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ABSTRACT

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common human enzymatic disorder, affecting
approximately 400 million individuals globally, with significant implications for malaria elimination strategies.
Primaquine remained the only licensed antimalarial capable of eliminating Plasmodium vivax hypnozoites, yet its
oxidative properties pose substantial risks to G6PD-deficient individuals. This review examined the biochemical
mechanisms underlying primaquine-induced hemolysis in G6PD deficiency and evaluated current strategies for safe
primaquine deployment in P. vivax elimination programs. A comprehensive literature review was conducted,
analyzing peer-reviewed publications from 2010 to 2025, focusing on G6PD biochemistry, primaquine
pharmacology, diagnostic approaches, and policy implementation in endemic regions. G6PD deficiency exhibited
marked genetic heterogeneity with over 200 documented variants demonstrating variable enzymatic activity and
clinical phenotypes. Primaquine metabolism generates oxidative metabolites that overwhelm the reduced
antioxidant capacity in deficient erythrocytes, triggering acute hemolytic anemia. Novel point-of-care diagnostic
technologies and modified dosing regimens, including weekly administration schedules, showed promise in
balancing therapeutic efficacy with safety profiles across diverse G6PD phenotypes. Successful P. vivax elimination
necessitated integration of accessible G6PD screening with tailored primaquine protocols, supported by enhanced
pharmacovigilance systems and community education initiatives in endemic populations.
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INTRODUCTION

Malaria continues to impose substantial global health burdens despite decades of intensive control efforts, with
Plasmodium vivax accounting for approximately 7 million clinical cases annually across 85 endemic countries [17].
Unlike Plasmodium falciparum, P. vivax forms dormant liver stage parasites called hypnozoites that can remain
quiescent for months or years before reactivating to cause relapsing infections [27]. This unique biological
characteristic fundamentally challenges elimination strategies, as blood stage treatments alone cannot prevent
subsequent relapses that maintain transmission cycles within communities.

Primaquine, an 8-aminoquinoline antimalarial introduced in the 1950s, remains the only widely available medication
capable of eliminating P. vivax hypnozoites, a property termed radical cure. However, primaquine administration
carries significant safety concerns in individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency [387,
the most prevalent human enzymatic disorder affecting an estimated 400 million people worldwide [47]. The enzyme
deficiency compromises erythrocyte protection against oxidative stress, rendering affected individuals vulnerable to
potentially life-threatening acute hemolytic anemia following primaquine exposure. This review systematically
examines the biochemical foundations of G6PD deficiency, elucidates the molecular mechanisms underlying
primaquine-induced hemolysis, evaluates current diagnostic approaches for identifying at-risk populations, analyzes
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modified primaquine dosing strategies aimed at improving safety profiles, and discusses policy implications for
integrating G6PD testing within P. vivax elimination programs. The convergence of these elements represents a
critical juncture in global malaria elimination efforts, where biochemical understanding must inform public health
implementation to achieve both therapeutic efficacy and patient safety in diverse endemic settings.
BIOCHEMICAL FOUNDATIONS OF GLUCOSE-6-PHOSPHATE DEHYDROGENASE

Enzymatic Function and the Pentose Phosphate Pathway

Glucose-6-phosphate dehydrogenase catalyzes the initial and rate-limiting step of the pentose phosphate pathway,
converting glucose-6-phosphate to 6-phosphogluconolactone while reducing nicotinamide adenine dinucleotide
phosphate (NADP+) to its reduced form (NADPH) [57]. This reaction represents the primary, and in mature
erythrocytes the exclusive, source of NADPH generation. Unlike nucleated cells that possess mitochondria and
alternative metabolic pathways for managing oxidative stress, mature erythrocytes lack these organelles and depend
entirely upon cytoplasmic enzymatic systems for antioxidant defense.

