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production and ineffective excretion of bilirubin. This can result in the neurotoxicity of bilirubin, kernicterus,
and fatal mental retardation. Besides, It has been speculated that the presence of a high number of
reticulocytes in newborns interferes with the diagnosis of G6PD deficiency since reticulocytes contain higher
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data revealed that the prevalence of G6PD deficiency was 10.0% in Thai male newborns and 2.3% in females.
The minor allele frequency (MAF) of common mutation in the study population; G6PD Viangchan®®™ was
0.066. Compared with normal newborns after controlling for thalassemia and hemoglobinopathies, the
reticulocyte counts in newborns with G6PD deficiency were significantly higher than that of normal newborns
(p<0.001). There was no correlation between G6PD activity and reticulocyte counts in subjects with G6PD
deficiency (r=-0.019, p=0.881), whereas the levels of G6PD activity in normal newborns were positively
correlated with the percentage of reticulocytes (r=0.327, p<0.001). Moreover, our results showed that the total
serum bilirubin and indirect bilirubin in all newborns with intermediate and deficient G6PD were significantly
higher than that of normal G6PD newborns. The level of agreement in the detection of G6PD deficiency was
0.999, while the area under the curve of receiver operating characteristic (AUC) demonstrated that the
automated UV enzymatic assay had 98.4% sensitivity, 99.5% specificity, 92.4% positive prediction value (PPV),
99.9% negative predictive value (NPV), and 99.4% accuracy. We report that reticulocytosis, commonly
observed in newborns, does not have a statistically significant effect on the diagnosis of G6PD deficiency in
newborns by both qualitative and quantitative methods. G6PD-deficient newborns had high levels of indirect
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CHAPTER 1

Introduction
1.1.  Background and Rationale

Glucose 6-phosphate dehydrogenase (G6PD) is a substantial enzyme in the
pentose phosphate pathway (PPP) to produce reduced nicotinamide adenine
dinucleotide phosphate (NADPH), which is particularly necessary for protection
against reactive oxygen species (ROS) induced oxidative cellular damage (1, 2). G6PD
deficiency is the most common enzymatic aberration, affecting approximately 400
million people worldwide (3). G6PD deficiency is the most common enzymatic
aberration caused by mutations in the G6PD gene (2). G6PD deficiency is an X-linked
recessive inherited disorder that typically affects hemizygous males, whereas
heterozygous females can have a normal, intermediate, or severely deficient

phenotype depending on lyonization mosaicism (4).

Individuals with G6PD deficiency are generally asymptomatic unless they are
exposed to exogenous factors such as infections, certain foods intake, and
antimalarial medication (5). Clinical syndromes frequently associated with G6PD
deficiency are acute hemolytic anemia (AHA) and favism (2). If severe cases in the
newborn period are not diagnosed and treated promptly, they can progress to
cerebral jaundice and hyperbilirubinemia (6). Hyperbilirubinemia is caused by an
imbalance between increased bilirubin production and inefficient bilirubin excretion,
which can result in severe and fatal bilirubin neurotoxicity, kernicterus, and mental
retardation (7). Therefore, early detection of G6PD deficiency in newborns can help
to prevent congenital disorders caused by bilirubin poisoning. In Thailand, the
prevalence of G6PD deficiency in male and female newborns are around 11.1-17.0%
and 2.0-5.8%, respectively (8, 9). Around 65% of severe neonatal jaundice (8) and
19.7%-21.2% of hyperbilirubinemia were coincidently observed in G6PD deficient
Thai newborns (8, 10). The World Health Organization (WHO) has recommends
routine screening for G6PD deficiency in newborns, living in areas where the
prevalence of G6PD deficiency is as high as 3-5% in males to avoid potentially

serious complications (11).



Various techniques are currently available to detect G6PD deficiency. The
fluorescent spot test (FST) is a simple and widely used technique for the qualitative
screening of G6PD deficiency (4), but is limited in detecting intermediate cases. The
spectrophotometric assay is the reference method for the quantitative determination
of G6PD activity, which can discriminate between intermediate and normal activity
levels. However, performing this technique is manual, time-consuming, and requires
experienced professionals to analyze the results (12). Recently, an automated UV
enzymatic assay has been developed to measure G6PD activity levels in 50 samples
simultaneously. This might solve the weaknesses of these two common techniques.
It has been reported that the detection of G6PD deficiency in newborn’s blood can
be disturbed by reticulocytosis. Reticulocytes, which typically have higher levels of
enzyme activity than mature RBCs, may be an important interfering factor in the
detection of G6PD deficiency in newborns by false-negative errors (13). Therefore, our
aims in this study were to investicate the prevalence of G6PD deficiency and the
effect of reticulocytosis, in the determination of newborn blood G6PD activity
measured by the reference spectrophotometric assays and automated UV enzymatic
assay. The performance of the automated UV enzymatic assay for detecting G6PD
deficiency and intermediate was compared with the reference spectrophotometric

assay.

1.2. Research Questions

1.2.1. Does reticulocytosis affect the determination of blood G6PD activity
measured by the reference spectrophotometric assays and automated
UV enzymatic assay in Thai newborns?

1.2.2. Do the levels of G6PD activity associate with the levels of bilirubin in
Thai newborn infants?

1.2.3. How is the performance of automated UV enzymatic assay in the
detection of G6PD deficiency and intermediate by comparing with the

reference spectrophotometric assay?
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To determine the effect of reticulocytosis in the determination of
blood G6PD activity measured by the reference spectrophotometric
assays and automated UV enzymatic assay in Thai newborns

To examine the association between the levels of G6PD activity and
bilirubin in Thai newborn infants

To evaluate the performance of automated UV enzymatic assay in the
detection of G6PD deficiency and intermediate by comparing with the

reference spectrophotometric assay
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G6PD  deficiency and  intermediate is  comparable to

spectrophotometric assay.
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1.7.  Conceptual Framework

G6PD deficiency is the most common enzymatic abnormality,

affecting approximately million people worldwide.

v

Clinical syndromes frequently associated with

G6PD deficiency are acute hemolytic anemia —p>

(AHA) and favism.

v

In  Thailand, the prevalence of G6PD
deficiency in male and female newborns was

11.1% to 17.0% and 2% to 5.8% respectively.

v

If severe cases in the newborn period are not
diagnosed and treated promptly, they can progress

to life-threatening bilirubin neurotoxicity.

v

Around 65% of severe neonatal jaundice and 19.7%-
21.2% of hyperbilirubinemia were  coincidently

observed in G6PD deficient Thai newborns.

v

WHO has recommended routine screening for G6PD deficiency in newborns, living in areas where the prevalence of

G6PD deficiency is as high as 3-5% in males in order to prevent poor consequences outcomes.

\4

G6PD deficiency is an X-linked recessive inherited disorder therefore the

heterozygous female with partial G6PD activity may be misdiagnosed.

\ 4

The reference spectrophotometric assay is used

for the assessment of G6PD enzyme activity.

|

Lately, an automated UV enzymatic assay has been
developed to simultaneously measure the level of

G6PD activity in 50 samples with an automated

system.

High-enzyme activity of reticulocytes, known as

reticulocytosis, commonly observed in newborn.

\4

Reticulocytosis may affect the interpretation of G6PD deficiency.

v

Objectives

1. To determine the effect of reticulocytosis in the determination of blood G6PD activity measured by the

reference spectrophotometric assays and automated UV enzymatic assay in Thai newborns

2. To examine the association between the levels of G6PD activity and bilirubin in Thai newborn infants

3. To evaluate the performance of automated UV enzymatic assay in the detection of G6PD deficiency and

intermediate by comparing with the reference spectrophotometric assay?




1.8.  Benefits of Study

The expected benefit of this study is to provide evidence on the effect of
reticulocytosis in the determination of newborn blood G6PD activity, the association
between the levels of G6PD activity and bilirubin in Thai newborn infants, and the

performance of automated UV enzymatic assay in determination of G6PD deficiency.

1.9.  Definition

Reticulocytosis is a condition in which there is an increase in the amount of
immature red blood cells. It occurs to compensate for the loss of mature red blood
cells called hemolytic anemia. Reticulocytosis in newborns is defined as a

reticulocyte count greater than 4% on day 3 of life (14).

Hyperbilirubinemia is a condition in which elevated levels of bilirubin in the
newborn's blood result in yellowish staining of the skin and whites of the eyes by the
bilirubin (pigment of bile). According to the Bhutani nomogram, neonates with
hyperbilirubinemia (NH) define as having total serum bilirubin (TSB) levels above the

95" percentile for their age in hours (15).



CHAPTER 2

Literature review
2.1. Function of G6PD

Glucose 6-phosphate dehydrogenase (G6PD) (EC 1.1.1.49) is a housekeeping
enzyme; however, its concentration varies with tissue. G6PD catalyzes the first step in
the pentose phosphate pathway (PPP) (2) in producing reduced nicotinamide
adenine dinucleotide phosphate (NADPH) by converting glucose 6-phosphate (G6P)
to 6-phosphogluconate (6PG). NADPH functions as a proton donor for the generation
of reduced glutathione (GSH) from glutathione (GSSG) by glutathione reductase (GR)
(2). Then, GSH works with glutathione peroxidase (GPX) to detoxify hydrogen peroxide
(H,0,), which is produced by oxygen radicals to water (H,0) (16). Thus, the enzymatic
activity of G6PD is required for reducing ROS. Besides, NADPH is involved in several
metabolic processes including glycolysis, oxidative phosphorylation, biosynthesis of
lipids as well as in the formation of ribose 5-phosphate required for DNA synthesis (5,
17) (Figure 1).

Pentose phosphate pathway nucleotides
Glucose

l Ribose 5-phosphate
Glucose &- Egrhosphate ——— Ribulose 5-phosephate
Glycolysis +—— phosphate gluconate phosep
_—G6PD”
NADP* \
NADP*
GSsSG Acely@\
Lipogenesis
Fatty acid Cholesterol
H.O Triglyceride
2 Phospholipid
Hzoz Lipid metabolism

Redox regulation

Figure 1 The role of glucose 6-phosphate dehydrogenase (G6PD). G6PD = glucose
6-phosphate dehydrogenase; NADP* = nicotinamide adenine dinucleotide phosphate
(oxidized form); NADPH = nicotinamide adenine dinucleotide phosphate (reduced

form); GSH = reduced glutathione; GSSG = oxidized glutathione; H,0, = peroxide.



2.2.  Structure of G6PD

The human G6PD enzyme is active in dimer (Figure 2) or tetramer (Figure 3)
equilibrium, which relied on ionic strength and pH (18). The high pH (approximately
above pH8) and the ionic strength conditions shift the equilibrium state to the dimer
forms, while the low pH condition (approximately below pH6) shifts the equilibrium
state to the tetramer. In conditions where the pH is very high, G6PD might be able to
change reversibly from an active dimer to an inactive monomer form (19, 20). The
dimer form has two monomers symmetrically located across a complex interface of
B-sheets and each subunit binds to a NADP* molecule which provides its structural
stability (Figure 2.2). The monomer of G6PD is composed of 515 amino acids with 59

kDa molecular weight (21). Each monomer consists of 2 domains;

1. N-terminal domain (amino acid residues 27-200) adopts a classic B-o-B
dinucleotide-binding fold with the fingerprint sequence GASGDLA (residues
38-44), which is coenzyme-binding site (NAPD*) (19).

