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ABSTRACT: Increased heme catabolism has been reported in glu-
cose-6-phosphate dehydrogenase (G-6-PD)–normal neonates who
were also homozygous for (TA)7/(TA)7 (UGT1A1*28) uridine
diphosphoglucuronate-glucuronosyltransferase 1A1 (UGT) promoter
polymorphism (Gilbert syndrome). As G-6-PD deficiency is associ-
ated with increased hemolysis, we hypothesized that in G-6-PD–
deficient neonates who also have the (TA)7/(TA)7 UGT promoter
genotype, steady-state hemolysis would be even further increased.
Male G-6-PD–deficient neonates were sampled for plasma total
bilirubin (PTB), blood carboxyhemoglobin corrected for inhaled
carbon monoxide in ambient air (COHbc) (an index of heme catab-
olism), and UGT (TA)n promoter genotype determination and com-
pared with previously published G-6-PD–normal neonates. Although
COHbc values were higher in the G-6-PD–deficient than in the G-6-
PD–normal cohorts (0.97 � 0.32% of total Hb (tHb) versus 0.76 �
0.19% of tHb, p � 0.001), PTB values were similar (9.2 � 3.4 mg/dL
versus 8.9 � 3.0 mg/dL, respectively, p � 0.3). Within the G-6-PD–
deficient group, although COHbc values were alike between the three
UGT promoter genotypes, PTB was higher in the (TA)7/(TA)7

homozygotes (11.1 � 4.0 mg/dL) compared with (TA)6/(TA)7 het-
erozygotes (9.1 � 3.2 mg/dL, p � 0.03) and wild-type (TA)6/(TA)6

homozygotes (8.8 � 3.4 mg/dL, p � 0.02). In the steady state,
similar rates of hemolysis, but increased PTB in the G-6-PD–deficient,
(TA)7/(TA)7 homozygotes, imply that (TA)7/(TA)7 homozygosity is
central to increased PTB. (Pediatr Res 61: 727–731, 2007)

Homozygosity for the (TA)7 promoter polymorphism (also
known as UGT1A1*28) in the gene encoding the bil-

irubin-conjugating enzyme UGT is associated with Gilbert
syndrome and typically results in diminished enzyme expres-
sion with resultant reduced bilirubin conjugation when com-
pared with the wild-type [(TA)6/(TA)6] or heterozygotes
[(TA)6/(TA)7] (1,2). Each additional (TA) sequence in the
promoter has been shown to diminish promoter activity and
hence gene expression (3). Although Gilbert syndrome is not
associated with overt hemolysis (4–6), some studies have

shown decreased erythrocyte survival, implying of increased
heme catabolism, in association with the condition (7–14).
Accordingly, in a recently described G-6-PD–normal newborn
cohort, (TA)7 homozygosity, when compared with (TA)6 ho-
mozygosity or (TA)6/(TA)7 heterozygosity, was associated, as
expected, with increased serum total bilirubin and diminished
serum total conjugated bilirubin (the latter indicative of de-
creased conjugation). In addition, COHbc, an index of heme
catabolism, was elevated in the (TA)7/(TA)7 (15).

G-6-PD deficiency is a commonly occurring enzymatic
condition associated with a three- to fivefold increased rate of
neonatal hyperbilirubinemia when compared with G-6-PD–
normal counterparts (16,17). When the jaundice is extreme,
bilirubin encephalopathy with potentially devastating, perma-
nent neurologic sequelae (kernicterus) may ensue.

A fundamental concept of bilirubin kinetics is that the
serum bilirubin concentration at any point in time reflects an
equilibrium between bilirubin production and its elimination.
In the past, there was some debate as to whether increased
hemolysis or diminished conjugation was the primary factor in
the pathophysiology of hyperbilirubinemia in G-6-PD defi-
cient neonates (18,19). Recent studies have clarified the situ-
ation and shown that, despite increased hemolysis associated
with the condition (17,20,21), the icterus appears to be due to
a predilection for diminished bilirubin conjugation compared
with G-6-PD–normal counterparts (22,23). The diminished
bilirubin conjugation is the result of UGT (TA)7 promoter
polymorphism (24). A similar key role of UGT promoter
polymorphism has been demonstrated in adults (25). In Asian
neonates, an interaction between G-6-PD deficiency and cod-
ing area mutations of the UGT1A1 gene predispose to hyper-
bilirubinemia (26). However, these studies did not include
measurements of bilirubin production.