NADPH serves as the essential electron donor for glutathione reductase, which maintains glutathione in its reduced
state (GSH). Reduced glutathione functions as the principal intracellular antioxidant, neutralizing hydrogen
peroxide and organic peroxides through glutathione peroxidase catalyzed reactions [67]. This biochemical cascade
forms the cornerstone of erythrocyte protection against oxidative damage to hemoglobin, membrane lipids, and
structural proteins. When G6PD activity falls below critical thresholds, typically less than 30% of normal enzymatic
function, the capacity to regenerate NADPH becomes insufficient to maintain adequate reduced glutathione levels
under oxidative stress conditions [77].

Genetic Architecture and Variant Classification

The G6PD gene resides on the X chromosome (Xq28), rendering males hemizygous and females either homozygous
or heterozygous for any given variant [87. This X-linked inheritance pattern results in predominantly male clinical
expression, while heterozygous females demonstrate variable phenotypes due to random X-chromosome
inactivation, a phenomenon termed lyonization. The World Health Organization classification system categorizes
G6PD variants into five classes based on enzymatic activity and clinical severity: Class I variants exhibit severe
deficiency with chronic non-spherocytic hemolytic anemia, Class II variants demonstrate severe deficiency with less
than 10% residual activity, Class III variants show moderate deficiency with 10 to 60% activity, Class IV represents
normal activity, and Class V indicates increased enzymatic function.

Over 200 G6PD variants have been molecularly characterized, exhibiting remarkable biochemical heterogeneity in
terms of catalytic efficiency, substrate affinity, thermal stability, and pH optima. The G6PD A- variant, prevalent in
populations of African ancestry, typically retains 10 to 20% residual enzymatic activity and demonstrates accelerated
protein degradation, resulting in older erythrocytes being more susceptible to oxidative hemolysis. Mediterranean
variants, including G6PD Mediterranean, commonly exhibit more severe deficiency with less than 5% residual
activity affecting erythrocytes of all ages, predisposing individuals to more pronounced hemolytic episodes. Recent
genomic studies have identified additional variants in Southeast Asian populations, including Mahidol, Viangchan,
and Canton variants, each presenting distinct biochemical properties and clinical implications for primaquine safety
[9].

Evolutionary Selection and Geographic Distribution

The high prevalence of G6PD deficiency in malaria endemic regions reflects strong evolutionary selection pressure,
as heterozygous females and hemizygous males with certain variants demonstrate relative protection against severe
P. falciparum malaria. This balanced polymorphism has maintained deficiency alleles at frequencies exceeding 25%
in some populations across sub-Saharan Africa, the Mediterranean basin, Middle East, Southeast Asia, and Oceania
[10]. The protective mechanism appears multifactorial, involving enhanced phagocytic clearance of parasitized
erythrocytes, impaired parasite growth due to oxidative stress within infected cells, and altered membrane properties
facilitating earlier recognition by splenic macrophages [117].

Understanding this evolutionary context proves essential for public health planning, as populations with the highest
P. vivax burdens often overlap substantially with areas of elevated G6PD deficiency prevalence. This geographical
concordance creates a fundamental tension between the need for primaquine radical cure to achieve elimination and
the safety imperative of preventing drug-induced hemolysis in vulnerable populations [127].

PRIMAQUINE PHARMACOLOGY AND OXIDATIVE HEMOLYSIS

Metabolic Activation and Oxidant Generation

Primaquine functions as a prodrug requiring hepatic metabolic activation through cytochrome P450 mediated
oxidation to generate active metabolites responsible for both therapeutic hypnozoite elimination and potential
hemolytic toxicity [187. The precise identity of the active metabolite remains incompletely characterized, although
evidence suggests 5,6-orthoquinone derivatives and hydroxylated metabolites possess both antiparasitic and oxidant
properties [147]. These reactive metabolites enter the systemic circulation and accumulate within erythrocytes,
where they undergo redox cycling that generates hydrogen peroxide, superoxide anions, and hydroxyl radicals [ 157].
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In individuals with normal G6PD activity, the continuous regeneration of NADPH maintains sufficient reduced
glutathione levels to neutralize these reactive oxygen species without cellular damage. However, in G6PD deficient
erythrocytes, the impaired NADPH generation capacity becomes rapidly overwhelmed, leading to glutathione
depletion and accumulation of oxidative damage. Hemoglobin undergoes oxidative denaturation forming insoluble
precipitates termed Heinz bodies, which attach to erythrocyte membranes causing membrane damage, reduced
deformability, and premature removal by splenic macrophages.