2. B + a domain (amino acid residues 191-515) consists of the conserved nine-
residue peptide RIDHYLGKE (residue 198-206), which is G 6-P binding side (22),
and a curved nine-stranded antiparallel B sheet at residue 380-425 (19).

These two domains are linked by the a-helix.



Figure 2 Three-dimensional structure of active G6PD dimer (21). The human G6PD
monomers are illustrated in cyan and green. The binding sites of the G6P substrate,
NADP*, and structural of NADP* are shown as yellow, purple, and blue, respectively.
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Figure 3 Three-dimensional structure of active G6PD tetramer (23). A - D exhibits
four monomeric G6PD enzymes with representative locations of mutations producing
a clinical phenotype such as acute hemolytic anemia (AHA) or chronic non-
spherocytic hemolytic anemia (CNSHA). The grey shadowed areas from each dimer
represent interfaces formed by the contact between the curved nine-stranded
antiparallel B-sheet from each monomer, which in a dyad axis involving 57 amino

acid residues.



2.3.  G6PD in Erythrocyte

In almost all cells except mature erythrocytes, G6PD is a source of NADPH
together with other mitochondrial enzymes e.g. isocitrate dehydrogenase and malic
enzyme (7). So even if the G6PD is insufficient, there may be no shortage of NADPH.
The situation is considerably different in mature red blood cells. This is because their
nucleus, mitochondria, and ribosomes are sacrificed during erythroid cell
development. Thus, new proteins cannot be synthesized (5, 24). Consequently, G6PD
is the only source of NADPH, which is necessary to protect cells and hemoglobin
from oxidative stress due to their role in oxygen transport (11). The sulfhydryl groups
of several enzymes and the B-chain of hemosglobin are particularly susceptible to
oxidation stress, with potentially adverse consequence effects. Protection against
oxidation is mediated by glutathione cycle (11). Hydrogen peroxide (H,0O,) is normally
detoxified by the NADPH-based glutathione peroxide generated from G6PD (Figure 1).
In G6PD-deficient RBCs, it cannot produce enough NADPH, and oxidized glutathione
(GSSG) cannot be reversed, resulting in oxidative damage of lipids and proteins thiol
groups from H,O,, converting oxyhemoglobin to methemoglobin (25) (Figure 4).
Sulfhydryl groups of membrane and cytoplasmic proteins including hemoglobin are
also oxidized, resulting a precipitation and accumulation of denatured hemoglobin
known as ‘Heinz body’ (25) (Figure 5). Macrophages in the spleen, which are
responsible for engulfing old or abnormal RBCs, notice these Heinz bodies and try to
remove them, leaving these RBCs partially devoured known as ‘bite cells’ (Figure 5).
In normal RBCs, G6PD produces an abundant supply of NADPH, which can regenerate
glutathione when it is oxidized by ROS (25). Besides, only 1-2% of the total G6PD
enzyme capacity is used, even with severe hemolytic stress (24). The red cells aging
has a progressive decrease in the activity of several enzymes, including G6PD. Thus,
young red blood cells have a larger amount of G6PD enzyme, which contributes to

their resistance to hemolysis (26, 27).
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2.4. Molecular genetic of G6PD

The G6PD gene is located at the telomeric region of the distal arm of the X
chromosome (band Xg28), close to the genes for hemophilia A (factor VIII, F8C) and
color blindness (CBBM), as illustrated in Figure 6. The G6PD sequence has a size of
18.5 Kb and consists of a promoter region, 13 exons, and 12 introns encoding a
product of 1,545 bp (2). The 5' untranslated region (UTR) is in the first 600 bp of the
G6PD gene, which corresponds to exon 1 and a part of exon 2. The start codon
sequence (ATG) is found in amino acid residues 115-127 of exon 2. This 5° UTR
sequence contains two start codons out of reading frame and CpG island
(approximately 80%) which is a common characteristic among genes with constitutive
expression. Several features of the G6PD promoter region have been identified, such
as high GC content (over 70%), the absence of CAAT element located in the essential

site for transcription factor (position -70 to -90), the TATA box with ATTAAT sequence
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located at position -202 from ATG sequence and the presence of at least nine sites

(CCGCCAQ) which involved in gene regulation (30).
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Figure 6 Location of G6PD gene on X chromosome (2).
2.5.  G6PD mutations

G6PD deficiency arises mainly from a mutation on the G6PD gene, which is
nucleotide substitution, resulting in G6PD variations (23). These variants have been
biochemically characterized based on the different residual enzyme activities,
electrophoretic mobility patterns, and physicochemical or kinetic (k,, for G6PD or
NADPH, pH dependence, and utilization of substrate analogues) properties (31).
Different types of G6PD mutations are involved in the various clinical manifestations
(32). Currently, the pattern of over 186 known mutations has been published. For
example, single missense point mutations, multiple missense mutations, small in-
frame deletions etc. (30). The G6PD enzyme is essential to protect cells against
oxidative stress. Therefore, Large deletions, nonsense, or frameshift mutations are
not found in the G6PD gene or its promoter because these two mutations change
amino acids into stop codons and diminish the complete abolishment of G6PD
functionality. Cells are unable to develop and finally die when the G6PD enzyme is
in shortage (33). The mutations that underlie G6PD deficiency are spread throughout

the coding region, as shown in Figure 7. Furthermore, the G6PD variants are
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associated with geography and ethnicity (34) (Figure 8). In Thailand, the common
G6PD mutations are G6PD Viangchan®"4, and G6PD Mahidol®*™ (35), classified as
severe and moderate deficiency, respectively. The other less common G6PD
mutations are G6PD Union“**°" G6PD Kaiping®'?%®*, classified as severe deficiency,

and G6PD Canton®®""  classified as moderate deficiency (8, 36).
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Figure 7 The common mutations along coding sequence of G6PD gene (5) Exons
2-13 of the G6PD gene are represented as a square diagram with numerals. Below
the exons diagram are mutations associated with the most severe clinical phenotype
(class 1), and above the exon diagram are mutations associated with a milder
phenotype (class Il or Ill). The colored circles represent G6PD gene mutations that

occur on different exons.
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Figure 8 The global distribution of G6PD deficiency and G6PD mutations (37) The
color shades on the map indicate the prevalence of G6PD deficiency in each region.
Each colored circle illustrates the geographical distribution of G6PD variants in each

region.
2.6. G6PD deficiency

G6PD deficiency is the most common enzymatic abnormality, affecting
approximately 400 million people worldwide or 4.9% of the global population (3, 38)
(Figure 8). The highest frequencies have been discovered in Africa, the
Mediterranean, the Middle East, Southeast Asia, and areas where malaria is endemic.
In Thailand, the prevalence of G6PD deficiency in male and female newborns was
11.1% to 17.0% and 2% to 5.8% respectively (8, 9). The prevalence of G6PD
deficiency in male and female adults was 85% to 9.2% and 3.0% to 6.3%
respectively (12, 39). It is an X-linked recessive genetic disorder with a high
prevalence in males more than females because of DNA methylation and mosaicism
of X-chromosome inactivation (2). Males containing one X chromosome may carry
normal or abnormal G6PD gene, resulting in either normal or deficient G6PD
hemizygotes. In contrast, females containing two X chromosomes may have normal
or heterozygotes or deficient homozygotes. Because of the random inactivation of
one of the two X chromosomes, heterozygous deficient women have two RBC
populations, resulting in intermediate G6PD activity (24, 40). Individuals with G6PD

deficiency are mostly asymptomatic but they can develop jaundice and acute
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hemolysis after exposure to exogenous agents such as infections, fava beans intake,
and antimalarial drugs (41). However, the severity of G6PD deficiency depends on the
level of enzymatic dysfunction (11). The World Health Organization (WHO) classified
G6PD variants into five classes according to the level of enzyme activity and clinical
phenotypes; Class I: severe deficiency associated with chronic non-spherocytic
hemolytic anemia (CNSHA), Class II: severe deficiency (enzyme activity lower than
10%), class lll: moderate to mild deficiency (enzyme activity 10-60%), Class IV: normal
(enzyme activity 60-100%), and Class V: increased enzyme activity (11). Class Il and |l

are the most frequent pathological variations.

2.7.  Neonatal hyperbilirubinemia and kernicterus in G6PD deficiency

About 80% of term infants worldwide develop sign of hyperbilirubinemia (7).
The occurrence of neonatal hyperbilirubinemia is attributed to various factors. G6PD
deficiency has been identified as one of the risk factors (42). In Thai newborns,
around 65% of severe neonatal jaundice (8) and 19.7%-21.2% of hyperbilirubinemia
were coincidently observed in G6PD deficient (8, 10). The cause of hyperbilirubinemia
is elevated bilirubin production with inefficient excretion of bilirubin (7). After
hemolysis of RBCs, heme is broken down into bilirubin. In the bloodstream,
unconjugated bilirubin binds to albumin to facilitate its transport to the liver and
then conjugated with diglucuronide by slucuronyl transferase in the liver for
excretion. In pre-term infants, glucuronyl transferase is insufficient to eliminate
bilirubin, resulting in an increase of unconjugated bilirubin in blood flow. In G6PD
deficient newborns with low erythrocytic NADPH and glutathione (GSH) levels, there
is elevating hemolysis and unconjugated bilirubin in the blood circulation, then it can
be disseminated into the skin and other bodily tissues. The diffusion threshold
exceeds, and the unconjugated bilirubin penetrates brain cells through the blood-
brain barrier (BBB), resulting in neuroinflammation, cell death, and kernicterus (7)
(Figure 9). Likewise, bilirubin also targets the mitochondrial membrane due to its
lipophilic property, which inhibits mitochondrial activities, resulting in mitochondrial
swelling, membrane permeability, depolarization, cytochrome c release, and cell

death by apoptosis and necrosis (7). WHO recommends routine G6PD deficiency
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screening in newborns if the prevalence of G6PD deficiency reaches 3-5% in males in
order to detect, and thereby ensure timely prevent poor outcome (11). According to
the clinical practice guideline for the management of neonatal jaundice in Thailand,
qualify of G6PD deficiency should be carried out only when newborns developed

signs of jaundice. This condition may misdiagnose asymptomatic G6PD intermediate.
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Figure 9 Mechanism of G6PD deficiency causing neurotoxicity induced by

bilirubin in newborns (7).
2.8.  Detection of G6PD deficiency

The biochemical assessment of G6PD status is usually determined by either a
qualitative screening method or a quantitative technique for enzyme activity. The
biological basis of the biochemical tests involves the production of NADPH from

NADP, the rate of NADPH production reflecting G6PD activity (40).

