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Abstract

Glucose-6-phospate dehydrogenase (G6PD) deficiency is estimated to affect more than 400
million people world-wide. This X-linked genetic deficiency puts stress on red blood cells (RBC),
which may be further augmented under certain pathophysiological conditions and drug treatments.
These conditions can cause hemolytic anemia and eventually lead to multi-organ failure and
mortality. G6PD is involved in the rate-limiting step of the pentose phosphate pathway, which
generates reduced nicotinamide adenine dinucleotide phosphate (NADPH). In RBCs, the
NADPH/G6PD pathway is the only source for recycling reduced glutathione and provides
protection from oxidative stress.

Susceptibility of G6PD deficient populations to certain drug treatments and potential risks of
hemolysis are important public health issues. A number of clinical trials are currently in progress
investigating clinical factors associated with G6PD deficiency, validation of new diagnostic kits
for G6PD deficiency, and evaluating drug safety, efficacy, and pathophysiology. More than 25
clinical studies in G6PD populations are currently in progress or have just been completed that
have been examined for clinical pharmacology and potential therapeutic implications of G6PD
deficiency. The information on clinical conditions, interventions, purpose, outcome, and status of
these clinical trials has been studied. A critical review of ongoing clinical investigations on
pharmacology and therapeutics of G6PD deficiency should be highly important for researchers,
clinical pharmacologists, pharmaceutical companies, and global public health agencies. The
information may be useful for developing strategies for treatment and control of hemolytic crisis
and potential drug toxicities in G6PD deficient patients.

"Corresponding authors. kryan@southernresearch.org, btekwani@southernresearch.org.

AUTHOR CONTRIBUTIONS

KSR and BLT reviewed articles and clinical trials and drafted the manuscript. BLT collected relevant articles and clinical trials and
contributed to the editing of the manuscript. All authors read and approved the final manuscript.

CONFLICT OF INTEREST STATEMENT

The authors declare that there are no conflicts of interest.

This manuscript has not been published and is not under consideration for publication elsewhere.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ryan and Tekwani

Keywords

Page 2

Glucose-6-Phosphate Dehydrogenase; hemolytic anemia; malaria; G6PD deficiency

1. PATHOPHYSIOLOGY

Glucose-6-phospate dehydrogenase (G6PD) is an enzyme that protects all cells in the body,
including red blood cells (RBC), from oxidative stress. This enzyme is the rate-limiting step
of the pentose phosphate pathway (PPP) and supplies reducing energy to maintain levels of
nicotinamide adenine dinucleotide phosphate (NADPH) (May, et al., 2019). The resultant
NADPH is utilized in several metabolic functions, most importantly for generation of
reduced glutathione (GSH), which is an antioxidant responsible for protecting cells from
damaging reactive oxygen species (ROS). In some people this enzyme is defective due to
genetic mutations/defects, leading to substantially decreased activity levels, diagnosed as
G6PD deficiency. G6PD deficiency is estimated to affect more than 400 million people
around the world especially those from African, Middle Eastern, and South Asian descent
(May, et al., 2019). This enzyme deficiency results from a mutation on the X-chromosome
so the disease can present differently in women versus men. Clinically, homozygous women
present the same as men. Heterozygous women can show symptoms of the disease due to
lyonization, inactivation of an X-chromosome, which leads to a mix of normal and G6PD
deficient RBC. Mutation of the Xq28 band leads to different variations of G6PD deficiency.
The most common variants are G6PD A(-) and G6PD Mediterranean (Cappellini & Fiorelli,
2008). The World Health Organization classification broadly divides G6PD deficiency into
five classes based on enzyme activity with Class 1 being the most severe (<10% enzyme
activity, chronic hemolytic anemia) to Class V being the least severe with no clinical
manifestations.

Under normal conditions, G6PD deficiency does not have a noticeable clinical impact on
patients. However, the G6PD pathway is the only source for NADPH and recycling GSH in
RBC, so G6PD deficiency can lead to free radical damage under the pathophysiological and
pharmacological conditions of high oxidative stress (Anantasomboon, et al., 2019; Hwang,
et al., 2018). This results in a higher exposure risk to hemolytic anemia for G6PD deficient
patients. There is evidence suggesting hemolytic crisis due to depleted GSH is both
intravascular and extravascular evidenced by hemoglobinuria and hyperbilirubinemia
(Luzzatto & Seneca, 2014; Rueangweerayut, et al., 2017). In G6PD deficient patients,
hemolytic anemia develops following exposure to several pharmacological, physiological,
and pathophysiological stressors such as ingestion of fava beans, mild viral infection, or
exposure to certain drugs and can eventually lead to multi-organ failure and mortality
(Dunyo, et al., 2011; Hygiene, Medicine, Council, & National Malaria Control Programme,
2004; Kiessling, et al., 2018; La Vieille, Lefebvre, Khalid, Decan, & Godefroy, 2019;
Richardson & O'Malley, 2020; Sharma, et al., 2018). While there has been speculation that
other foods and food colorings, such as blueberries, could contribute to hemolytic anemia in
G6PD deficient patients, no conclusive data has shown a relationship between hemolysis and
any food other than fava beans (Babu, Panachiyil, Sebastian, & Ravi, 2019; La Vieille, et al.,
2019). Oxidative drugs like dapsone can cause hemolytic anemia in G6PD normal as well as
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deficient patients but the severity may be higher for G6PD deficient individuals than G6PD
normal patients (Cappellini & Fiorelli, 2008; Lee & Geetha, 2015; Luzzatto, Nannelli, &
Notaro, 2016; Luzzatto & Seneca, 2014). 8-aminoquinolines, a family of antimalarial drugs
including Primaquine (PQ), have been shown to cause hemolytic anemia in G6PD deficient
patients and even G6PD intermediate patients at high doses (Chu, Bancone, Nosten, White,
& Luzzatto, 2018).