Hemolytic Patterns and Clinical Manifestations

The pattern and severity of primaquine induced hemolysis correlates directly with residual G6PD enzymatic activity
and primaquine dose. In individuals with severe deficiency receiving standard primaquine regimens (15 mg base
daily for 14 days), hemolysis typically begins within 2 to 3 days of treatment initiation, peaks at 7 to 10 days, and
gradually resolves over subsequent weeks even with continued drug administration [ 167. This self-limiting pattern
in African variants reflects the preferential destruction of older erythrocytes with lower enzymatic activity, while
younger reticulocytes with relatively preserved G6PD levels survive, a phenomenon termed drug resistance.
Mediterranean and Southeast Asian variants with more severe deficiency affecting erythrocytes of all ages
demonstrate more profound and sustained hemolysis that may progress to life-threatening anemia requiring blood
transfusion. Clinical manifestations range from asymptomatic laboratory evidence of hemolysis (elevated
reticulocyte counts, decreased haptoglobin, increased indirect bilirubin) to symptomatic presentations including
fatigue, jaundice, dark urine (hemoglobinuria), back pain, and in severe cases cardiovascular compromise [17].
Rarely, acute renal failure may occur secondary to hemoglobin precipitation within renal tubules, particularly when
hemolysis occurs in the context of dehydration or acidosis [187].

Dose-Response Relationships

Extensive pharmacokinetic and pharmacodynamic studies have established clear dose-response relationships
between primaquine administration and hemolytic severity in G6PD deficient individuals [ 197. Higher single doses
produce more intense but shorter duration hemolysis, while lower doses administered over extended periods
generate less severe but more prolonged oxidative stress [207]. This relationship forms the pharmacological basis
for modified dosing strategies designed to balance therapeutic efficacy against P. vivax hypnozoites with acceptable
safety profiles across diverse G6PD phenotypes [217].

Total primaquine exposure, calculated as cumulative dose over the treatment course, correlates with radical cure
efficacy, suggesting that extending treatment duration while reducing daily doses may maintain therapeutic benefit
while improving tolerability [227. However, this approach introduces adherence challenges, as longer treatment
courses historically demonstrate reduced completion rates in operational settings [237].

DIAGNOSTIC APPROACHES FOR G6PD DEFICIENCY SCREENING

Laboratory Based Quantitative Assays

The gold standard for G6PD deficiency diagnosis involves spectrophotometric quantification of enzymatic activity
in hemolysates, measuring the rate of NADPH generation from NADP+ under standardized conditions. Results are
typically normalized to hemoglobin concentration or red cell count and expressed as percentage of normal activity
based on reference populations [247. While this approach provides precise quantification enabling variant
classification, it requires laboratory infrastructure, trained personnel, specialized equipment, and appropriate quality
control systems generally unavailable in resource-limited endemic settings where P. vivax elimination programs
operate [25].

Alternative laboratory methods include fluorescent spot tests, which detect NADPH generation through ultraviolet
induced fluorescence, providing qualitative or semi-quantitative results within hours. These assays offer improved
feasibility compared to spectrophotometry but still require laboratory settings and trained technicians, limiting
deployment in peripheral health facilities and community screening programs [[26].

Point-of-Care Diagnostic Technologies

The development and validation of point-of-care G6PD diagnostic devices represents a transformative advancement
for primaquine safety in elimination programs [27]. The CareStart G6PD rapid diagnostic test, a qualitative lateral
flow assay, detects severe deficiency through NADPH dependent dye reduction visible within 10 minutes using
fingerprick blood samples [287]. While offering exceptional field deployment advantages, qualitative tests classify
individuals as either normal or deficient without distinguishing intermediate activity levels, potentially excluding
heterozygous females with partial deficiency from radical cure [297].