2.8.1. Qualitative technique

The fluorescent spot test (FST) has been used as a qualitative test for G6PD

deficiency screening. The principle of this method is to detect fluorescence of
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NADPH production, which is proportional to the concentration of G6PD activity. All
specimens are characterized in terms of a qualitative outcomes for G6PD activity
under UV light. NADPH absorbs UV light at a wavelength of 340 nm and emits light at
a wavelength of 460 nm with a fluorescence intensity proportional to the enzyme
activity (43). It is widely used for the qualitative detection of G6PD deficiency due to
its reasonable price and simple technique. This method is useful in field research,
which requires rapid screening of large numbers of cases (43, 44). Although FST can
identify severe deficient cases, discrimination intermediate levels among

heterozygous females is more difficult (44).

2.8.2. Quantitative technique

The spectrophotometer assay is a gold standard method that measures the
absorbance of NADPH at the wavelength of 340 nm for 5 min. One International Unit
(U) is the amount of G6PD activity converting one micromole of NADP* per minute
under predefined substrate and reaction conditions. This method can accurately
measure the activity of G6PD for all individuals by normalizing the enzymatic activity
by hemoglobin concentration and is calculated in the following formula (45). Thus,

this method is more sensitive and reliable than FST.
G6PD (U/g Hb) = AA per min X —=2- x TCF
Hb ()

FinalA—InitialA
5
Hb (g/dl) = Hemosglobin concentration determined for each

Where: AA per min =

sample

TCF = Temperature correction factor (1 at 37°C)

Both qualitative and quantitative assays for measuring G6PD activity are
available in the market. Nonetheless, operating these methods is time-consuming,
needs to be done manually, and hard to distinguish between G6PD intermediate and
normal (12). Recently, an automated UV enzymatic assay has been developed to
simultaneously measure the level of G6PD activity in 50 samples with an automated

system. The enzyme activity is determined by measurement of the rate of
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absorbance change at 340 nm due to the reduction of NADP. This method can be
tested in chemistry analyzers without manual operation and provide an accurate

result rapidly, which may solve the weaknesses of two common techniques.

2.8.3. Genotyping assays

Since individuals with G6PD deficiency generally asymptomatic. Females, in
particular, are more difficult to classify since they may be heterozygotes, with
phenotypic overlap between normal homozygous, heterozygous, and deficient
homozygous. Therefore, DNA-based genotyping is the most reliable method to
confirm the diagnosis of G6PD status because it can determine if any mutation is
present in the G6PD gene (46). Several methods for the detection of G6PD mutations
have been reported including polymerase chain reaction (PCR)-restriction fragment
length polymorphism RFLP) analysis, PCR TagMan assay, and DNA sequencing (47).
PCR-RFLP has been utilized to determine common G6PD mutations in Thai
populations. The direct sequencing is more comprehensive and reliable for detecting

sequence variations within the G6PD genes (36).

2.9. Hemolytic anemia

Hemolytic anemia is a condition in which red blood cells are destroyed
before a normal lifespan of 120 days. It can manifest as a primary disorder or as a
result of another disease process. It can be divided into immune and non-immune

etiologies (48).

Immune hemolytic anemia is caused by antibodies directed against antigens
on the surface of red blood cells, such as ABO-incompatible (48). Mothers with blood
group O have naturally occurred antibodies against blood group A or B. If the
mother's fetus has blood group A, B, or AB, the antigen of this fetus's foreign blood
group will be attacked by mother’s anti-A or/and anti-B antibodies. Anti-A and anti-B
antibodies are 1gG antibodies that can cross the placenta and break down the baby's

RBCs after birth, causing hemolytic anemia (49).
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Non-immune hemolytic anemias are caused by intracorpuscular defects
within the red blood cells or extracorpuscular by environmental factors. For
example, thalassemia is a diverse group of inherited multifactorial anemias, with
defects in the synthesis of the alpha or beta subunits of the hemoglobin tetramer.
The loss of the globin chain leads to a decrease in overall hemoglobin and excess
intracellular precipitation of the chain, which damages cell membranes and leads to
clinically apparent hemolysis in severe alpha-thalassemia (hemoglobin H disease)

and beta-thalassemia (48).

2.10. Interfering substances in detection of G6PD deficiency

The performance of the G6PD test and the enzyme capacity can be disturbed
in @ number of situations, including reticulocytosis, leukocytosis, and thrombocytosis

(50, 51).

Reticulocytosis is a condition where there is an increase in reticulocytes
(immature red blood cells). They are produced from the bone marrow to
compensate for the loss of mature red blood cells. The reticulocyte has a higher
enzyme activity than that of mature erythrocyte (2, 52). Since the reticulocytes
contain  mitochondria, alternative pathways for NADPH production have been
created. They also have nucleus, making it possible to synthesize new proteins.
Testing for G6PD deficiency might be falsely negative because the mature
erythrocytes has been hemolyzed, the reticulocytes with typically higher levels of
enzyme activity than normal enzyme levels were able to sustain the oxidative
damage (53). Problems can also be encountered in evaluating neonates with large
amounts of young red-blood-cell populations (2). This is supported by several
studies that revealed that the neonatal erythrocyte enzyme activity was significantly

higher than that of adults (52, 54).

Leukocytosis is a condition in which white blood cells build up, typically in
response to inflammation or infection. Thrombocytosis is a condition in which there
is an excessive number of platelets in the blood. These two situations might lead to

a falsely negative for testing for G6PD deficiency because leukocytes contain nucleus
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and mitochondria and thrombocytes contain mitochondria so, they can synthesize
new proteins and have alternative pathways to produce NADPH that might interfere

with the test.

Hence, factors such as increased number of reticulocytes, leukocytes, or

thrombocytes might be interfering substances for G6PD deficiency detection (13)
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CHAPTER 3
Research Methodology

3.1.  Study population

A total of 1,015 leftover blood samples collected from the research project
“Incidence of G6PD deficiency and clinical correlation of G6PD conjugated and
unconjugated hyperbilirubinemia, reticulocytosis, and leukocytosis in newborn infants
delivered in King Chulalongkorn Memorial Hospital” approved by the Institution Review
Board on Human Research of the Faculty of Medicine, Chulalongkorn University, Bangkok,

Thailand (COA No. 954/2021, IRB No. 254/62) was enrolled in the study.

Inclusion criteria: Healthy term-newborn infants with weight > 2,000 g
Exclusion criteria: Subjects with infection, congenital anemia (Hct<30%), or congenital

disorder

3.2. Hematological parameters

Hematological parameters including hemoglobin (Hb), red blood cell (RBC)
count, white blood cell (WBC) count, platelet (PLT), hematocrit (HCT), reticulocyte
counts, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC) were performed in all blood
samples using a fully automated hematology analyzer BC-6200 (Mindray Medical

International, PRC).

3.3. Assessment of bilirubin level

All serum were tested for total bilirubin (TB) and direct bilirubin (DB) level by
using a clinical chemistry analyzer (BS- 360E, Mindray Medical International, PRC).
Total bilirubin  (unconjugated + conjugated) and direct (conjugated) bilirubin
concentrations were determined in the presence of a catalyst, where bilirubin reacts
with a diazo- salt to form a red product of azobilirubin, which absorbs at 546 nm.
The increase in absorbance is directly proportional to the concentration of bilirubin,
which is calculated by the equation below.

AA = [AA sample] - [(AA blank]
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3.4.  G6PD analytical method
3.4.1. Fluorescent spot test (FST)

This assay utilizes G6PD, which in the presence of NADP, catalyzes the
oxidation of glucose 6-phosphate to 6-phosphogluconate. The NADPH produced is
directly proportional to the concentration of G6PD in the sample. When activated by
UV radiation (340 nm), NADPH emits blue light with a wavelength of 460 nm, with the

intensity of fluorescence proportional to the G6PD enzyme activity.

All blood samples were screened for G6PD deficiency using the fluorescent
spot test kits (Trinity Biotech, Bray, Co. Wicklow, Ireland, and R&D Diagnostic, Athens,
Greece) according to the manufacturer's instructions. Briefly, 1.25 ul of the whole
blood sample was added to 25 pl of the reagent mixture and spotted on the filter
paper at time 0. The mixture of samples was then incubated at 37°C for 15 minutes
before being spotted on filter papers again and allowed to air-dry in the dark at room
temperature. Afterward, spotted samples were exposed under UV light to visualize
the emitted fluorescence of the reaction. The fluorescence intensity was assessed
with the naked eye to classify specimens into two groups: normal (moderate to

strong fluorescence) and deficient (very faint or non-fluorescence).

3.4.2. Quantitative spectrophotometric assay

The G6PD activity was determined using a quantitative spectrophotometric
assay (Cat. No. G7583; Pointe Scientific INC., Canton, Michigan, USA) and was carried
out according to the manufacturer’s instruction as the reference assay for all tests.
Normal and deficient controls (Cat. No. G6888, G5888; Trinity Biotech PLC, Bray,
Ireland) were performed parallel with samples in each assay run. Concisely, 5 ul of
whole blood sample was added to 500 pl reagent and incubated at room
temperature for 10 minutes. Then one ml of the substrate was added to the solution
and mixed. The enzyme activity was determined at 37°C using a temperature-
regulated spectrophotometer (Shimadzu UV- 1800; Shimadzu, Kanagawa, Japan) by
measuring changes in the absorbance rate at 340 nm over 5 minutes. G6PD activities

were then divided by the relative Hb value from individual subjects giving the
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absolute activities presented in U/g¢ Hb. Hemoglobin concentration was determined
using an automated hematology analyzer BC-6200 (Mindray Medical International,

PRO).

3.4.3. Automated UV enzymatic assay

All samples were measured G6PD activity using an automated UV enzymatic
method, according to the manufacturer’s instruction. In brief, hemolysate from 20 ul
of packed red blood cells was added to 1 ml of distilled water, mixed for 5 minutes,
and then measured G6PD activity using a clinical chemistry analyzer (BS 360E,
Mindray Medical International, PRC) at 340 nm for 2 minutes of a time interval. The
absorbance change per minute of the reaction (AA/min) was calculated by the

following equation,

AA/min = [AA/min sample] = [(AA/min blank]

3.5. DNA extraction

Genomic DNA samples were extracted from leftover blood samples using
Nucleospin® Blood kit (MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany)
according to the manufacturer’s recommendations. Briefly, 100 pl of whole blood
was mixed with 100 pl of PBS in a 1.5 ml Eppendorf tube to adjust the volume to
200 pl. The samples were then mixed with 25 ul of proteinase K and 200 ul of buffer
B3, and the mixture was vortexed and incubated at 70°C for 15 minutes to ensure
complete digestion of the aged samples. After incubation, the color of lysates
became brownish. Two hundred and ten pl of absolute ethanol was added to each
sample and vortexed again. The sample were loaded on Nucleospin® Blood column
and centrifuged for 3 minutes at 14,000 rpm. Silica membrane was washed with two
washing steps. First step was performed by adding 500 ul of buffer BW to the column
and centrifuge for 3 minutes at 14,000 rpm. The second step consist of adding 600 l
buffer B5 into the column and centrifuge for 3 minutes at 14,000 rpm. After washing
steps, the column was centrifuged for 3 minutes at 14,000 rpm to dry silica
membrane. Pre-warmed Buffer BE (70°C) was added to the column and incubated for

30 minutes at room temperature. Then, DNA was recovered by centrifugation at
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14,000 rpm. DNA was eluted in 50 ul of elution buffer and stored at -20°C until use.
The DNA concentration was measured using a Nanodrop 1000 spectrophotometer

(Thermo Fisher Scientific, Wilmington, MA, USA).