The NADPH/G6PD pathway in cells other than RBC is associated with a number of
complex metabolic networks including glycolysis, the PPP, GSH homeostasis, and purine
metabolism (Figure 1) (Luzzatto, et al., 2016). Besides its’ role in GSH mediated anti-
oxidant defense functions, the NADPH cofactor provides high energy electrons for reductive
biosynthesis pathways in other tissue cells. For example, biosynthesis of fatty acids, steroids,
and proline especially in hepatic cells, adipose tissues, gonads and adrenal cortex (Figure 1).
NADPH is also required for metabolic biotransformation of therapeutic drugs, xenobiotics,
and environmental toxicants. In most of the nucleated cells the NADP recycling functions
and lack of G6PD can be compensated by the cytosolic NADP-dependent malic enzyme 1
(MEZ1) and isocitrate dehydrogenase 1 (IDH1) with minimal pathophysiological
consequences. The G6PD-mediated PPP is uniquely important for maintaining a normal
physiological NADPH/NADRP ratio in mammalian cells. The PPP is the largest source of
cytosolic NADPH production in most mammalian cells. A recent study involving CRISPR
deletion of G6PD, ME1, and IDH1 in HCT116 colon cancer cells suggested that loss of
G6PD results in increased levels of cytosolic NADP. High levels of cytosolic NADP resulted
in an increase in ME1 and IDH1 but inhibited dihydrofolate reductase and impaired folate-
mediated functions in G6PD deletion mutants (L. Chen, et al., 2019). An increased
expression of G6PD and translocation of the enzyme from the cytosol to the cell membrane
was reported in adult cardiomyocytes experiencing oxidative stress (Jain et al. 2003). These
studies suggest broader pathophysiological and clinical consequences of G6PD deficiency in
other tissues besides erythrocytes.

This review specifically aimed to compile and summarize recent reports and investigations
on clinical pharmacology including clinical trials on individuals and populations with G6PD
deficiency. Some recently completed clinical investigations on clinical pharmacology of
G6PD deficiency reviewed here can be found in the supplemental table. A comprehensive
up-to-date analysis has been made, especially regarding current tools under clinical
evaluation for the diagnosis of G6PD deficiency, recent drug trials in G6PD deficient
populations, and approaches for treatment of G6PD deficiency. Both recently completed and
ongoing clinical trials are included here.

2. ASSOCIATION OF G6PD DEFICIENCY WITH CLINICAL CONDITIONS

Individuals with G6PD deficiency are mostly asymptomatic under normal circumstances.
Primary clinical manifestations of G6PD deficiency are (a) neonatal jaundice, (b) acute
hemolytic anemia (AHA) triggered by infections or treatment with certain drugs, exposure
to environmental pollutants, and dietary consumption, and (c) chronic non-spherocytic
hemolytic disease. Associations between G6PD deficiency and pathophysiology of other
clinical conditions have also been reported.
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Cardiovascular Disease

Diabetes

G6PD deficiency has been linked to pathophysiology of some cardiovascular conditions.
Reduced levels of cytosolic GSH lead to impaired cardiomyocyte function and G6PD
deficient mouse models experience cardiac dysfunction during reperfusion due to high levels
of ROS (M. Jain, et al., 2003; M. Jain, et al., 2004). Reduced nitric oxide production and
increased oxidant stress from lack of G6PD activity can lead to an influx of macrophages,
cytokines, and other inflammatory response mechanisms causing atherosclerosis and
cardiovascular disease (CVD) (Parsanathan & Jain, 2020; Pes, Parodi, & Dore, 2019;
Thomas, et al., 2018). A U.S. military cross-sectional database study showed an almost 40%
increased risk of developing CVD for G6PD deficient patients without accounting for sex,
race, or other health conditions such as hypertension or CVD risk therapy (Thomas, et al.,
2018). Additionally, a retrospective case-control study on a Northern Sardinian population,
using samples from digestive endoscopy, found a 71% increased risk of CVD in patients
with G6PD deficiency compared to G6PD normal patients after accounting for known risk
factors. These findings contradicted a previous non-randomized study that showed a
protective effect of qualitatively determined G6PD deficiency on CVD (Pes, Parodi, et al.,
2019). It has been suggested that the association between increased risk of CVD and G6PD
deficiency may be due to reduced function of protective pathways against oxidative stress,
particularly in the early stages of atherogenesis (Parsanathan & Jain, 2020; Pes, Parodi, et
al., 2019).

Recently, a meta-analysis found an increased risk of diabetes associated with G6PD
deficiency related to defective vasodilation and atherosclerosis (Lai, Lai, & Lee, 2017,
Parsanathan & Jain, 2020). A number of mouse models have shown links between G6PD
deficiency and diabetes (H. C. Yang, et al., 2019). The effects of diabetes in obese patients
following gastric bypass surgery on G6PD deficiency have also been studied and these data
show increased G6PD enzyme activity in type 2 diabetic patients compared to non-diabetic
patients suggesting a correlation between G6PD activity and diabetes (Alabama, 2009).
Based on a number of case studies, it has been suggested that increased risk of hemolysis in
diabetic G6PD deficient patients is due to ketoacidosis however, a study on G6PD deficient
patients with the Mediterranean mutant found no link between diabetic ketoacidosis and
hemolysis (Mehta, Srivastav, Bhate, Gupta, & Nadkar, 2017; Shalev, Wollner, & Menczel,
1984). In obese mice, G6PD deficiency was associated with improved insulin resistance and
an overall decrease in inflammatory signaling (H. C. Yang, et al., 2019). A recent study
reported lower hemoglobin A1C (HbA1C), a glycemic indicator of diabetes, in Asian G6PD
deficient males with the Canton and Kaiping variants. As this measurement is typically used
to diagnose diabetes and pre-diabetes, it is suggested that fasting glucose measurements be
used for accurate diagnosis in G6PD deficient patients. Additionally, management of
diabetes using HbA1C measurements with certain G6PD deficient variants may not
accurately reflect the disease state (Leong, et al., 2020).
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Neonatal Jaundice/Sepsis