Quantitative point-of-care devices, including the STANDARD G6PD biosensor and ACCESS Bio CareStart G6PD
quantitative test, provide numerical activity measurements comparable to laboratory spectrophotometry while
maintaining field portability and rapid turnaround [307]. These technologies enable more nuanced classification of
G6PD status, facilitating tailored treatment decisions for individuals with intermediate deficiency who may tolerate
modified primaquine regimens [317]. Recent multicenter validation studies demonstrate strong diagnostic
performance across diverse endemic settings, supporting policy recommendations for integration into malaria
elimination programs [327].

67



Diagnostic Challenges in Heterozygous Females

Heterozygous females present unique diagnostic challenges due to X-chromosome inactivation patterns that
produce mosaic populations of normal and deficient erythrocytes [(837. The proportion of cells expressing deficient
versus normal alleles varies substantially between individuals and changes over time, resulting in widely variable
enzymatic activity measurements ranging from near-normal to severely deficient [847. Standard diagnostic
thresholds developed primarily in hemizygous males may misclassify substantial proportions of heterozygous
females, either inappropriately excluding those with adequate activity from radical cure or failing to identify those
at hemolytic risk [357].

Recent research explores alternative diagnostic approaches for heterozygous females, including cytofluorometric
assays that identify the proportion of deficient versus normal erythrocytes within individual samples, potentially
enabling more accurate risk stratification [367]. However, these technologies remain largely confined to research
settings, and operational programs continue to rely on population-based thresholds applied uniformly across sex
and genetic backgrounds.

MODIFIED PRIMAQUINE DOSING STRATEGIES

Weekly Primaquine Administration

Weekly primaquine administration at 0.75 mg/kg (approximately 45 mg base for a 60 kg adult) for 8 weeks
represents an evidence-based strategy for providing radical cure to individuals with mild to moderate G6PD
deficiency while minimizing hemolytic risk [87]. This regimen was specifically developed and evaluated in G6PD
deficient populations, demonstrating comparable efficacy to standard daily dosing for preventing P. vivax relapses
while producing minimal hemolysis even in individuals with African variants [387]. The extended interval between
doses allows recovery of reduced glutathione levels and clearance of oxidative metabolites before subsequent
primaquine administration, thereby preventing cumulative oxidative damage [ 397.

Multiple randomized controlled trials across diverse endemic settings have confirmed both the safety and efficacy
of weekly primaquine in G6PD deficient populations, leading to World Health Organization recommendation of this
regimen as the preferred approach when G6PD testing is unavailable or when deficiency is identified [407].
Implementation studies demonstrate feasibility and acceptance in operational programs, although the extended 8
week treatment course introduces adherence challenges requiring enhanced follow-up systems and patient education
[417.

Alternative Dosing Regimens

Research continues to explore alternative primaquine dosing strategies that may further optimize the balance
between safety and efticacy across diverse G6PD phenotypes [427. Low dose daily primaquine (0.25 mg/kg/day for
14 days, half the standard dose) demonstrates reduced hemolytic potential in moderately deficient individuals while
maintaining substantial, though potentially incomplete, radical cure efficacy [437. This approach may represent an
acceptable compromise in settings where weekly dosing proves operationally challenging or when treating
populations with predominantly moderate deficiency variants [44].

High dose single day primaquine administration (0.5 to 0.75 mg/kg) effectively clears P. vivax and Plasmodium
falciparum gametocytes, contributing to transmission reduction, but does not eliminate hypnozoites and therefore
cannot prevent relapses [457. While this strategy avoids the safety concerns of prolonged primaquine exposure, its
inability to provide radical cure limits utility for elimination programs targeting the dormant liver stage reservoir
[46].