3.6. Mutation analysis of the G6PD Gene
3.6.1. TagMan SNP Genotyping Assay

All DNA samples were molecularly analyzed for common G6PD mutations
found in Thai population, G6PD Viangchan®®* and G6PD Mahidol®*™ using
TagMan® SNP genotyping assay (Applied Biosystem, Foster City, CA, USA). Reactions
were set up in 96-well microplates. The total volume of the PCR reaction was 5 pul
and consisted of 2.5 ul of 2X TagMan Universal PCR master mix, 0.125 ul of 40x of
TagMan SNP genotyping assay mix (Table 1), and 2.375 ul of nuclease-free water.
One ul of DNA (about 10-50 ng) was dried on 96-well microplate before loading
master mix. Thermocycling was performed with an initial 60°C incubation for 30
seconds, followed by 95°C denaturation for 10 minutes, then 45 cycles of
denaturation at 95°C for 15 seconds, and annealing at 60°C for 1 minute. The
samples were run together with the negative control in order to check the reaction
efficiency and to exclude any possible contamination. Amplification and real-time
detection were performed on StepOnePlus Real-time PCR (Applied Biosystem, Foster

City, CA, USA) and the results were analyzed according to the instrument’s software.
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Table 1 Primers and probes for Tagman® SNP genotyping assay

G6PD Assay ID Sequence of primer (5'-3") Sequence of probe (5'-3")

Mutation

Mahidol  C 27862231 10 5-TGATCCTCACTCCCCGAAGAG-3'  VIC-CAGCAGAGGCTGGAA-NFQ
(<137852314 5AAGGGCTTCTCCACGATGATG-3'  FAM-CCAGCAGAAGCTGGAA-NFQ

Viangchan C = 2228724 10 5'-CCATTCTCTCCCTTGGCTTTCTC-3"  VIC-CAGGTCAAGGTGTTGAA-NFQ
1s137852327 5'-GGCCTGCACCTCTGAGATG-3' FAM-TCAGGTCAAGATGTTGAA-NFQ

3.6.2. Polymerase chain reaction-restriction fragment length

polymorphism (PCR-RFLP)

The G6PD intermediate and deficiency samples that did not exhibit any of
G6PD Viangchan®™ or G6PD Mahidol®*™ were subjected to screen for the other
less common G6PD variants previously reported in Thai population (8) using
polymerase chain reaction - restriction fragment length polymorphism (PCR-RFLP).
These included G6PD Canton®®"", G6PD Union“'**°T, and G6PD Kaiping®'?%. PCR
amplification was carried out in a total volume of 20 pl with DNase free water, 1X
PCR buffer, 0.5 U Tag DNA Polymerase (Thermo Scientific, CA, USA), 200 uM dNTPs
(Invitrogen), 1.5 mM MgCl, (Invitrogen), 0.2 uM of the appropriate primers (Table 2)
(Bio Basic Inc.), and approximate 50 ng/ul DNA template. The PCR condition was
initial denaturing at 94°C for 5 minutes, followed by 35 cycles of 94°C for 30 seconds,
30 seconds of the annealing temperature for each primer pair (Table 2), 72°C for 30
seconds, and final extension at 72°C for 7 minutes using Veriti™ 96-Well Fast Thermal
Cycler (Applied Biosystem, Foster City, CA, USA). The PCR products were digested
using the appropriate enzymes (Table 3). The reaction was performed in a total of
20 ul containing DNase-free water, 1U restriction enzyme (Fermentas), 1X reaction
buffer (Fermentas), and 10 ul PCR products, which were then incubated overnight at
the proper temperature (Table 3). PCR-RFLP products were analyzed using gel
electrophoresis  with 8% polyacrylamide gel (29% acrylamide + 1% N, N’
methylenebisacrylamide (Bio-RAD), (5X) TBE buffer (Bio-RAD), 10% ammonium
persulfate (APS) (Pharmacia Biotech), TEMED (Bio-RAD) and water. Five ul of PCR-RFLP

product were mixed with 1 ul of novel juice (Bio-Helix). The mixture was then loaded
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onto 8% polyacrylamide gel and run at 75 volts for 75 minutes. Results were
visualized under Molecular Imager® Gel Doc™ XR+ with Image Lab ™ Software

(BioRad).

Table 2 G6PD primer sequences and annealing temperature

G6PD Primer Name Primer sequence (5'-3") Annealing
Mutations Temperature
(@)

Union 1360F 5'-ACGTGAAGCTCCCTGACGC-3' 65
1360R 5'-GTGAAAATACGCCAGGCCTTA-3!

Canton 1360F G6PDY™" primer 65
1360R G6PDY™" primer

Kaiping 1360F 5'-ACGTGAAGCTCCCTGACGC-3' 65
1388R 5'-GTGCAGCAGTGGGGTGAACATA-3'

Table 3 Sequence of G6PD restriction enzymes and product size

G6PD Restriction Buffer Restriction Product Size (bp) Temperature

Mutation Enzyme Mutation Size Wild type  Mutant (°C)

Union Hhal Tango 5'-GCGAC-3' 142+45+27 187427 37
3'-CAGCG-5'

Canton Aflll O 5-CATTAAG-3' 214 194+20 37
3-GAATTAC-5'

Kaiping Ndel @) 5-CANTATG-3' 227 206+21 37

3-GTATAAC-5'
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3.6.3. Direct sequencing

For all unknown mutation samples, PCR direct sequencing was conducted to
determine the G6PD gene mutations of exon3 - 12. The primer sequences shown in
Table 4 were used in the study. Final 50 ul PCR reaction mixture contained 1X PCR
buffer, 0.20-0.25 mM dNTPs, 1.0-2.5 mM MgCl,, 0.40 uM of each primer, 0.50-1.50 U
Tag DNA polymerase (Thermo Scientific, CA, USA), and 50 ng/ul DNA template. The
final concentration of the master mix for each exon and the optimum conditions are
shown in Tables 5 and 6. Three pul of PCR product was mixed with 1 pul of novel
juice (Bio-Helix). The mixture was then loaded onto 2% agarose gel and run at 100
volts for 60 minutes. Results were visualized under Molecular Imager® Gel Doc™ XR+
with Image Lab ™ Software (BioRad). The PCR products with exactly one size band
were purified using NucleoSpin Gel and PCR Cleanup (MACHEREY-NAGEL GmbH & Co.
KG, Duren, Germany) according to the manufacturer’s instructions. The PCR product
containing a non-specific band was loaded onto 2% agarose gel, run at 100 volts for
60 minutes again, gel purified, and sequenced in forward direction. All sequences
were aligned to the NCBI reference sequence (NC 000023.11) to ensure the specificity
of the PCR product.

Table 4 PCR primer sequences and amplicon size of G6PD gene

PCR Primer name  Primer sequence (5'-3') Exon PCR
pair coverage product
(bp)

1 G6PD_Ex3-4F 5'-TGTCCCCAGCCACTTCTAA-3' Exon 3-4 400
G6PD_Ex3-4R 5'-GGAGAGGAGGAGAGCATCC-3'

2 Ex5F 5-GTGTGTCTGTCTGTCCGTGTC-3' Exon 5 320
Ex5R 5'-CACGCTCATAGAGTGGTGGG-3'

3 G6PD_Ex6-TF 5'-ACACAAGGCACGGGAGGT-3' Exon 6-7 697
G6PD_Ex6-7R 5'-GAGGAGCTCCCCCAAGATAG-3'

4 Ex8F 5'-CATGCCCTTGAACCAGGTGA-3' Exon 8 241
Ex8R 5'-GCATGCACACCCCAGCTC-3'

5 871F 5-TGGCTTTCTCTCAGGTCTAG-3 Exon9 -11 993
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1388R 5'-GTGCAGCAGTGGGGTGAACATA-
3
6 1360F 5'-ACGTGAAGCTCCCTGACGC-3' Exon 12 469
G6P13R 5'-CCAGGGCTCAGAGCTTGTG-3'
Table 5 The final concentration of the master mix for each exon
Reagent Final concentration of the master mix
Exon 3-4 Exon 5 Exon 6-7 Exon 8 Exon 9-11 Exon 12
10X PCR Buffer 1X
10 mM dNTPs 0.25mM 020 mM = 0.25 mM 0.20 mM
50 mM MgCl, 1.0 mM 1.0 mM 25 mM 1.5 mM 1.0 mM
5 U/ul Taq
15U 05U 15U 0.5U
polymerase
Forward primer 0.4 uM
Reverse primer 0.4 uM
Table 6 The optimum conditions for each exon
Steps Exon 3-4 = Exon 5 Exon 6-7 Exon 8 Exon 9-11 Exon
12
Pre - o
denaturation 747G 5 min
Denaturation 94 °C, 94 °C, 94 °C, 94 °C,
30 sec 45 sec 30 sec 45 sec
Annealing 62 °C, 65 °C, 67 °C, 65 °C, 60 °C, 65 °C,
30 sec 45 sec 45 sec 45 sec 30 sec 45 sec
Extension 72 °C, 72 °C, 72 °C, 72 °C,
1 min 45 sec 30 sec 45 sec
Cycles 40 35
Post - extension 72 °C, 72 °C, 72 °C, 72 °C,
10 min 15 min 7 min 15 min
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3.7. Data Analysis

Statistical analyses were carried out using SPSS software version 22.0 (IBM
Corp., Armonk, NY, USA). The distribution of data was determined using Kolmogorov-
Smirnov/Shapiro-Wilk tests. The G6PD activity values of male and female newborns
were expressed as median + interquartile range (IQR). The G6PD reference value in
newborn infants was calculated from the median G6PD activity of male subjects. The
cut-off points of deficiency and intermediate were determined as less than 30%, and
30 to 80% G6PD activity of the normal median G6PD activity of male subjects (46).
Patients with G6PD activity more than 80% of the AMM was classified as normal (46).
The frequency of G6PD deficiency and G6PD variants were present as percentages.
Multivariate linear regression was used to test for the correlation between G6PD
activity from two G6PD enzymatic assays and between G6PD activity and
hematological parameters. Cohen’s Kappa statistic was performed to evaluate the
degree of agreement between two G6PD enzymatic assays. The area under Receiver
operating characteristic (ROC) curve (AUC) was calculated to test the efficacy of
automated UV enzymatic assay in detection of G6PD deficiency and intermediate.
The sensitivity, specificity, positive predictive values (PPVs), and negative predictive
values (NPVs) of fluorescent spot test and automated UV enzymatic assay were
evaluated in comparison with the gold standard method. The two-tailed Student’s t-
test was used to assess the differences between data groups. P -value less than 0.05

was considered as statistically significant.



