnath et al., 2019). 

 

Molecular docking and in silico screening studies have 

identified several FDA-approved drugs with potential 

anti-Naegleria activity, paving the way for rapid drug 

repositioning (Ali et al., 2020). Immunotherapeutic 

strategies targeting proinflammatory cytokine 

modulation are also being explored to reduce collateral 

neuronal damage during infection (Grace et al., 2015). 

 

The development of effective PAM therapy requires a 

multifaceted approach, integrating early molecular 

diagnosis, combination drug therapy, and targeted drug 

delivery systems. Novel strategies such as CRISPR-

guided screening, proteomic target mapping, and 

BBB-permeable nanocarriers hold immense promise. 

Moreover, increasing awareness among clinicians and 

improving access to miltefosine in endemic regions are 

critical to improving clinical outcomes. 

 

8. Preventive Strategies, Public Health Measures, and 

Future Research Directions 

8.1 Preventive Strategies 

Prevention remains the most effective approach to 

mitigating the fatal outcomes of Naegleria fowleri 

infections, given the limited success of therapeutic 

interventions. Since the amoeba thrives in warm 

freshwater and thermally polluted environments, 

preventive measures focus on reducing human exposure 

to contaminated sources. Public health authorities 

recommend avoiding nasal exposure to untreated warm 

water, using nose clips during swimming, and ensuring 

adequate chlorination of recreational water facilities 

(Capewell et al., 2021). 

 

Personal hygiene practices, such as refraining from 

submerging the head in hot springs or stagnant waters 

and using sterile or distilled water for nasal irrigation, 

have been emphasized to reduce risk (Siddiqui & Khan, 

2020). Moreover, the temperature and pH regulation 

of recreational waters can limit amoebic proliferation 

since N. fowleri thrives between 30°C and 46°C (Grace 

et al., 2015). 

 

Table 11: Key Preventive Measures against Naegleria fowleri Infection. 

Preventive Strategy Rationale Implementation Method References 

Avoid swimming/diving in 

warm freshwater 

Reduces nasal exposure to 

amoebic trophozoites 

Awareness campaigns, 

water safety advisories 
Capewell et al., 2021 

Use sterile/distilled water 

for nasal irrigation 

Prevents direct mucosal 

invasion 

Health education, labeling 

of nasal rinse products 
Grace et al., 2015 

Maintain proper 

chlorination in pools and 

spas 

Chlorine effectively kills 

N. fowleri trophozoites and 

cysts 

Monitoring chlorine 

residuals (1–3 mg/L) 
Siddiqui & Khan, 2020 

Use of nose clips during 

aquatic activities 

Physical barrier to 

amoebic entry via nasal 

passages 

Public awareness in 

endemic regions 
Cope et al., 2019 

Regular water quality 

monitoring 

Detects early presence of 

amoebae in recreational 

waters 

Periodic sampling, PCR-

based environmental 

screening 

Visvesvara et al., 2020 

 

8.2 Public Health Measures 

The surveillance and monitoring of environmental 

reservoirs are critical to early detection and prevention 

of N. fowleri outbreaks. Molecular tools such as real-

time PCR (qPCR), metagenomics, and loop-mediated 

isothermal amplification (LAMP) have been utilized to 

detect amoebic DNA in water systems, enabling rapid 

public response (Siddiqui et al., 2021). 

 

Public health agencies like the Centers for Disease 

Control and Prevention (CDC) and World Health 

Organization (WHO) emphasize a ―One Health‖ 

approach—integrating environmental monitoring, 
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epidemiological surveillance, and community education 

(Ali et al., 2020). Regional health departments must 

develop alert systems for water temperature thresholds 

and emergency guidelines for suspected PAM cases. 

 

Educational outreach in endemic zones—particularly 

during summer months—plays a pivotal role in lowering 

case incidence. Incorporating N. fowleri awareness into 

school curricula, recreational facility guidelines, and 

tourism advisories can greatly enhance public 

compliance (Grace et al., 2015). 