Tafenoquine as an Alternative 8-Aminoquinoline

Tafenoquine, a recently licensed 8-aminoquinoline with extended half-life enabling single dose radical cure, shares
primaquine's oxidative properties and contraindication in G6PD deficiency [477]. The longer half-life, approximately
14 days compared to primaquine's hours, theoretically increases cumulative oxidative exposure and hemolytic risk,
mandating G6PD testing prior to administration [487. Clinical trials specifically excluded G6PD deficient
individuals, and post-marketing pharmacovigilance data regarding hemolytic events in inadvertently exposed
deficient patients remain limited [497.

While tafenoquine's single dose administration offers substantial adherence advantages over multi-day primaquine
regimens, the absolute requirement for G6PD testing creates implementation barriers in settings lacking diagnostic
infrastructure [507. Current evidence does not support tafenoquine use in G6PD deficient individuals even with
modified dosing, maintaining primaquine as the only option for providing radical cure to this population [517.
POLICY IMPLEMENTATION IN ELIMINATION PROGRAMS

World Health Organization Guidelines

The World Health Organization provides comprehensive guidance for primaquine use in P. vivax elimination
programs, emphasizing the importance of balancing radical cure benefits against hemolytic risks [527. Current
recommendations stratify treatment approaches based on G6PD testing availability: in settings with reliable testing,
primaquine should be administered to individuals with normal or mildly deficient G6PD status using standard daily
dosing, while those with moderate to severe deficiency should receive weekly primaquine or no radical cure

68



depending on variant severity and clinical context [537. In settings without G6PD testing capacity, weekly
primaquine administration to all patients represents an acceptable compromise enabling broader radical cure access
while minimizing population hemolytic risk [54].

These guidelines acknowledge that elimination of P. vivax from endemic populations requires achieving high
coverage of radical cure to interrupt the hypnozoite reservoir maintaining transmission [ 55]. Mathematical
modeling studies suggest that elimination becomes exceedingly difficult when substantial proportions of infected
individuals cannot receive effective radical cure due to G6PD deficiency, potentially necessitating complementary
strategies including vector control intensification and enhanced surveillance [567].

National Program Experiences

National malaria elimination programs across endemic countries demonstrate variable approaches to integrating
G6PD testing with primaquine radical cure, reflecting differences in resource availability, health system capacity,
and epidemiological contexts [577]. Brazil implemented point-of-care G6PD testing in malaria endemic states,
enabling individualized treatment decisions and documenting increased primaquine utilization with acceptable
safety profiles [587. Thailand adopted a universal weekly primaquine approach without systematic G6PD screening,
prioritizing treatment coverage over individualized dosing in the context of elimination efforts.

Operational research from these diverse program contexts provides critical insights regarding feasibility,
acceptance, and effectiveness of different implementation models. Common challenges include health worker
training requirements, supply chain management for diagnostic tests and medications, quality assurance systems,
adverse event monitoring and response, and community engagement to promote treatment adherence [597.
Successful programs consistently emphasize integration of G6PD testing within existing malaria diagnostic and
treatment workflows rather than creating parallel systems, leveraging established infrastructure and personnel to
enhance efficiency [607.

Pharmacovigilance and Safety Monitoring

Robust pharmacovigilance systems represent essential components of safe primaquine deployment in elimination
programs, enabling detection and management of hemolytic events while building evidence regarding real-world
safety profiles across diverse populations [617]. Active surveillance approaches, including scheduled post-treatment
clinical and laboratory assessments, provide comprehensive data but require substantial resources and patient
participation [627]. Passive surveillance systems, relying on spontaneous reporting of adverse events by health
workers and patients, offer broader coverage but suffer from substantial underreporting and incomplete case
documentation [637.

Recent initiatives to strengthen pharmacovigilance for antimalarial medicines in endemic countries include
development of standardized adverse event reporting forms, training of health workers in recognition and
management of hemolytic anemia, establishment of referral pathways for severe cases, and creation of national
databases for aggregate analysis [64-]. Mobile health technologies show promise for enhancing follow-up and
adverse event detection, enabling remote symptom monitoring and triggering clinical evaluation when concerning
findings emerge [65].