29

CHAPTER 4

Results
4.1. Demographic data of population

A total of 1,015 Thai newborns consisted of 502 (49.5%) males and 513
(50.5%) females. Demographic data of the newborns are summarized in Table 7.
Mean gestational age (GA) and average age of all subjects were 39.2+18.0 weeks and
2.7+0.8 days, respectively. There were no significant differences in gestation age or
average age between gender (p=0.152 and p=0.191, respectively). Mean birth weight
of male newborns was 3,179.5+414.1 ¢, which significantly higher than that of female
newborns (3,061.4+389.4 g; p<0.001) (Table 7).

Hemolytic disease of the fetus and newborn (HDFN) is a blood disorder that
causes the baby’s red blood cells to break down rapidly. The causes of HDFN can be
immune or non-immune mediated HDFN. Blood g¢roup incompatibility between
mother and the fetus is the main cause of immune-mediated HDFN. The non-
immune mediated HDFN are enzyme abnormalities, RBC membrane problems,
thalassemia, and hemoglobinopathies. In the study population, there were 8
newborns with ABO incompatibility, 43 newborns with
thalassemia/hemoglobinopathies, and 1 coincidence of ABO incompatibility and
thalassemia/hemoglobinopathies. The prevalence of G6PD deficiency in male and
female populations of the study based on three different diagnostic techniques were
shown in Table 7. The gold standard spectrophotometric assay was used to verify

the results of the other two techniques.
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Table 7 Demographic data of newborn subjects enrolled in the study.

Total Male Female p—value*
(n=1,015) (n=502) (n=513)
Gestational age (GA) (week) 39.2+18.0 38.3+1.0 40.1+25.3 0.152
Average age (day) 2.7+0.8 2.8+0.8 2.7+0.8 0.191
Birth weight (g) 3,119.8+405.9 3,179.5+414.1 3,061.4+389.4 <0.001
ABO incompatibility (n) (%) 9(0.89) 3(0.60) 6(1.17)
Thalassemia/hemoglobinopathy 44 (4.33) 15 (2.99) 29 (5.65)
(n) (%)
G6PD deficiency by FST (n) (%) 54 (5.3) 46 (9.2) 8 (1.6) <0.001
G6PD deficiency by 62 (6.1) 50 (10.0) 12 (2.3) <0.001
spectrophotometric assay (n) (%)
G6PD deficiency by automated 66 (6.5) 52 (10.4) 14 (2.7) <0.001

UV enzymatic assay (n) (%)

Values are expressed as mean + SD; Compared between male and female.

4.2. Cut-off value determination of G6PD activity and prevalence of G6PD

deficiency calculated based on the enzyme activity among study subjects

The normality of the data was assessed using the Kolmogorov-
Smirnov/Shapiro-Wilk tests. Our finding revealed that neonatal male G6PD activity as
measured by spectrophotometric (Figure 10a) and automated UV enzymatic assays
(Figure 11a) showed a bimodal distribution, while presenting a normal distribution in
female subjects (Figure 10b, 11b). The median + interquartile range (IQR) of G6PD
activity of males (10.09+2.47 U/g Hb, ranging from 0.00 to 16.42 U/g Hb) and females
(10.00+2.66 U/g Hb, ranging from 0.47 to 17.78 U/g Hb) from spectrophotometric
assay were not significantly different (p=0.848 by Mann-Whitney U-test) (Table 8).
Results from an automated UV enzymatic assay demonstrated that there was no
significant difference in median G6PD activity between males (25.94+7.76 U/g Hb,
ranging from 0.3 to 64.01 U/g Hb) and females (25.56+8.95 U/g Hb, ranging from 1.15
to 54.45 U/g Hb) (p=0.375 by Mann-Whitney U-test) (Table 8). The reference values
of G6PD activity of newborn subjects determined by spectrophotometric and

automated UV enzymatic assays were shown in Table 9. Since G6PD deficiency is an
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X-linked recessive disorder, G6PD level can be normal, deficient, or an intermediate
among females, whereas the G6PD level can be either normal or deficient in males.
WHO defined G6PD activity of less than 30% the normal median as deficient, while
G6PD activity between 30% and 80% the normal median as intermediate. Subjects
with G6PD activity of more than 80% the normal median were classified as normal
(46). In spectrophotometric assay, the reference values for deficiency in this study
was less than 3.03 U/g Hb; G6PD activity between 3.03 and 8.07 U/g Hb were G6PD
intermediate, and G6PD activity more than 8.07 U/g Hb were considered G6PD
normal. Based on the enzyme activity cut-off values, the prevalence of G6PD activity
in this study was found to be 62 (6.1%) of G6PD deficient, 116 (11.4%) of G6PD
intermediate, and 837 (82.5%) of G6PD normal (Table 9). In automated UV enzymatic
assay, the reference values for deficiency were less than 7.78 U/¢ Hb; G6PD activity
between 7.78 and 20.75 U/g Hb were considered G6PD intermediate, and G6PD
activity more than 20.75 U/g Hb were G6PD normal. The prevalence of G6PD activity
was found to be 66 (6.5%) of G6PD deficient, 158 (15.6%) of G6PD intermediate, and
791 (77.9%) of G6PD normal (Table 9). The median values of G6PD activity in males
and females as measured by spectrophotometric and automated UV enzymatic
assays categorized by G6PD status were shown in Table 10. In the
spectrophotometric assay, the median of G6PD normal was 10.48+2.18 U/¢ Hb,
comprising 10.52+2.15 U/g Hb of male and 10.45+2.23 U/¢ Hb of female newborns.
The median of G6PD intermediate was 6.34+2.40 U/g Hb, comprising 7.63+1.01 U/g
Hb of male and 6.04+1.92 U/g Hb of female newborns. The median of G6PD
deficiency was 1.33+0.75 U/g Hb, comprising 1.21+0.76 U/¢ Hb and 1.56+1.67 U/g Hb
of female newborns (Table 10). In automated UV enzymatic assay, the median of
G6PD normal was 27.45+6.63 U/g Hb, comprising 27.26+6.68 U/g Hb of male and
27.50+6.63 U/g Hb of female newborns. The median of G6PD intermediate was
16.49+6.37 U/g Hb, comprising 18.26+2.81 U/g Hb of male and 14.75+6.22 U/g Hb of
female newborns. The median of G6PD deficiency was 1.81+0.90 U/g Hb, comprising
1.76+0.70 U/g Hb of male and 2.11+5.44 U/g Hb of female newborns (Table 10).
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Spectrophotometric assay
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Figure 10 The histogram represents G6PD activities in (a) male and (b) female
newborns measured by the spectrophotometric assay. The numbers on the top
of each dotted line on the graph represent cut-off values as percentages of the male

activity for the study population.
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Automated UV enzymatic assay
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Figure 11 The histogram represents G6PD activities in (a) male and (b) female
newborns measured by the automated UV enzymatic assay. The numbers on the
top of each dotted line on the graph represent different cut-off values as

percentages of the male activity for the study population.
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Table 8 The median+ interquartile range (IQR) of G6PD activity of males and females

in the study population measured by spectrophotometric and automated UV

enzymatic methods.

Spectrophotometric assay

Reference values Total Female Male p-value*
(U/g Hb) (n=1015) (n=513) (n=502)

Median 10.01 10.00 10.09 0.848
IQR 2.56 2.66 2.47

Range 0.00 - 17.78 0.47-17.78 0.00 - 16.42

Automated UV enzymatic assay

Reference values Total Female Male p-value*
(U/g Hb) (n=1015) (n=513) (n=502)

Median 25.81 25.56 25.94 0.375
IQR 8.35 8.95 7.76

Range 0.3 - 64.01 1.15 - 54.45 0.3-64.01

* Compared between male and female by Mann-Whitney U-test.

Table 9 Proportion of newborn subjects with G6PD status determined by the
spectrophotometric and automated UV enzymatic methods.
Spectrophotometric assay (n) Total
Deficiency Intermediate Normal
(< 3.03 U/g (3.03 - 8.07 U/g Hb) | (> 8.07 U/g
Hb) Hb)
FST
Male Deficiency 46 - - 46
Normal 4 29 423 456
Total 50 29 423 502
Female Deficiency 8 - - 8
Normal 4 87 414 505
Total 12 87 414 513
Automated UV enzymatic assay
Male Deficiency 50 2 0 52
(< 7.78 U/g Hb)
Intermediate 0 11 36 ar




Female

(7.78 - 20.75 U/g
Hb)
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Normal 0 16 387 403
(> 20.75 U/g Hb)

Total 50 29 423 502
Deficiency 11 3 0 14
(< 7.78 U/g Hb)

Intermediate 1 69 41 111
(7.78 - 20.75 U/g Hb)

Normal 0 15 373 388
(> 20.75 U/g HDb)

Total 12 87 414 513




‘HOI F UeIpaW se passaldxe ale sanjep

(QH
we+11¢C 0L0F9L1 060F 181 <¢C9FGLPl 1I8CF9C8T LL9F6v91 ¢€99+F0G/.C 899 F9CL¢C €99 F av'lC 5/N) ANAide 0d9o
(u) Aesse d1peWAZUD
12! 4 99 171 LY 841 88¢ cov 16L AN pajewoiny
(QH
19T F99°1 9,0+ 121 GL0Feel ¢6'1F90°9 10°T+¢9°.L ove Fve9 (XAAE AL §1¢+cs01 81°C ¥ 8v°0T 5/N) A3Aide 0d9o
(u) Aesse
4 05 29 /8 62 911 1A% €Ty /g8  dMdwoloydondads
9)ews e 1e3o | 9ewsa e 1ejo | 9w e €301

Aduapiyag ad9n

Sjelpswiul Ad9D

1BWION dd95

9¢

"APN3S 93 Ul $303[QNS UIOgMaU ADUSIDISP PUe ‘D1eIpauWIRiuUl Geuuiou 0499 Jo dnois ul AYAlDe gd9o 0T )9el



37

4.3. G6PD mutations and their enzyme activity

Of all 62 patients with G6PD deficiency and 116 patients with G6PD
intermediate detected by spectrophotometric assay, 81 patients carried G6PD
Viangchan®" (30 hemizygous deficient males, 1 hemizygous intermediate male, 5
homozygous deficient females, 4 heterozygous deficient females, 41 heterozygous
intermediate females), 5 patients carried G6PD Mahidol®*®*™ (2 hemizygous deficient
males, 1 hemizygous intermediate male, 2 heterozygous intermediate females), 7
patients carried G6PD Union“**°" (1 hemizygous deficient males and 6 heterozygous

GI3854 (4 hemizygous deficient

intermediate females), 5 patients carried G6PD Kaiping
males and 1 homozygous deficient females), 4 hemizygous deficient males carried
G6PD  Canton®?’" 2 patients carried G6PD Chinese-5“%*" (1 hemizygous
intermediate males and 1 homozygous deficient females), 2 hemizygous deficient
males carried G6PD Songklanaklarind™*, 2 hemizygous deficient males carried G6PD
Chinese-4°%?T, 1 hemizygous deficient males carried G6PD Valladolid“*’, 1
hemizygous deficient male carried G6PD Aures’*C (Figures 12-19, Table 11). We
were unable to identify mutations in the G6PD gene by a direct sequencing method
in the remaining 4 deficient patients. In the study population, the minor allele
frequency (MAF) of G6PD Viangchan®®"*4, G6PD Mahidol®*™, and G6PD Union“*3%0T
were 0.066, 0.005, and 0.005, respectively. MAF of other mutations including G6PD
Kaiping®%" G6PD Canton®*’¢", G6PD Songklanagarind™®®, G6PD Chinese-4°%?"
G6PD Chinese-5"%T, G6PD Valladolid“’, and G6PD Aures'**“ were 0.004, 0.003,
0.001, 0.001, 0.002, 0.001, and 0.001, respectively. The G6PD activities in each

genotype of G6PD mutations found in male and female newborns were presented in

Table 12.
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Allelic Discrimination Plot
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Figure 12 Allelic discrimination plots with the result of the genotyping for G6PD

Mahidol®®™ forming two clusters that represent the genotypes GG and AA, classified as

homozygous wildtype and hemi/homozygous mutant, respectively.
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Figure 13 Allelic discrimination plots with the result of the genotyping for G6PD
Viangchan® forming three clusters that represent the genotypes GG, GA, and AA, classified as

homozygous wildtype, heterozygous, and hemi/homozygous mutant, respectively.
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PCR-RFLP: detection of G6PD Canton®?"®"

100

Figure 14 PCR-RFLP for G6PD Canton®?'. Lane M 100 bp ladder, lane 1 undigested
G6PD Canton®™ lane 2, 4, 6-9 digested normally showed a 214 bp band, lane 3, 5, 10
digested male hemizygous showed a 194 bp band.