 

8.3 Future Research Directions 

Future research on Naegleria fowleri should focus on 

three major domains: (1) molecular pathogenesis and 

host–pathogen interactions, (2) advanced diagnostic and 

therapeutic innovations, and (3) environmental control 

strategies. 

 

At the molecular level, the application of genomic and 

proteomic profiling may uncover virulence 

determinants and metabolic vulnerabilities that can be 

therapeutically targeted (Siddiqui et al., 2021). 

Understanding the amoeba’s mechanisms for immune 

evasion and blood–brain barrier penetration can guide 

novel drug and vaccine development (Ali et al., 2020). 

 

In terms of diagnosis, point-of-care molecular assays, 

biosensors, and AI-based diagnostic algorithms could 

allow earlier detection and improved management of 

PAM cases. For therapy, nanocarrier formulations, 

repurposed CNS-penetrant drugs, and gene-targeted 

therapeutics represent promising frontiers (Debnath et 

al., 2019). 

 

Environmental research should focus on climate change 

modeling, water temperature surveillance, and the 

development of eco-safe biocides to control N. fowleri 

proliferation. Integration of remote sensing data with 

ecological risk mapping may help predict hotspots and 

guide preventive interventions. 

 

Preventing Naegleria fowleri infection requires a 

multidisciplinary strategy encompassing public health, 

environmental management, and molecular research. 

Continuous surveillance, public education, and 

technological innovation are central to reducing the 

global burden of this fatal disease. Strengthening 

international collaborations and establishing standardized 

reporting systems will be essential in tracking 

epidemiological trends and advancing preventive 

science. 

 

9. CONCLUSION 
Naegleria fowleri, the so-called ―brain-eating amoeba,‖ 

represents a rare but devastating pathogen that 

exemplifies the intricate interplay between 

environmental adaptation, microbial virulence, and 

human vulnerability. Despite being a free-living 

organism, its opportunistic transition from benign 

environmental inhabitant to lethal neurotropic parasite 

underscores its remarkable evolutionary adaptability. 

The continued rise in global temperatures, coupled with 

expanding freshwater recreational activities, has 

heightened the ecological persistence and geographic 

range of N. fowleri, transforming it into an emerging 

threat to public health worldwide. 

 

The pathogen’s complex life cycle—spanning 

trophozoite, flagellate, and cyst stages—facilitates 

survival under fluctuating environmental conditions and 

contributes to its resilience against disinfection and 

treatment strategies. Once introduced through the nasal 

route, N. fowleri breaches the olfactory mucosa, migrates 

via the olfactory nerves, and invades the central nervous 

system, resulting in fulminant primary amoebic 

meningoencephalitis (PAM). Despite aggressive 

pharmacological interventions using amphotericin B, 

miltefosine, and adjunctive agents, mortality rates remain 

alarmingly high, primarily due to diagnostic delays, 

limited therapeutic penetration across the blood–brain 

barrier, and rapid disease progression. 

 

Effective management of N. fowleri requires an 

integrated One Health approach that bridges 

environmental surveillance, public health education, and 

translational biomedical research. Molecular diagnostics, 

real-time environmental monitoring, and the 

development of CNS-targeted nanotherapeutics represent 

promising avenues for early detection and improved 

treatment outcomes. Additionally, enhancing global 

awareness, enforcing recreational water safety standards, 

and implementing evidence-based preventive measures 

are critical to reducing exposure risks. 

 

In conclusion, the challenge posed by Naegleria fowleri 

lies not only in its biological aggressiveness but also in 

the gaps that persist between scientific understanding and 

public health implementation. Strengthening 

interdisciplinary collaborations, fostering innovation in 

diagnostic and therapeutic technologies, and promoting 

environmental stewardship will be pivotal in mitigating 

the impact of this lethal amoebic encephalitis in the 

decades ahead. 
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