Cancer

Hemolytic anemia from G6PD deficiency is believed to be associated with neonate jaundice,
which is a sign of hyperbilirubinemia and can cause damage to the nervous system
especially in neonates (Clinical Research Collaborative Group of Yinzhihuang Oral, 2011,
InfaCare Pharmaceuticals Corporation & Mallinckrodt, 2013; Southern Medical University,
2015). A clinical study on 100 newborns with moderate to severe indirect
hyperbilirubinemia and 50 normal neonates found an association between G6PD deficiency
and neonatal hyperbilirubinemia (Eissa, Haji, & Al-Doski, 2019). A recent cross-sectional
study on ethnic Egyptian neonates with indirect hyperbilirubinemia reported higher levels of
serum bilirubin in neonates with G6PD deficiency (Kasemy, Bahbah, El Hefnawy, &
Alkalash, 2020). However, another clinical trial looked at the prevalence of G6PD deficiency
among other disease-causing gene mutations in neonates with severe hyperbilirubinemia but
did not find a significant correlation between G6PD deficiency and hyperbilirubinemia
despite additional disease contributors in the mutant population (Mednax Center for
Research & Safety, 2006; Watchko, et al., 2009). A study in Iran did find G6PD deficiency
was more prevalent in neonates admitted to the hospital for sepsis compared to the control
group. The study had relatively small case and control populations, so while G6PD
deficiency was significantly higher in the sepsis group, only 5% of patients had severe G6PD
deficiency and 9% had moderate deficiency. The authors suggested that G6PD deficiency
could be affecting white blood cell NADPH levels or increasing serum iron levels due to
hemolysis, either of which could increase risk of sepsis (Zekavat, Makarem, Bahrami,
Dastgheib, & Dehghani, 2019).

A link between G6PD deficiency and cancer has also been suggested due to downregulation
of the PPP. The PPP is normally preferred by cancer cells as it produces high levels of
NADPH necessary for rapid growth. Abnormalities in redox signaling due to G6PD
deficiency affect cell survival and apoptosis and have been implicated in the progression and
outcomes of multiple types of cancers (Ghergurovich, et al., 2020; H. C. Yang, et al., 2019).
Data from upper and lower endoscopy samples from Northern Sardinians was analyzed to
determine the effect of G6PD deficiency on different forms of cancer (Pes, Errigo, Soro,
Longo, & Dore, 2019). Upper endoscopy samples showed G6PD deficiency was inversely
associated with hepatocellular carcinoma, decreasing risk by 55% regardless of age and
gender (Dore, Vidili, Marras, Assy, & Pes, 2018). Upper and lower endoscopy samples
showed a decreased risk for endodermal, gastric, and colorectal cancer in G6PD deficient
patients compared to controls after adjusting for age, sex, smoking habits, diabetes, and
socioeconomic status. However, G6PD deficiency did not appear to impact the risk of
developing ectodermal/mesodermal related cancers such as breast, prostate, lung, and
hematopoietic cancers (Pes, Errigo, et al., 2019). Additionally, a study involving
retrospective analysis of the Taiwan National Health Insurance Research Database, from
which 4,066 G6PD deficient patients and 16,264 controls were analyzed, suggested an
increased risk of brain tumor development in G6PD deficient patients. Increased G6PD
expression in grade 11 and 111 glioma was associated with poor patient survival but had no
effect in glioblastoma (C. A. Yang, Huang, Lin, & Chang, 2018). A mouse model utilizing a
p53 and K-Ras G12D deficiency for non-small-cell lung cancer found no effect from
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knockout of the G6PD enzyme on the formation or proliferation of tumors. There was only a
moderate association between G6PD levels and cancer progression in regards to lung and
breast cancers (Ghergurovich, et al., 2020).

G6PD deficiency and other blood disorders are suggested to provide protection from some
malarial infections. Lack of anti-oxidant defenses causes stress and damage to RBC
allowing for destruction by phagocytosis. It has been suggested that parasite-infected RBC
are included in this group and also destroyed by the body, breaking the chain of intra-
erythrocytic growth of the malaria parasites (Hwang, et al., 2018). Removal of the infected
along with the damaged RBC allows for enhanced £, falciparum protection potentially
associated with some RBC disorders such as sickle cell, hemoglobin C, and G6PD
deficiency (Agarwal, et al., 2000; Allergy, Diseases, & Center, 2005; Ayi, Turrini, Piga, &
Arese, 2004). Hemoglobin C and sickle-cell trait in children from Mali provided protection
from malaria but no effect on infection rates was seen in teenage sickle-cell patients
(Allergy, Diseases, & Center, 2008; Lopera-Mesa, et al., 2015). A positive correlation
between sickle-cell anemia and G6PD deficiency was found in an Indian population
(Shivwanshi, Singh, & Kumar, 2019). The trial in Mali also found G6PD homozygous
deficiency significantly reduced malaria risk for girls (Allergy, et al., 2008; Lopera-Mesa, et
al., 2015). However, another study has suggested G6PD deficiency increases the risk for
developing severe malarial anemia but is protective against cerebral malaria. Note though
that those observations may have been a result of collider bias based on exclusion criteria
due to G6PD deficient patient covariates (J. A. Watson, et al., 2019). A meta-analysis review
of 28 studies did not find convincing evidence that G6PD deficiency provides protection
from uncomplicated malaria, despite specific studies in certain countries presenting
positively correlated data, and found no association with severe malaria risk (Mbanefo, et
al., 2017). A recent study in Zambian children found similar results determining that G6PD
normal children with a cytochrome b5 reductase 3 polymorphism were protected from
severe malarial anemia but G6PD deficient A+/A- hemizygotes/homozygotes were not
(Gordeuk, et al., 2020). A recent decreased risk of 2 falciparum malaria infection in African
populations suggests a positive selection towards the G6PD A- allele mutant in this area
(Liang, et al., 2020). In general, there is great variation regarding risk of malarial infection in
G6PD deficient individuals based on genetic and environmental factors (Mbanefo, et
al.,2017).