PCR-RFLP: detection of G6PD Union“'?%°"
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Figure 15 PCR-RFLP for G6PD Union“*°". Lane M 100 bp ladder, lane 1-9 digested
normally showed a 142 bp band, lane ten digested male hemizygous showed a 187 bp
band.
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PCR-RFLP: detection of G6PD Kaiping®?%%
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Figure 16 PCR-RFLP for G6P//Kalplng613 54 Lane M 100 bp ladder, lane 1 undigested
G6PD Kaiping®% lane 2-3, —6/ and 8 10 dlgegted normal showed a 227 bp band, lane 4
and 7 digested male hemlzygoﬁs showed a 206 bp band
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Figure 17 Sequencing results of G6PD mutations found in the study population.

(@) Hemizygous G6PD Aures”®¢, (b) Hemizygous G6PD Songklanagarind™®*, (c)
G6PD  Valladolid™™’, (e)

Hemizygous G6PD Chinese-51%“. The red arrows showed nucleotide substitution

site.
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Figure 18 Distribution of G6PD mutations activities determined

spectrophotometric assay in (a) male and (b) female patients.
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Table 12 G6PD activity and all genotypes of subjects enrolled in the study.

Gender Genotype (n) Spectrophotometric  Automated UV
assay enzymatic assay
(U/g Hb) (Range) (U/g Hb) (Range)
Male Hemizygous G6PD Viangchan®™* (32) 1.08+0.61 (0.00-9.64)  1.76+0.60 (0.30-28.31)
Hemizygous G6PD Canton®?7T (4) 0.67+0.70 (0.43-1.34)  1.42+0.65 (0.89-1.70)
Hemizygous G6PD Kaiping®?%® (4) 1.58+0.51 (1.21-1.87)  1.87+0.29 (1.69-2.06)
Hemizygous G6PD Mahidol®*™ (3) 1.42 (1.07-3.48) 1.64 (1.24-1.70)
Hemizygous G6PD Songklanagarind™®* (2)  1.59 (1.44-1.74) 2.09 (1.80-2.38)
Hemizygous G6PD Chinese-4°*" (2) 2.44 (1.95-2.92) 3.50 (3.40-3.61)
Hemizygous G6PD Union“**°T (1) 0.16 1.31
Hemizygous G6PD Chinese-51°%T (1) 3.16 3.24
Hemizygous G6PD Valladolid“**" (1) 2.76 5.47
Hemizygous G6PD Aures™*¢ (1) 1.21 3.36
Hemizygous Unknown (7) 4.61+4.03 (0.62-5.97)  11.38+14.71 (0.89-20.22)
Female Heterozygous G6PD Viangchan®™* (57) 5.85+2.47 (1.40-10.24)  12.57+7.33 (1.89-28.13)

Heterozygous G6PD Union“®" (6)

Heterozygous G6PD Mahidol**™ (a)

5.23+1.58 (3.45-5.93)
8.03+5.61 (5.83-13.06)

12.23+5.19 (7.88-16.51)
20.78+17.21 (11.76-32.99)

Homozygous G6PD Viangchan®" (6)

Homozygous G6PD Kaiping®?#* (1)
Homozygous G6PD Chinese-51%%"T (1)

Unknown (13)

1.41+2.85 (0.91-10.20)
2.86

293

5.26+1.50 (0.47-6.05)

1.58+6.86 (1.15-26.41)
7.75

3.7

11.45+4.92 (1.27-32.80)
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4.4, The hematological characteristics and G6PD activity

The clinical data of newborn infants were presented in Table 13. The mean
red blood cell (RBC) counts in G6PD normal, intermediate and deficiency groups
were 4.93+0.64, 5.12+0.62, and 4.62+0.52 x10°/pul, respectively, with a statistically
significant difference in groups of G6PD intermediate and G6PD deficiency in
comparing with G6PD normal group (p<0.05 and p<0.001, respectively). Male patients
with G6PD deficiency had lower mean RBC counts than male patients with normal
G6PD (4.63+0.53 and 4.93+0.63 x10%/ul, respectively, p<0.05), whereas mean RBC
counts in male patients with G6PD intermediate were higher than in those with
normal G6PD (5.38+0.77 and 4.93+0.63 x10°/ul, respectively, p<0.05). The mean
hemoglobin (Hb) levels in G6PD normal, intermediate and deficiency groups were
17.48+2.03, 18.47+2.20, and 16.78+1.84 ¢/dl, respectively, with a statistically
significant difference in groups of G6PD intermediate and G6PD deficiency in
comparing with G6PD normal (p<0.001 and p<0.05, respectively). Male patients with
G6PD deficiency had lower mean Hb levels (16.85+1.89 ¢/dl) than patients with
normal G6PD (17.51+2.08 ¢/dl, p<0.05). In the other hand, male patients with G6PD
intermediate had higher mean Hb levels (19.57+2.57 ¢/dl) than patients with normal
G6PD (17.51+2.08 g/dl, p<0.05). The mean hematocrit in G6PD normal, intermediate,
and deficiency groups were 49.98+5.89, 52.92+6.45, and 48.06+5.19%, respectively,
with a statistically significant difference in G6PD intermediate and G6PD deficiency in
comparing with G6PD normal (p<0.001 and p<0.05, respectively). Male patient with
G6PD intermediate had higher mean hematocrit levels than male patients with G6PD
normal (55.88+7.57 and 49.92+6.06%, respectively, p<0.05). Moreover, mean
hematocrit in female patients with G6PD intermediate were higher than in those with
normal G6PD (51.94+5.75 and 50.04+5.71%, respectively, p<0.05). The mean
corpuscular volume (MCV) in G6PD normal, intermediate and deficiency groups were
101.80+6.11, 103.49+5.13 and 104.15+5.88 fl, respectively, with a statistically
significant difference in groups of G6PD intermediate and G6PD deficiency in
comparing with G6PD normal (p<0.05). Male patients with G6PD intermediate and
G6PD deficiency, compared to male patients with G6PD normal, had a higher mean

MCV (104.17+3.70, 104.63+5.68, and 101.39+5.41 fl, respectively, p<0.05). The mean
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corpuscular hemoglobin (MCH) in G6PD normal, intermediate and deficiency groups
were 35.61+2.42, 36.10+1.92 and 36.38+2.39 pg, respectively, with a statistically
significant difference between G6PD intermediate and G6PD deficiency when
compared to G6PD normal (p<0.05). Male patients with G6PD intermediate and G6PD
deficiency, compared to G6PD normal, had a higher mean MCH (36.23+1.34,
36.50+2.34 and 35.58+2.17 pg, respectively, p<0.05). Besides, the mean of mean
corpuscular hemoglobin concentration (MCHC) in G6PD normal, intermediate and
deficiency groups were 34.97+0.73, 34.88+0.73 and 34.92+0.65 ¢/d|, respectively, with
no significant differences were observed between G6PD status. But in male patients
with G6PD intermediate and G6PD deficiency, compared to male patients with G6PD
normal, had a lower mean MCHC (34.79+£1.00 and 34.87+0.67 ¢/d\, respectively,
p<0.05).
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4.5. The correlation between G6PD activity and reticulocyte count in the study

population

Reticulocytosis (reticulocyte count greater than 4%) was observed in the
study population. In spectrophotometric assay, the mean value of reticulocyte
counts in the G6PD deficiency group (5.82+1.73%) was significantly higher than that
of G6PD normal group (4.78+1.29%, p<0.001). Male and female newborns with G6PD
deficiency had significantly higher mean reticulocyte counts than normal male and
female newborns (p<0.001 and p<0.05, respectively) (Table 14). In automated UV
enzymatic assay, the mean value of reticulocyte counts in the G6PD deficiency group
(5.83+1.71%) was significantly higher than that of G6PD normal group (4.82+1.29%,
p<0.001). The reticulocyte counts in male and female newborns with G6PD
deficiency was significantly higher than of normal male (p<0.001) and female (p<0.05)
newborns, respectively (Table 14). To predict the effect on reticulocyte counts, we
used univariate and multivariate linear regression analysis. The univariate analysis
revealed that the levels of G6PD deficiency (from both assays) (p<0.001), G6PD
Viangchan®®"** (p<0.001), gender (p<0.001), neonatal anemia (Hb<15 g¢/dl) (p<0.001),
ABO incompatibility (p<0.001), and postpartum age (p<0.001) were all significantly
positively associated with reticulocyte counts (Table 15). After monitoring for
thalassemia and hemoglobinopathies frequently observed in Thailand, the
multivariate analysis demonstrated gender, G6PD deficiency, G6PD Viangchan®’*,
neonatal anemia, postpartum age, and ABO incompatibility were independently
associated with increasing levels of reticulocyte counts (Table 15). The effect of
reticulocytes on spectrophotometric assay and automated UV enzymatic assay was
examined. G6PD activity by both assays was found to have a significant negative
correlation with the percentage of reticulocytes in newborns with intermediate G6PD
status (spectrophotometric assay; r=-0.218, p=0.019, automated UV enzymatic assay;
r=-0.296, p<0.001) and a significant positive correlation in newborns with normal
G6PD status (spectrophotometric assay; r=0.239, p<0.001, automated UV enzymatic
assay; r=0.327, p<0.001) but not in G6PD deficient newborns (Figure 20a-f).
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Table 15 The univariate and multivariate linear regression analyses of G6PD status
(deficiency/intermediate/normal), ~ G6PD  Viangchan®®"**/G6PD  Wildtype, and
reticulocyte counts adjusted by gender, hemoglobin levels, age (day), ABO

incompatibility, thalassemia and hemoglobinopathies.