FUTURE DIRECTIONS AND RESEARCH PRIORITIES

Novel Therapeutic Approaches

The limitations of current 8-aminoquinoline antimalarials in G6PD deficient populations drive ongoing research
into alternative compounds with hypnozoite activity lacking oxidative toxicity [66]. Several candidate molecules
showing promise in preclinical and early clinical development include compounds from diverse chemical classes
targeting different aspects of hypnozoite biology [67]. However, drug development timelines spanning years to
decades mean that primaquine and tafenoquine will remain the only available options for radical cure in the near to
medium term [687].

Alternative therapeutic strategies under investigation include prolonged blood stage suppression using long acting
antimalarials to prevent hypnozoite reactivation manifestations without directly killing dormant parasites,
analogous to chemoprophylaxis approaches [697]. While potentially circumventing G6PD safety concerns, this
strategy requires extended treatment adherence and provides no benefit once discontinued, limiting utility for
individual patient cure and population elimination.

Enhanced Diagnostic Technologies

Continued advancement in G6PD diagnostic technologies aims to address remaining gaps, particularly improved
identification of heterozygous females and expanded access in resource-limited settings [707]. Emerging approaches
include smartphone-based spectrophotometry using device cameras and specialized attachments to quantify
enzymatic activity, potentially democratizing access to quantitative testing [ 717]. Genetic testing for common G6PD
variants using point-of-care nucleic acid amplification platforms offers definitive genotypic classification
independent of phenotypic enzyme activity, although cost and complexity currently limit field deployment [727].
Integration of G6PD testing within broader diagnostic platforms, such as multiplex point-of-care devices
simultaneously detecting malaria parasites and G6PD status, could streamline workflows and enhance operational
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efficiency in elimination programs [737. Such integrated diagnostics would enable complete treatment decision
algorithms from a single patient encounter and blood sample, reducing loss to follow-up between diagnosis and
treatment initiation [747].
Mathematical Modeling and Elimination Strategies
Sophisticated mathematical models incorporating P. vivax transmission dynamics, hypnozoite biology, treatment
coverage, and G6PD deficiency prevalence inform strategic planning for elimination campaigns [ 757]. These models
explore scenarios balancing radical cure coverage against safety constraints, identifying optimal combinations of
primaquine regimens, G6PD testing strategies, vector control intensification, and surveillance systems to achieve
elimination endpoints [767]. Results consistently demonstrate that achieving high effective radical cure coverage in
the population represents a critical determinant of elimination success, highlighting the importance of addressing
G6PD safety barriers [77].
CONCLUSION
Glucose-6-phosphate dehydrogenase deficiency fundamentally shapes the landscape of Plasmodium vivax
elimination efforts by constraining the safe deployment of primaquine, the only widely available medication capable
of eliminating dormant hypnozoites that sustain transmission. The biochemical basis of this constraint resides in the
essential role of G6PD in maintaining erythrocyte antioxidant capacity through NADPH generation, which becomes
insufficient in deficient individuals when challenged by primaquine derived oxidative metabolites. The remarkable
genetic heterogeneity of G6PD variants produces variable enzymatic phenotypes and hemolytic risk profiles,
necessitating nuanced diagnostic and therapeutic approaches rather than uniform policies. Recent advances in point-
of-care diagnostic technologies enable field-based G6PD status determination, facilitating individualized treatment
decisions that maximize radical cure coverage while minimizing hemolytic risks. Modified primaquine dosing
strategies, particularly weekly administration regimens, provide evidence-based options for safely treating
individuals with mild to moderate deficiency, substantially expanding the population eligible for radical cure.
Successful integration of these tools within national elimination programs requires robust health systems,
comprehensive pharmacovigilance, and sustained political and financial commitment. The path forward demands
continued innovation in diagnostic technologies, therapeutic alternatives, and implementation strategies while
leveraging existing evidence-based approaches to accelerate progress toward elimination. Future research should
prioritize the development of non-oxidative hypnozoite-targeting antimalarials that circumvent G6PD safety
constraints entirely, potentially transforming P. vivax elimination feasibility in highly endemic settings.
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