Bacterial/Viral Infections and COVID-19

G6PD deficient cells have a compromised innate immune response due to changes in redox
signaling associated with ROS generation. It has been suggested that increased oxidative
stress could increase susceptibility to infection (Yen, et al., 2020; Zhao, et al., 2019). This
was seen in reproductive age females in China without children where lower G6PD enzyme
activity correlated with increased risk of hepatitis B viral infection (Zhao, et al., 2019).
Increased risk of infection associated with G6PD deficiency is supported by /in vitro data
showing monocytes from G6PD deficient patients experienced increased risk of developing
dengue virus (Chao, et al., 2008). However, a cross-sectional study on children ages 2-13
years from Myanmar with dengue infection did not show an association between G6PD
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deficiency and severity of infection, which correlates with other published data (May, et al.,
2019). The additional strain on RBC from G6PD deficiency can cause severe hemolysis and
multi-organ failure following acute hepatitis A infection despite the lack of complications
associated with the infection normally (Sharma, et al., 2018). Infections such as hepatitis,
typhoid fever, and pneumonia are also known to induce hemolytic response suggesting
G6PD deficient patients with these infections could have a higher risk of multi-organ failure
and mortality (Sharma, et al., 2018). Due to the known stress on RBC, one clinical trial
looked at the effects of a-lipoic acid supplements given for 4 weeks to G6PD deficient
patients on measures of blood redox status such as reduced GSH, uric acid, hemoglobin
levels, etc. and found significantly higher levels of uric acid and decreased thiobarbituric
acid and protein carbonyls in the G6PD deficient group. Following treatment, both G6PD
deficient and normal patients had increased antioxidant capacity and G6PD deficient
patients had increased GSH levels suggesting a-lipoic acid could affect redox status
(Georgakouli, et al., 2013; Thessaly, 2016). Another trial by the same group aims to look at
similar outcomes following N-acetyl Cysteine supplementation in G6PD deficient patients
but has not yet begun recruiting (Thessaly, 2020).

Oxidative burst and overproduction of free radical intermediates have been associated with
pathogenesis of viral infections including the recently reported COVID-19 infections from
SARS-CoV-2. In view of a strong association of G6PD deficiency with oxidative stress,
researchers have suggested a potential association of G6PD deficiency with susceptibility to
infection with SARS-CoV-2 and pathogenesis of COVID-19 (Wu, et al., 2015). An earlier
study reported an enhanced susceptibility to infection with human coronavirus 229 (HCoV
229E) and higher viral load in G6PD deficient human fibroblast cells compared to cells with
normal G6PD activity. Increased oxidative stress increased the risk of infection but,
increasing G6PD enzyme function with the addition of the antioxidant a-lipoic acid
decreased susceptibility to HCoV229E infection (Wu, et al., 2008). Another study reported
that G6PD-dependent antiviral response was mediated through downregulation of the
NADPH sensor HSCARG and upregulation of NF-xB signaling pathways in the host cells
(Wu, et al., 2015). Increased oxidative stress resulting in reduced GSH levels has been
shown to be associated with 25-hydroxyvitamin D deficiency. There is a strong belief that
vitamin D deficiency may play a role in the severity of COVID-19 infection which
disproportionally affects African Americans who have higher G6PD and vitamin D
deficiency rates (S. K. Jain & Parsanathan, 2020). COVID-19 patients have increased ROS
production and evidence of cytokine storm which would require high levels of antioxidants
such as GSH, N-acetyl cysteine, and L-cysteine to combat (S. K. Jain, et al., 2020).
Therefore, G6PD deficiency affects the cellular inflammatory response. The decreased
antiviral response in G6PD-knockdown A549 cells mediated by tumor necrosis factor alpha
(TNF-a) is a result of dysregulated NOX/MAPK/NF-xB/COX-2 signaling (Aydemir &
Ulusu, 2020). These reports suggest potential association of G6PD deficiency with an
enhanced risk of COVID-19 and other SARS coronavirus infections.

3. DIAGNOSIS OF G6PD DEFICIENCY

Management of G6PD deficiency to prevent hemolytic crisis requires simple, accurate
enzyme testing. The gold standard test for G6PD deficiency utilizes spectrophotometry to
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detect the formation of NADPH from NADP by G6PD, indicated by the change in
absorbance over a specific time interval (Alam, Kibria, Jahan, Price, & Ley, 2018).
Spectrophotometric G6PD analysis is expensive and not accessible in many clinics, while
inter-laboratory variability and lab-specific reference thresholds prove the need for
universally accepted clinical enzyme cutoff values from a reliable testing platform (Pfeffer,
et al., 2020). Historically, qualitative and point-of-care testing fails to identify intermediate
deficiency indicated by 30-70% enzyme activity. However, more recently some point-of-care
platforms have shown promise in ameliorating the vast number of issues seen with
previously developed G6PD diagnostic tests (Djigo, et al., 2019; Ley, et al., 2019).

Mindray Medical International has developed a fast, large-scale UV enzyme assay using the
BS-240 that can measure 40 samples of hemolysate in one hour. Results showed this assay
was comparable to a spectrophotometric assay for some patients but still failed to detect
intermediate deficiency (Anantasomboon, et al., 2019). A “sample-to-readout” point-of-care
biosensor has been developed for direct detection of G6PD in whole blood by visualization
using a simple color card. The color paper is stable for 6 weeks and works at a variety of
temperatures and humidity levels. Initial diagnosis relies on the color of the sample and the
time to colorization detecting deficient, intermediate, normal, and above 100% activity
qualitatively at 80% accuracy. This novel G6PD colorimetric paper test could prove to be the
best and easiest test for field diagnosis leading to quantitative clinical diagnosis, but the
assay has not yet been tested in a clinical setting (White, Keramane, Capretta, & Brennan,
2020).