Analysis Reticulocyte counts (%)
type Variable B’ SE Beta  p-value
Univariate

G6PD status (Spectrophotometric assay) -0.443  0.076 -0.18 <0.001

(Deficiency/Intermediate/Normal)

G6PD status (Automated UV enzymatic

assay) (Deficiency/Intermediate/Normal) -0.319  0.073 -0.136  <0.001
G6PD Genotype 0.738 0.119 0.191 <0.001
(Wildtype/Mutations)

G6PD Genotype 0.537 0.082 0.201 <0.001
(Wildtype/G6PD Viangchan®®"*/Others)

Gender (Male/Female) 0.398  0.084 0.147  <0.001
Hemoglobin (>15/<15¢/dl) 1.286 0.132 0.292 <0.001
Thalassemia and hemoglobinopathies -0.158  0.209 -0.024  0.450
ABO incompatibility 1.956 0.498 0.162 <0.001
Age (day) -0.314  0.053 -0.184 <0.001

Multivariate
G6PD status (Automated UV enzymatic
assay) (Deficiency/Intermediate/Normal)  -0.316 0.093 -0.129  0.001

Gender (Male/Female) 0.470  0.114 0.157  <0.001
Hemoglobin (=15/<15¢/dl) 1303  0.171 0.292  <0.001
ABO incompatibility 1.225 0.466 0.102 0.009
Age (day) -0.339  0.064 -0.203 <0.001
Constant 5.884 0.350 <0.001
Multivariate

G6PD Genotype 0.593 0.157 0.144 <0.001
(Wildtype/Mutations)

Gender (Male/Female) 0.424  0.114 0.141  <0.001
Hemoglobin (>15/<15g/dl) 1.269 0.171 0.284 <0.001

ABO incompatibility 1.275 0.465 0.106  0.006



Age (day)

Constant

-0.334
4.410

0.064
0.307

-0.200

52

<0.001
<0.001
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Figure 20 Correlation between G6PD activity and the percentage of reticulocytes

in newborns with various G6PD status. G6PD activity and reticulocyte counts in

newborns with (a, b) G6PD deficient, (c, d) G6PD intermediate, and (e, f) G6PD

normal.
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4.6.The correlation between G6PD activity and hyperbilirubinemia

The mean value of total serum bilirubin in all newborns with intermediate
and deficient G6PD was significantly higher than that of normal G6PD newborns by
both assays (p<0.05) (Table 16). The mean value of direct bilirubin in all newborns
with deficient G6PD was significantly higher than that of normal G6PD newborns by
both assays (p<0.05) (Table 16). The mean value of indirect bilirubin in all newborns
with intermediate and deficient G6PD was significantly higher than that of normal
G6PD newborns by both assays (p<0.05) (Table 16). The univariate analysis revealed
that the level of total serum bilirubin was significantly positively associated with
G6PD deficiency (from both assays) (p<0.001), G6PD Vinagchan®®** (p<0.001),
neonatal anemia (Hb<15 ¢/dl) (p=0.006), and postpartum age (p<0.001) (Table 17).
The multivariate analysis included all variables with p<0.05 observed in the
univariate analysis and demonstrated that G6PD deficiency, G6PD Vinagchan®®*,
neonatal anemia, and postpartum age were independently associated with increasing
levels of total serum bilirubin (Table 17). The univariate analysis revealed that the
level of indirect bilirubin was significantly positively associated with G6PD deficiency
(from both assays) (p<0.001), G6PD Vinagchan®®"* (p<0.001), neonatal anemia
(Hb<15 ¢/dl) (p=0.008), and postpartum age (p<0.001) (Table 18). The multivariate
analysis included all variables with p<0.05 observed in the univariate analysis and
demonstrated that G6PD deficiency, G6PD Vinagchan®®**, neonatal anemia, and
postpartum age were independently associated with increasing levels of total serum
bilirubin (Table 18). Table 19 was shown the number and percentages of the cases
of hyperbilirubinemia in male and female newborns. The prevalence of G6PD
deficiency in newborns with hyperbilirubinemia was 12.0% in males and 16.7% in

females (Table 19).
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Table 17 The univariate and multivariate linear regression analyses of G6PD status
(deficiency/intermediate/normal), G6PD Viangchan®®"**/G6PD Wildtype, and total
serum bilirubin adjusted by gender, hemoglobin levels, postpartum age (day), ABO

incompatibility, thalassemia and hemoglobinopathies.

Total serum bilirubin (mg/dl)

*

Analysis type Variable B SE Beta p-value

Univariate
G6PD status (Spectrophotometric assay) -0.489 0.148 -0.104 0.001
(Deficiency/Intermediate/Normal)
G6PD status (Automated UV enzymatic assay) -0.556 0.14  -0.123 <0.001

(Deficiency/Intermediate/Normal)

G6PD Genotype 0.817 0.232 0.11 <0.001
(Wildtype/Mutations)

G6PD Genotype 0.652 0.160 0.127 <0.001
(Wildtype/G6PD Viangchan®®"**/Others)

Gender (Male/Female) -0.177  0.163 -0.034 0.279
Hemoglobin (=15/<15¢/dl) -0.729 0.264 -0.086 0.006
Thalassemia and hemoglobinopathies -0.713  0.401 -0.056 0.075
ABO incompatibility 0474 0942 0.021 0.615
Age (day) 0.959 0.098 0.293 <0.001

Multivariate
G6PD status (Automated UV enzymatic assay) -0.595 0.133 -0.132 <0.001

(Deficiency/Intermediate/Normal)

Hemoglobin (=15/<15¢/dl) -0.785 0.251 -0.093 0.002
Age (day) 0.986  0.097 0.302 <0.001
Constant 10.775 0.447 <0.001
Multivariate

G6PD Genotype 0947 0220 0.128 <0.001
(Wildtype/Mutations)

Hemoglobin (=15/<15¢/dl) -0.847 0.252 -0.100 0.001
Age (day) 0991 0.097 0.303 <0.001

Constant 8.072 0.380 <0.001
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Table 18 The univariate and multivariate linear regression analyses of G6PD status

(deficiency/intermediate/normal), G6PD Viangchan®"#/G6PD Wildtype, and indirect

bilirubin adjusted by gender, hemoglobin levels, postpartum age (day), ABO

incompatibility, thalassemia and hemoglobinopathies.

Indirect bilirubin (mg/dl)

*

Analysis type Variable B SE Beta  p-value
Univariate
G6PD status (Spectrophotometric assay) -0.475 0.146 -0.102 0.001
(Deficiency/Intermediate/Normal)
G6PD status (Automated UV enzymatic assay) -0.540 0.138 -0.122 <0.001
(Deficiency/Intermediate/Normal)
G6PD Genotype 0.802 0228 0.110 <0.001
(Wildtype/Mutations)
G6PD Genotype 0.639  0.158 0.126 <0.001
(Wildtype/G6PD Viangchan®*#/Others)
Gender (Male/Female) -0.155 0.161 -0.030 0.336
Hemoglobin (=15/<15¢/dl) -0.694  0.261 -0.083 0.008
Thalassemia and hemoglobinopathies -0.708 0.395 -0.056 0.073
ABO incompatibility 0417 0928 0.019 0.654
Age (day) 0.94 0.097 0.292 <0.001
Multivariate
G6PD status (Automated UV enzymatic assay) -0.578 0.132 -0.13  <0.001
(Deficiency/Intermediate/Normal)
Hemoglobin (=15/<15¢/dl) -0.75  0.248 -0.09  0.003
Age (day) 0.966  0.096 0.30 <0.001
Constant 10.298 0.441 <0.001
Multivariate
G6PD Genotype 0.929 0.217 0.127 <0.001
(Wildtype/Mutations)
Hemoglobin (=15/<15¢/dl) -0.811 0.248 -0.097 0.001
Age (day) 0.971 0.096 0.301 <0.001
Constant 7.66 0.376 <0.001
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Table 19 Prevalence of hyperbilirubinemia in male and female newborns with G6PD

deficiency.
Newborn with G6PD deficiency newborn
G6PD deficiency with Hyperbilirubinemia
No. of Newborn
No. % No. %
Subjects
Male 502 50 10.0 6 12.0

Female 513 12 2.3 2 16.7
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4.7. Performance of automated UV enzymatic assay for G6PD enzyme activity

detection in newborns

G6PD activity levels as assessed by the automated UV enzymatic assay was
highly correlated with that of spectrophotometric assay (r= 0.835, p<0.001) (Figure
21a-c). The proportion of newborn subjects with different G6PD status determined by
spectrophotometric and automated UV enzymatic assays was illustrated in Table 9.
The level of agreement (Cohen's Kappa) between two tests in detecting G6PD status
in newborns was 0.651 (Kappa's SE = 0.043, 95% Cl: 0.566 to 0.735), indicating a high
level of agreement. The areas under the receiver operating characteristic (ROC) curve
(AUC) in detecting G6PD deficient and G6PD intermediate newborns between the
spectrophotometric and the automated UV enzymatic assays were 0.999 (95%Cl:
0.997 to 1.000) (p<0.001) (Figure 22a) and 0.839 (95%Cl: 0.805 to 0.874) (p<0.001)
(Figure 22b). Table 20 shows a summary of the performance of FST and automated
UV enzymatic assay against the spectrophotometric assay in detecting G6PD deficient
and G6PD intermediate in newborns, such as the sensitivity, specificity, positive
predictive value (PPV), negative prediction value (NPV), positive likelihood ratio,
negative likelihood ratio, and accuracy with 95%CI. FST had 87.1% sensitivity and
100.0% specificity for detecting G6PD deficiency. The automated UV enzymatic assay
test was 98.4% sensitive and 99.5% specific when using a cut-off number of 7.8 U/g
Hb to define overall G6PD deficiency status, but when using the number of 7.8-20.8
U/g Hb to determine G6PD intermediate sensitivity dropped to 69.0%, and specificity
fell to 91.3% (Table 20). A previous study by Domingo Gj et al. (2019) (55) used a
10% prevalence of G6PD deficiency in males to predict the number of cases in males
and females at different G6PD deficiency cut-off thresholds. Based on 10% G6PD
deficiency prevalence found in our male newborn subjects, the proportion of total
deficiency in females detected by both spectrophotometric and automated UV
enzymatic assay at 30%, 40%, 60% and 80% threshold G6PD activity was shown in
Table 21.
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Figure 21 Correlation of G6PD activities measured by the spectrophotometric and

the automated UV enzymatic assay.
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Figure 22 Receiver operating characteristic (ROC) analysis of the automated UV
enzymatic method in detecting (@) G6PD deficient and (b) G6PD intermediate

newborns.
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CHAPTER 5

Discussion

From a total of 1,015 newborn subjects in our study, there were no significant
differences in mean gestational age and mean average age between male and
female newborns because the inclusion criteria of the study in which all enrolled
newborns were full-term and the standard operating procedure (SOP) that blood was
drawn the day before going home, usually 2-3 days after deliver. However, the mean
birth weight of male newborns was significantly higher than that of female newborns,
which is consistent with previous research by Halileh et al., which found that males

weight at birth more than female newborns (56).