As baseline hemolysis is increased in G-6-PD–deficient
neonates (17,20,21), and in light of the increased hemolysis
found in G-6-PD–normal neonates who were homozygous for
the (TA)7 promoter polymorphism, we hypothesized that in
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G-6-PD–deficient newborns, heme catabolism would be in-
creased to an even greater extent than in G-6-PD–normal
controls of the identical UGT promoter genotype. Our objec-
tive in this study was to further elucidate, in steady state, the
respective roles, individually and in combination, of heme
catabolism and (TA)7 UGT promoter polymorphism in deter-
mining PTB concentrations in a G-6-PD–deficient male neo-
natal cohort. For this purpose, blood COHbc and PTB were
analyzed in relation to the three UGT promoter genotypes:
[(TA)6/(TA)6 homozygotes, (TA)6/(TA)7 heterozygotes, and
(TA)7/(TA)7 homozygotes].

METHODS

The current G-6-PD–deficient neonatal cohort was enrolled in two time
periods. The first, sampled concurrently with the previously published G-6-
PD–normal cohort (15) between 1997 and 1999, yielded 131 G-6-PD–normal
neonates, but only 52 G-6-PD–deficient newborns. The G-6-PD–deficient
cohort was expanded between 2002 and 2003 to obtain an overall sample size
similar to that of the G-6-PD–normal cohort. We predicted that the UGT
promoter subgroups among the G-6-PD–deficient neonates would be of
similar size to the UGT promoter subgroups in the G-6-PD–normal cohort and
that similar subgroup sizes would facilitate comparisons between subgroups
of comparable numbers.

As the methodology was identical to that of the first study, salient features
only of the protocol are repeated here. The study protocol was approved by
the Institutional Review Board of the Shaare Zedek Medical Center. The
patient cohort consisted of healthy, consecutively born male neonates deliv-
ered at �37 wk gestational age to Sephardic Jewish mothers at the Shaare Zedek
Medical Center. All babies were tested for G-6-PD Mediterranean, the mutation
known to occur in this population subgroup (24,27), and only those with this
mutation were included in the current analysis. Males only were studied so as
to avoid encountering the G-6-PD heterozygous state that may be present in
females, which cannot be diagnosed by regular biochemical tests and is more
difficult to perform even by molecular methods (19). Also excluded were
infants with other conditions that may have affected bilirubin metabolism,
including direct Coombs’-positive hemolytic disease, sepsis, maternal diabe-
tes, cephalhematoma or extensive bruising, and Down syndrome. All babies
received routine clinical management during their nursery stay.

Blood was sampled for the study on the third day of life, concomitant with
routine predischarge metabolic screening, to avoid a blood-taking procedure
solely for the purpose of the study. Whole blood for carboxyhemogloboin
(COHb) and total Hb (tHb) determination (150 �L) was collected into
custom-made capillary tubes containing heparin and saponin, as previously
described (28,29), and stored at �18°C. For ease of shipping, the samples
were removed from the freezer and transported on ice to Stanford University.
Simultaneously with the blood COHb collection, a sample of room air from
the nursery in which the baby was being cared for was collected and stored in
a special stainless steel container until determination of its CO concentration
(Bistable Gas Sampler, Chemical Projects Ltd., Toronto, ON, Canada). Blood
for PTB was collected into microcapillary tubes, and for DNA extraction, for
subsequent UGT promoter analysis, and G-6-PD Mediterranean determina-
tion, into ethylenediamine tetraacetic acid–containing tubes.