Two handheld biosensors, the CareStart™ G6PD Biosensor (CSG) by Accessbio and the
STANDARD™ G6PD (STG) by SD Biosensor, have been developed for portable,
minimally invasive G6PD enzyme level assessment in under five minutes. The CSG tested in
the following studies should not be confused with the CareStart™ RDT colorization
chamber for rapid, qualitative G6PD normal or deficient diagnosis. For both the CSG and
STG, all samples are normalized to hemoglobin measures and there is no evidence that using
venous versus capillary blood has an effect on measured G6PD activity (Bancone, et al.,
2015; Ley, et al., 2017; Roca-Feltrer, et al., 2014). The CSG shows variable results in
different regions due to differences in G6PD genotypes but overall is promising. Diagnostic
accuracy of CSG was tested in a study cohort in China of 247 newborns admitted due to
jaundice and was compared to qualitative analysis of G6PD enzyme levels and gene
mutations. CSG effectively diagnosed all male newborns and 100% of female newborns with
less than 60% enzyme activity but only 58.5% of heterozygous females with 60-100%
enzyme activity (Yu, et al., 2020). Another study looked at G6PD activity measurements
from CSG compared to the fluorescent spot test and a spectrophotometric reference test.
CSG showed 97% accuracy at 30% enzyme activity and had good diagnostic ability with
88% accuracy for intermediate and deficient newborns (Pengboon, Thamwarokun, Changstri,
Kaset, & Chomean, 2019). A meta-analysis for performance of CSG versus the gold
standard on studies published between 2011 and 2019 found similar results. Out of the 8
studies with 5815 participants in total, CSG was determined to be suitable for diagnosis at
the 30% threshold level. CSG performed significantly better in males versus females and it
had a 99% Negative Predictive Value in samples with residual G6PD activity in the range of
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5-30% (Ley, et al., 2019). However, a small trial in the Republic of Sudan tested the CSG
against spectrophotometry and found only 11 of 21 patients with less than 60% activity
levels were identified correctly as having either severe or intermediate deficiency (Hamid, et
al., 2018; M. S. 0. H. Research & Khartoum, 2015). A trial in Bangladesh found the
sensitivity of the STG and CSG tests at the 70% cutoff of enzyme activity were similar but,
the clinically relevant values correlating to the 30-70% enzyme activity window were
narrower for the CSG compared to the STG (Alam, Kibria, Jahan, Thriemer, et al., 2018).
The STG was tested on patients in the U.S. and Thailand and measurements highly
correlated with values from the Pointe Scientific spectrophotometry kits with relatively high
sensitivity and specificity values at 30%, 70%, and 80% thresholds across a wide range of
temperatures and humidity levels (Pal, et al., 2019). Both tests could be used for field
assessment of G6PD activity levels but it seems the STG from SDBiosensor gives more
accurate enzyme readings across the entire enzyme level spectrum (Alam, Kibria, Jahan,
Thriemer, et al., 2018; Pal, et al., 2019). Each of the G6PD enzyme testing methods
discussed here are summarized in Table 1 below. The performance of individual methods of
diagnosis of G6PD deficiency regarding sensitivity, specificity, and diagnostic accuracy as
presented in Table 1 is subjective and may not be compared quantitatively.

Conventional classification of G6PD variants is based on residual G6PD activity. Individuals
diagnosed with G6PD deficiency from field or laboratory methods are eventually genotyped
for confirmation of genetic G6PD deficiency (Alina, et al., 2020). A group in Taiwan used a
multiplex SNaPshot assay to detect G6PD activity in newborns from dried blood spot
samples based on 21 known G6PD gene mutations. However, this method only detects
known mutations (Chiu, et al., 2019). Recent studies in the Guangdong province in China
and in Malaysia have used reverse dot blotting to identify variants for diagnosis and
genotyping of G6PD deficiency. This method can uncover novel mutations. Identification of
a genetic variant is the only definitive determination of carrier status in heterozygous
females (Alina, et al., 2020; Lin, Lou, Xing, Zhang, & Yang, 2018).

Recent guidelines for laboratory diagnosis of G6PD deficiency published by the British
Society for Haematology include recommendations for specimen collection/storage,
measurements of G6PD activity, laboratory diagnosis of G6PD deficiency, factors affecting
the clinical interpretation of G6PD deficiency, application of point-of-care tests for
diagnosis, molecular diagnosis, and quality assurance for screening tests including the
application of an accredited External Quality Assessment. These guidelines are all based on
which test is being utilized and will vary among testing platforms (Roper, et al., 2020).

4. MODELS OF G6PD DEFICIENCY

Once G6PD deficiency has been diagnosed, hemolytic drugs need to be avoided by G6PD
deficient patients. Assessing the hemolytic potential of newly developed compounds prior to
human testing is crucial for creating safe alternatives for G6PD deficient populations. In
general, simply incubating drugs known to cause hemolytic toxicity /n vivo with human
RBC /n vitro does not initiate a response indicative of hemolysis. Bloom et al. determined
that incubating human RBC with an NADPH generator and induced drug metabolizing
microsomes taken from mouse livers resulted in correct identification of known hemolytic
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compounds 75% of the time (Bloom, Brewer, Magon, & Wetterstroem, 1983). Additional
assays have since been developed using the framework of this method to characterize
methemoglobin accumulation, ROS formation, and depletion of reduced GSH and total thiol
levels by incubating human G6PD deficient RBC with pooled human liver microsomes or
recombinant human cytochrome P50, an NADPH regeneration cocktail, and the testing
compound (Ganesan, Chaurasiya, Sahu, Walker, & Tekwani, 2012; Ganesan, Sahu, Walker,
& Tekwani, 2010; Ganesan, Tekwani, Sahu, Tripathi, & Walker, 2009). These assays, while
relatively accurate at identifying hemolytic toxicity, do not account for all /7 vivo effects.

Total knockout of the G6PD enzyme is lethal but mouse models with reduced enzyme
activity comparable to human levels have been developed (Luzzatto, et al., 2016). Originally,
an offspring of mouse with an X-linked G6PD deficiency was recovered from a group of
mice treated with 1-ethyl-1-nitrosourea that expressed 15-60% enzyme activity (Pretsch,
Charles, & Merkle, 1988). Non-obese diabetic/severe combined immunodeficiency mice
were engrafted with human normal or G6PD deficient RBC to test hemolytic potential in
vivo. Oral ingestion of PQ caused dose-dependent hemolysis evidenced by formation of
murine reticulocytes and depletion of human RBC as determined by flow cytometry. Other
known hemolytic drugs, such as dapsone, had similar effects while non-hemolytic drugs,
like Chloroquine (CQ), did not cause significant changes compared to vehicle controls
(Rochford, et al., 2013). Genetic G6PD deficient mice with moderate deficiency similar to
the African type A mutant were given PQ, pamaquine (a PQ analog), CQ, and Mefloquine
(MQ) to determine hemolytic toxicity. These mice developed hemolytic anemia as
anticipated following exposure to PQ and pamaquine evidenced by clinical measures
including complete blood count, reticulocyte count, Heinz body counts, and haptoglobin
levels. Reduced GSH levels were also decreased. CQ and MQ did not cause a hemolytic
effect as expected based on previous clinical exposure in humans (Zhang, et al., 2013).
Recently, Kitagawa et al. reported a G6PD deficient rat model with 20% enzyme activity and
reduced function of the PPP (Kitagawa, et al., 2020). These animal models can aid in
predicting the hemolytic toxicity of newly developed drugs in humans.