Glucose 6-phosphate dehydrogenase is involved in the pentose phosphate
pathway, generating NADPH, which maintains reduced glutathione to defends against
oxidative damage in red blood cells (2). G6PD deficiency makes red corpuscles more
vulnerable to oxidative stresses, causing hemolysis. G6PD deficiency is characterized
by clinical, biochemical, and molecular heterogeneity. Prevalence varies between
geographic regions and ethnic groups. For examples, the prevalence of G6PD-
deficient males was 7.3% in Thailand, 8.1% in Lao PDR, 15.8% in Myanmar, 18.8% in
Cambodia, and 8.9% in Vietnam (57). In this study, the frequency of G6PD deficiency
was 10.0% in Thai male newborns and 2.3% in females using the WHO-
recommended gold standard method. The incidence in male newborns was in
agreed with the reported of Bancone et al. (57), but the incidence in female
newborns was lower than that of reported by Nuchprayoon et al. (8). The WHO
defines G6PD activity less than 30% as deficient, whereas G6PD activity between 30%
and 80% as intermediate. Subjects with G6PD activity more than 80% is classified as
normal (46). The distribution of G6PD activity values as measured by both
spectrophotometric and automated UV enzymatic methods in male newborns was
bimodal, clearly discriminating grouping between G6PD deficiency and G6PD normal.
This might be affected by enzymatic deficient values of mutated hemizygous males.
Whereas a normal distribution of female G6PD activity showing wide range of

enzymatic activities resulted from lyonization in heterozygous females. G6PD activity
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from an automated UV enzymatic assay was higher than that of the reference
spectrophotometric assay. This might be due to sample preparation between both
methods. Even though used the same Hb values to normalize G6PD activity, the
spectrophotometric assay was performed on whole blood sample, but an automated
UV enzymatic assay was performed on packed red cells. Because subjects of this
study were neonates with reported a high reticulocyte count, the packed red cell
contains a large amount of reticulocyte. Thus, we also found the G6PD activity values
of the automated UV enzymatic assay was higher than in adults previously reported
by Anantasomboon et al. (12). This finding supports by Riskin et al. (58) and Algur et
al. (59), who reported that G6PD activity is higher in newborn blood than in adult
blood.

According to the molecular analysis of the G6PD genotype, the most
prevalent mutation in the study population was G6PD Viangchan®®" (MAF = 0.066),
which is consistent with other studies (8, 12). Additionally, G6PD Mahidol®*™, G6PD
Union“1?%°T G6PD  Kaiping®?%%4 ~G6PD Canton®’®’, G6PD Chinese-51%%T  G6PD
Songklanaklarind™**, and G6PD Chinese-4°**?" frequent mutations in Southeast Asian
and Chinese were found in the study population (60). Furthermore, we also detected
G6PD Valladolid“™" and G6PD Aures'®¢ in our samples. G6PD Valladolid“*"
located in exon 5 and originally reported in Spain (60). This mutation has been
reported to occur in Burmese and Thai subjects (12, 61). G6PD Aures™* located in
exon 3 and originally reported in Algeria and Tunisia (60). This mutation has been
proposed to be associated with G6PD deficiency in Thai subjects (12). The
hemizygous males and homozygous females had G6PD enzyme activity value from
severe deficiency to intermediate, whereas the heterozygous female had G6PD
enzyme activity value varying from intermediate to normal. This might be explained
by as the inheritance of G6PD is X-linked, homozygous females and hemizygous
males fully express the deficiency phenotype, whereas heterozygous females
present partial expression as a result of random X-inactivation. Our findings revealed
some intermediate cases that no mutation could be identified by direct sequencing.
This might possible that these cases may contain mutations in cis-acting regulatory

sequences or in the noncoding region of the G6PD gene that may interfere with its
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expression. Because many noncoding regions are involved in the regulation of gene
activity, a mutation in this region can turn a gene on or off, resulting in the
production or reduction of an important protein. Besides, Our findings showed that
G6PD activity in each mutation was similar to G6PD activity in each genotype than in

a group of G6PD activity classified by the World Health Organization.

Hematological parameters including hemosglobin (Hb), red blood cell (RBC)
count, white blood cell (WBC) count, platelet (PLT), hematocrit (Hct), reticulocyte
counts, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC) are important diagnostic and
prognostic clinical parameters for several human diseases. It has been reported that
G6PD  deficiency is associated with decreased RBC count, hemoglobin, and
hematocrit (62), which was also found in our study (Table 4.7). Interestingly, the
decrease of RBC count, hemoglobin, hematocrit and increase of MCV and MCH was
found in our study which was agreed with that of reported by previous study (63).
Thus, slightly increased MVC and MCH in G6PD deficient subjects could be explained
by an increased number of reticulocytes, which is probable due to a slight increase

in RBC elimination rate (63).

Reticulocytosis is a condition in which there is an increase in the amount of
immature red blood cells. They are released into the circulation in response to
compensate for the loss of mature red blood cells. It has been reported that the
presence of a large number of reticulocytes may interfere with the diagnosis of G6PD
deficiency since reticulocytes have more G6PD enzyme activity than mature red
blood cells. Our findings showed that newborn subjects have a significantly higher
reticulocyte count than adults, which was consistent with the findings of Jansen et
al. (54), who discovered that the activities of several enzymes in neonatal red blood
cells are significantly higher than in adults red blood cells. Moreover, the reticulocyte
counts in newborns with G6PD deficiency was significantly higher than that of normal
newborns both in males and females. This might be a result of the compensatory
effect of hemolysis. However, our results demonstrated that the levels of G6PD

activity in deficient newborns were not significantly correlated with the percentage of
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reticulocytes. This might be explained by G6PD deficiency is a genetic disorder
caused by a mutation in the G6PD gene affecting G6PD deficiency in all cell types,
including reticulocytes. Although there are numerous reticulocytes in the circulation
during the hemolytic crisis, their G6PD activity cannot increase the total blood G6PD
activity to the normal level. The levels of G6PD activity in intermediate newborns
were negatively correlated with the percentage of reticulocytes obtained from both
assays. This might be explained by newborns with G6PD intermediate had a wide
range of G6PD activity values. In the group with high enzyme activity, there was no
production of reticulocyte to compensate hemolysis. Reticulocytes were produced
to compensate for hemolysis in the low enzyme group. However, because it is a
mutation in the G6PD gene, even if an increase in reticulocyte could not restore
G6PD activity to normal levels. Nevertheless, G6PD activity was found to be
positively correlated with the percentage of reticulocytes in normal newborns. This
finding was consistent with a previous study by Kitcharoen et al. (13), who discovered
that high reticulocytosis in neonatal blood samples did not result in a false negative
diagnosis of G6PD deficiency. Hence, elevated levels of G6PD activity in reticulocytes
only interfere with the detection of G6PD activity in normal blood samples. The
multivariate showed that G6PD deficiency was associated with increasing levels of
reticulocyte counts. This finding was in line with that of report by Gupte et al. (64).
Besides, female also showed associated with increasing levels of reticulocyte. This
finding was consistent with that of reported by Yamada et al. (65). Postpartum age
was associated with increasing levels of reticulocyte count. This might be explained
by a higher neonatal reticulocyte count may be one of the physiological responses
to a more rapid environmental change during the early postnatal period (65) and the
reticulocyte count value will subsequence decrease with the growing age of

newborns (66).

G6PD deficiency is one of a major risk factor for the development of severe
hyperbilirubinemia and increases the risk of bilirubin neurotoxicity. Our data revealed
that the mean value of total serum bilirubin and indirect bilirubin in all newborns
with intermediate and deficient G6PD was significantly higher than that of normal

G6PD newborns. This might be indicated that higher level of total serum bilirubin
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came from indirect bilirubin. Bilirubin is mainly formed by the breakdown of
hemoglobin in red blood cells, which the liver enzyme glucoronyl transferase can be
conjugated into a form that can be excreted from the body. The red blood cells of
G6PD deficient newborns are more easily hemolysis than normal newborn, resulting
in increasing bilirubin accumulation. Since the capacity of newborns to eliminate
bilirubin is not well developed. Consequently, resulting in an imbalance between
bilirubin production and excretion ability. It was led to hyperbilirubinemia in
newborns. The multivariate showed that G6PD deficiency were associated with
increases total serum bilirubin and indirect bilirubin. Our result was consistent with
that of reported by Prachukthum et al. (10) that have demonstrated that the bilirubin
levels in G6PD deficient newborns were significantly higher than that in G6PD normal
newborns. And previous studies reported that 19.7% - 21.2% of hyperbilirubinemia
were coincidently observed in G6PD deficient Thai newborns (8, 10). So, there may
be a correlation between G6PD deficiency and neonatal hyperbilirubinemia. Besides,
neonatal anemia also showed associated with increasing levels of total serum
bilirubin and indirect bilirubin. This could be explained by increased hemolysis, which
causes bilirubin levels to rise. Interestingly, our results showed that postpartum age
were associated with increasing levels of total serum bilirubin and indirect bilirubin.
This might be explained by newborns produce bilirubin at a rate of approximately 6
to 8 mg per kg per day. Moreover, bilirubin production will be typically declines to
the adult level within 10 to 14 days after birth (67).

Our results revealed that the frequency of G6PD deficient males and females
obtained using the FST and the automated UV enzymatic method were not different
from those obtained using the reference spectrophotometric method, indicating the
reliability of the automated method. Although the FST method is useful in field
research, where large numbers of cases are required to be rapidly screened, it can
identify a severe deficiency, discrimination intermediate levels in heterozygous
females are more difficult. The quantitative automated UV enzymatic method is a
new robotic spectrophotometric system that is capable of quantifying G6PD activity
in 50 blood samples simultaneously. Nevertheless, the automated UV enzymatic

methods interfered with reticulocytes-enriched packed red cells but also
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demonstrated a strong positive correlation with the reference spectrophotometric
method. The results from ROC analysis revealed that the optimal cut-off value of the
automated UV enzymatic method for G6PD deficiency in newborns was less than 7.8
U/g Hb, and for those with intermediate levels of G6PD activity was of 7.8 to 20.8 U/g
Hb. Based on a previous report Domingo GJ. et al. 2019 (55), the number of female
newborn subjects in our study, which used a 30% cut-off to determine G6PD
deficiency, was comparable to the estimation of the relative proportion of females
that lie under any given threshold. The diagnostic performance of the automated UV
enzymatic method was practically accurate for detecting G6PD deficiency, while the

effectiveness of intermediate screening was suitable.

In conclusion, reticulocytosis, commonly observed in newborn, did not
interfere with the diagnosis of G6PD deficiency and intermediate. However, G6PD
activity in normal group was positively correlated with the percentage of reticulocyte
count. This affects the activity of G6PD as measured by the automated UV enzymatic
method. Furthermore, our results showed that G6PD deficiency were associated with
increasing indirect bilirubin. Therefore, the accumulation of large amounts of indirect
bilirubin can cause serious consequences effect on the newborn. However, the
robotic quantitative method using reticulocytes-enriched packed red cells shows a
strong diagnostic capability to identify G6PD deficiency and intermediate with high
cut off value. Quantitative spectrophotometric assay is suitable to quantify newborn
G6PD activity and detect G6PD deficiency in the prevention of hemolytic anemia of
G6PD deficiency.
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