5. PHARMACOTHERAPY IN G6PD DEFICIENCY

Under normal circumstances, G6PD deficiency does not cause immediate harm to patients.
However, when G6PD individuals are exposed to certain hemolytic drugs the results can
range from mild hemolytic anemia to multi-organ failure and mortality (Sharma, et al.,
2018). Some common markers of hemolysis namely bilirubin, lactate dehydrogenase, and
reticulocytes are increased with decreased haptoglobin (Cappellini & Fiorelli, 2008; Zhang,
et al., 2013). There are many published lists of known and suspected hemolytic drugs unsafe
for G6PD deficient patients but definitive determination of drug-induced hemolytic anemia
is difficult (Cappellini & Fiorelli, 2008; Luzzatto & Seneca, 2014; Renard & Rosselet,
2017). Potentially oxidative drugs causing hemolysis in G6PD deficient patients are
prescribed for a range of disease states. However, generally the main focus is on hemolytic
drugs used to treat malaria and therefore only those drugs will be reviewed here.

In 2018 alone, malaria was responsible for killing 405,000 people (Prevention, 2019). G6PD
deficient populations are especially prevalent in areas with widespread malaria
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(Rueangweerayut, et al., 2017). Malaria is commonly treated with 8-aminoquinoline drugs
alone or in combination usually with artemisinin or dihydroartemisinin-piperaquine (DHAP)
therapy depending on the type of infection. The U.S. Centers for Disease Control and
Prevention recommends drugs like CQ, MQ, and artemether-lumefantrine (AL) for
treatment of the blood stage infection and 8-aminoquinolines like PQ to kill dormant liver
stage parasites preventing relapse. 8-aminoquinonlines are the only drug class for radical
cure of P vivaxand sterilization of 2 falciparum malaria. However, PQ, the most commonly
used 8-aminoquinoline, has a well-documented history of hemolytic response in G6PD
deficient patients (Pal, et al., 2019; Recht, Ashley, & White, 2018; W. R. A. I. 0. Research,
2003; Rueangweerayut, et al., 2017; von Seidlein, et al., 2013). Known toxicity of PQ in
G6PD deficient patients forces many areas to forgo PQ use all together due to lack of
reliable enzyme testing. This can lead to further spread of malaria and relapse (J. Watson,
Taylor, Menard, Kheng, & White, 2017).

PQ toxicity was first discovered during World War 11 when patients began developing
hemolytic anemia and jaundice. This toxicity was eventually linked to a lack of G6PD
enzyme in RBC (Luzzatto, et al., 2016). PQ toxicity only occurs /n vivo suggesting a
metabolite rather than the drug itself is the cause of hemolysis (Luzzatto & Seneca, 2014).
While the exact mechanism of parasite clearance is still unknown and many have been
hypothesized, inactivation of CYP2D6 impairs PQ function suggesting both the efficacy and
toxicity of PQ may result from cytochrome P459 mediated metabolite generation (Daher, et
al., 2019). Additional pharmacokinetic (PK) studies on PQ are necessary to determine the
mechanism of action so alternative drugs can be developed that are both efficacious and safe
for all patients.

One clinical trial was recently completed at the University of Mississippi studying the PK
profiles of individual enantiomers of PQ in G6PD normal patients with the goal of
determining the safest enantiomers to then study in a G6PD deficient population (University
of Mississippi, 2018). A different trial aimed to determine the safety of PQ treatment for 2
vivax infection in G6PD normal breastfeeding mothers by studying the PK of drug
distribution in the mothers’ blood, breast milk, and the infants’ blood to determine levels of
the drug being passed to the child potentially causing hemolysis. This study found very low
(<1% of the recommended dose) concentrations of PQ being passed to the infant during the
14 day treatment regimen suggesting PQ can be recommended for breastfeeding women
with malaria regardless of the G6PD status of the child (Gilder, et al., 2018; Oxford, 2012).
Currently there are two trials in Afghanistan and Brazil recruiting G6PD normal and
deficient patients with £ vivax infection which will be treated with CQ in combination with
different doses and timelines for PQ administration to study efficacy and PK profiles of drug
treatment in regards to G6PD deficiency (Dourado, Foundation, & Tecnoldgico, 2018;
Oxford, Unit, & University, 2016).

PQ is frequently used in combination with other antimalarials as it is highly effective at
killing gametocytes but a poor eliminator of blood stage parasites. A single PQ dose is
commonly used with schizonticides in artemisinin combination therapies (ACT) to prevent
resistance of antimalarials and reduce spread. An in vitro study on P, falciparum
gametocytes found a moderate synergistic relationship between PQ and piperaquine, CQ,
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and MQ. PQ had high synergism with naphthoquine while lumefantrine acted as an
antagonist (Cabrera & Cui, 2015). This suggests these combinations may provide the
necessary parasite clearance with a single dose of PQ making it safe for G6PD deficient
patients. PQ has been studied extensively in combination therapy with other treatments in
both G6PD normal and deficient patients with malaria. African G6PD deficient males with
P, falciparum treated with a single low dose (SLD) of PQ in combination with either DHAP
or AL did experience lower hemoglobin levels and some hemolysis but none was considered
moderate or severe. It is not known whether the drop in hemoglobin and mild hemolysis is
related to the PQ treatment or the infection. This trial found that the addition of PQ in
certain cases substantially increased parasite clearance compared to each treatment (AL or
DHAP) alone suggesting lower doses of PQ could be safe and effective for G6PD deficient
patients (Bastiaens, et al., 2018; Eziefula, et al., 2014; Hygiene, Medicine, Centre National
de Recherche et de Formation sur le Paludisme, & Nijmegen, 2014; Hygiene, Medicine, &
Medical Research Council Unit, 2015). Another trial determined that a SLD of PQ tested in
combination with DHAP is safe for P falciparum-infected G6PD deficient patients to
prevent the spread of malaria through Cambodia and a trial in Mali found a SLD of PQ
between 0.4 and 0.5mg/kg was safe for G6PD deficient men and children without malaria (|.
Chen, et al., 2018; Consortium, et al., 2014; Dysoley, et al., 2019; University of California,
et al., 2015; Vantaux, et al., 2020). These studies suggest a SLD of PQ could be used in
combination therapies even when G6PD testing is not available.

A promising new 8-aminoquinoline called Tafenoquine (TQ) was recently approved for the
treatment of blood and liver stage parasites. TQ requires a single dose compared to the 14-
day dose of PQ. Studies show this new drug, compared to PQ, does not significantly
decrease incidence of hemolysis in G6PD non-deficient or intermediate patients with 2
vivax. G6PD normal patients with 2 vivaxtreated with PQ or TQ in combination with CQ
experienced slight reductions in hemoglobin levels with both treatments but neither drug
performed better than the other in terms of parasite clearance and prevention of relapse
(GlaxoSmithKline & Venture, 2015; Llanos-Cuentas, et al., 2019). G6PD normal and
intermediate (40-60% activity) females in Thailand experienced a dose dependent increase
in hemolysis from TQ. At the therapeutic dose (300mg), the risk of hemolytic response was
similar to the risk following a 14-day PQ dose (15mg/day) (Rueangweerayut, et al., 2017). A
trial has just been completed monitoring pediatric patients in Colombia and Vietnam that
tested positive for £ vivctx and were given an initial dose of CQ then treated with TQ
tablets. The results will provide more information on PK profiles associated with TQ up to
120 days following treatment (GlaxoSmithKline & Venture, 2017). It is important to note
that while a single dose of TQ may overall have higher parasite clearance rates than PQ
treatment due to easier patient adherence to the dosing schedule, if severe hemolytic crisis
occurs, PQ can be cleared from the body more quickly than TQ leading to better patient
outcomes (Rueangweerayut, et al., 2017).

6. TREATMENT OF G6PD DEFICIENCY

G6PD deficiency causes a wide range of effects in patients and is associated with many
different disease states. Hemolytic anemia is the most common life-threatening clinical
manifestation of G6PD deficiency which is usually triggered by oxidative stress due to
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infections or consumption of certain foods and drugs, all of which should be avoided by
G6PD deficient patients (Belfield & Tichy, 2018; Bubp, Jen, & Matuszewski, 2015). One of
the many well-known factors that cause hemolytic anemia through oxidative stress in G6PD
deficient individuals is ingestion of fava beans and as such, hemolytic crisis associated with
G6PD deficiency has also been referred to as favism (Belfield & Tichy, 2018). p-Carotene, a
precursor of vitamin A, has been used as an antioxidant to decrease oxidative stress and
restore G6PD enzyme levels, serum glucose levels, and liver function in favism-induced rats
compared to controls. Testicular and blood protein levels returned to normal following oral
treatment with p-carotene in a dose-dependent manner suggesting antioxidant treatment for
hemolysis (Koriem & Arbid, 2018). However, other studies have shown no effect from the
use of antioxidants as treatment for hemolytic anemia from G6PD deficiency (Hwang, et al.,
2018). Recently, the role of Laban, a fermented milk product from camels, was suggested as
a source of lactic acid bacteria that could have an antioxidant effect. An ex vivo assay on
human blood samples, from both normal and G6PD deficient children, exposed to fava
beans showed a decrease in hemolysis with the addition of Laban. More studies would need
to be done to determine the /n vivo relationship between favism and Laban in regards to
hemolytic crisis (Bin Masalam, et al., 2018; Zam & Belal, 2020).

Since there are currently no approved treatments for G6PD deficiency, one group aimed to
identify a small molecule that increases enzyme activity by screening agonists for the
Canton mutant of the G6PD enzyme. They identified 2,2’-disulfanediylbis(N-(2-(1H-
indol-3-yl)ethyl)ethan-1-amine) referred to as AG1. AG1 showed increased activation of the
G6PD enzyme and promoted formation of dimers. AG1 increased activation and created an
equilibrium dimeric state in multiple G6PD mutant variants from different regions of the
world acting specifically on the GEPD enzyme without interacting with related enzymes
such as 6-phosphogluconate dehydrogenase (6PGD), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and others. Treatment with AG1 /n vivo significantly reduced
ROS levels and increased NADPH levels following CQ exposure. This resulted in less
pericardial edema in G6PD-deficient zebrafish embryos. Additionally, AG1 reduced
hemolysis and ROS levels and increased GSH in both healthy RBC exposed to CQ and in
RBC stored for 28 days that are usually subject to storage lesion (Hwang, et al., 2018). The
mechanism of action of AG1 is believed to involve bridging two NADP+ molecules
promoting G6PD dimerization and activation. G6PD cannot activate as a monomer (Raub, et
al., 2019). This small molecule could serve as the lead compound for development of drugs
for the treatment of G6PD deficiency eventually allowing safe antimalarial use in developing
countries and possibly affecting heart disease, diabetes, and other pathologies shown to be
related to G6PD deficiency (Hwang, et al., 2018; Raub, et al., 2019).

7. CONCLUSIONS

Deficient G6PD enzyme levels affect a number of metabolic systems in RBC and other cells
leading to depleted NADPH, oxidative stress, hemolysis, and potentially multi-organ failure
and mortality (Anantasomboon, et al., 2019; Hwang, et al., 2018; Kiessling, et al., 2018;
Luzzatto, et al., 2016; May, et al., 2019). The effects of G6PD deficiency in both RBC and
nucleated cells have been linked to a variety of disease states all over the body (L. Chen, et
al., 2019). G6PD deficiency and some other blood diseases such as sickle cell trait have been
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shown to protect against development of severe malaria (Allergy, et al., 2005, 2008;
Shivwanshi, et al., 2019; J. A. Watson, et al., 2019). G6PD deficiency has also been shown
to decrease risk of hepatocellular, gastric, and colorectal cancers (Dore, et al., 2018; Pes,
Errigo, et al., 2019). On the other hand, G6PD deficiency may increase risk of developing
CVD and potentially increase the risk of infection and further development of serious
complications (Pes, Parodi, et al., 2019; Sharma, et al., 2018; Thomas, et al., 2018).
Additionally, there are convincing evidence to suggest that the G6PD enzyme is involved in
regulating vascular function, insulin levels, and sepsis in neonates (Dore, et al., 2018;
Parsanathan & Jain, 2020).

One of the greatest risks for G6PD deficient patients is developing drug-induced hemolytic
anemia (Cappellini & Fiorelli, 2008; Luzzatto, et al., 2016). Accurately measuring levels of
enzyme activity for diagnosis of G6PD deficiency is crucial to providing safe care and
preventing hemolysis. Some of the assays described here show promise in correctly
determining G6PD deficiency, including moderate deficiency, at the point-of-care in a cost
effective manner. Hemolysis commonly occurs in G6PD deficient patients being treated for
malaria. Currently, malaria treatment relies heavily on PQ and other 8-aminoquinoline drugs
in combination as they eliminate blood and liver stages, but administration of these drugs
can cause severe side effects in G6PD deficient populations (Rueangweerayut, et al., 2017;
von Seidlein, et al., 2013). Two mouse models discussed above have been suggested as a
safe way to determine the hemolytic potential of newly developed antimalarials for G6PD
deficient patients (Rochford, et al., 2013; Zhang, et al., 2013). Additionally, SLD PQ
combination therapies have been shown to be effective and safe regardless of G6PD status
and wouldn’t require enzyme testing (Consortium, et al., 2014; Hygiene, et al., 2014;
Hygiene, et al., 2015; University of California, et al., 2015). All of these methods can help
avoid hemolytic crisis in G6PD deficient populations when treating for malaria.

Currently there is no cure for G6PD deficiency. Once thought to reverse the effects of this
disease, antioxidant therapy has shown little effect on combating oxidative damage caused
by the lack of effective G6PD enzyme (Bin Masalam, et al., 2018; Koriem & Arbid, 2018;
Zam & Belal, 2020). However, a small molecule has been identified that increases enzyme
levels in both /n vitro and in vivo models suggesting this treatment could reverse the effects
of G6PD deficiency potentially including other clinical states associated with the deficiency
(Hwang, et al., 2018; Raub, et al., 2019). More work will need to be done to optimize this
compound and determine the efficacy and safety profiles in patient populations.

Overall, the G6PD enzyme appears to play a role in many different mechanisms throughout
the body, which manifest in many different disease states. While these studies have
elucidated numerous facets of this enzymopathy, much is still unknown. Safer use of
currently available drugs would be assisted by broader epidemiological surveys for GGPD
deficiency and more accurate point-of-care quantitative tests for G6PD enzyme activity. /n
vitro and in vivo models can assist in the development of new drugs. Diagnosis of G6PD
deficiency during the neonatal state and the development of a small molecule treatment
would help to prevent hemolytic crisis in G6PD deficient patients and could affect the risk of
cancers, CVD, and more. However, further investigation needs to be done to fully
understand the most common enzyme deficiency in the world (La Vieille, et al., 2019).
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LIST OF ABBREVIATIONS

AL Artemether-lumefantrine

CQ Chloroquine

CSG CareStart™ G6PD Biosensor

CvD Cardiovascular disease

DHAP Dihydroartemisinin-piperaquine

G6PD Glucose-6-phosphate dehydrogenase

GSH Glutathione

HbA1lc Hemoglobin Alc

IDH1 Isocitrate dehydrogenase 1

ME1 Malic enzyme 1

MQ Mefloquine

NADPH Nicotinamide adenine dinucleotide phosphate

PK Pharmacokinetics

PPP Pentose phosphate pathway

PQ Primaquine

RBC Red blood cells

ROS Reactive oxygen species

STG STANDARD™ G6PD

SLD Single low dose

TQ Tafenoquine
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Figure 1- Pathways for pathophysiology of Glucose 6-phosphate dehydrogenase deficiency.
The metabolic pathways associated with glucose 6-phosphate dehydrogenase (G6PD) are

illustrated in an erythrocyte (red) and a nucleated cell in tissue. The NADPH provides high
energy electrons for antioxidant defense (in erythrocytes and other cells), reductive
biosynthesis (in most nucleated cells), Cytochrome P455 mediated metabolism of drugs and
xenobiotics (predominantly in hepatocytes), and NADPH oxidase function for generation of
superoxides (phagocytic cells). In erythrocytes, the G6PD mediated oxidative Pentose
phosphate pathway (PPP) is the sole source of NADPH. In other cells, cytosolic NADP-
dependent malate dehydrogenase and isocitrate dehydrogenase can also recycle NADP to
NADPH and may partly compensate G6PD function. However, the PPP is uniquely required
in these cells to maintain a normal NADPH/NADP ratio so G6PD deficiency may have
broad pathophysiological consequences (L. Chen, et al., 2019).
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Table 1-
A comparative review of G6PD diagnostic tests
Fluorescent CareStart™ STANDARD™ “Sample
Gold CareStart™ G6PD
Standard Spot RDT G6PD by SD to- BS-240
Test Biosensor Biosensor readout
uv N . . Colorization, Automated
Method Spectrophotometry | fluorescence C(();Ir?;rlﬁsgro n Btg;?esrt]rsior, Blosirtlrsior, test fabricated UV enzyme
visualization P P biosensor system
Volume 10pL 5uL 2uL 5uL 10pL 15uL 20pL
Hemolys ate
Blood Venous Venous Whole Whole Venous or Whole venous
capillary blood
. . 10 min + air . : . 10 min + air :
Time 5-10 min dry time 10 min 4 min 2min dry time 2 min
Temperature 30°C Room Variable Room Variable Room 37°C
temperature temperature temperature
Intermed*late Yes No No Yes Yes Yes No
Reading
Measurement Quantitative Qualitative Qualitative Quantitative Quantitative Qualitative Quantitative
Sensitivity # Very High Med-High Med-High High High Med-High Med-High
Specificity # Very High Med-High Med-High High High Med-High Med-High
Diagnostic . . X . .
# Very High Low-Med Medium High Very High Med-High Low-Med
Accuracy

*
Intermediate readout for the G6PD activity is important for diagnosis on mild/intermediate G6PD deficiency. This provides the scope for
determining threshold of G6PD deficiency for safety of therapeutics in G6PD deficient populations.

#The performance of individual methods of diagnosis of G6PD deficiency regarding sensitivity, specificity, and diagnostic accuracy is subjective

and may not be compared quantitatively.
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