Laboratory methods. COHb was determined at Stanford University by a
gas chromatographic method and its concentrations expressed as a percentage
of tHb, which was quantitated by the cyanmethemoglobin method, as previ-
ously described (28,29). Using this method, the within-day and between-day
coefficients of variation for reference blood samples are 3% and 8%, respec-
tively (30). The CO concentration of the room air specimens was determined
at the Shaare Zedek Medical Center using a sensitive electrochemical CO
analyzer supplied by Stanford University (31). Room air CO concentrations,

representing inhaled CO, which ranged from 0.15 to 1.33 parts per million
(mean, 0.46) were used to correct measured COHb for the effect of inspired
CO by a previously derived formula (COHbc � measured COHb � 0.17 (�L
CO/L room air) (32). Results of COHb analysis by gas chromatography have
shown that the samples, studied for quality control, are stable for up to at least
5 mo at 4°C, and change very little when stored at ambient temperature (29).
The tubes are �90% filled and are sealed hermetically. The samples are
therefore stable under most conditions of storage and transport and are suited
for analysis after long-distance transportation.

PTB was measured routinely in the hospital’s clinical biochemistry labo-
ratory by a direct spectrophotometric method using spun capillary tube
samples (Wako Bilirubin Tester, Wako Pure Chemical Industries, Ltd.,
Osaka, Japan).

DNA was prepared from peripheral leukocytes by a salt extraction method
(33). The presence or absence of nt 563, the nucleotide mutated in G-6-PD
Mediterranean, was determined at the Scripps Research Institute, La Jolla, CA
(courtesy Ernest Beutler, M.D.) by polymerase chain reaction followed by
allele-specific oligonucleotide hybridization, as published elsewhere (24).
UGT promoter genotype (UGT1A1*28, refSNP ID rs8175347) was deter-
mined at Shaare Zedek Medical Center by PCR-mediated, site-directed
mutagenesis, as previously described (24).

Data analysis. UGT genotypes were assigned according to the gene
promoter TATAA box sequence: neonates bearing the sequence [TA]6TAA in
the promoter of both alleles were classified as normal homozygotes, those
with the sequence [TA]7TAA in both alleles as variant homozygotes (the
UGT promoter genotype associated with Gilbert syndrome), and those with
one of each allele as heterozygotes (1,2).

The continuous variables PTB and COHbc across the three UGT promoter
genotype groups were compared by analysis of variance (ANOVA) as an
initial statistical test. In the event of significance (p � 0.05), the ANOVA was
followed by the Student-Newman-Keuls test or Dunn’s test, as appropriate,
to determine which variables contributed to the significance. Further
statistical analysis was performed using a t test. Parametric data are
presented as mean � SD. Data from the previously published G-6-PD–
normal cohort are presented for reference, with permission from Hepatology
(15), and compared with the current cohort.

Hyperbilirubinemia was defined as any PTB concentration �95th
percentile for age in hours according to the hour of life–specific bilirubin
nomogram (34).

RESULTS

This G-6-PD–deficient male cohort comprised 131 neo-
nates [mean (� SD) birth weight 3219 � 400 g, mean
gestational age 39.3 � 1.4 wk]. Sixteen (12%) were born by
cesarean section. One hundred two (82%) received breast milk
either exclusively or in conjunction with formula. Allele
frequency for the (TA)7 UGT promoter was 0.37. Genotype
distribution is shown in Table 1. Average age at sampling was
58 � 12 h. Although the mean COHbc value for the cohort
was higher in these G-6-PD–deficient neonates than in the
previously published G-6-PD–normal neonates (0.97 �
0.32% of tHb versus. 0.76 � 0.19% of tHb, p � 0.001), mean
PTB concentration for the cohort was not significantly
higher (9.2 � 3.4 mg/dL, compared with 8.9 � 3.0 mg/dL
for the G-6-PD–normal newborns, p � 0.3) (Fig. 1, left bar
graphs).

In the G-6-PD–normal group, as previously published,
COHbc values and PTB concentrations were higher in the

Table 1. PTB and COHbc values in G-6-PD–deficient neonates stratified for UGT promoter polymorphism

UGT promoter genotype

(TA)6/(TA)6 (TA)6/(TA)7 (TA)7/(TA)7 Significance

No. of neonates (131) 53 (40.5%) 60 (45.8%) 18 (13.7%)
PTB (mg/dL) 8.8 � 3.4 9.1 � 3.2 11.1 � 4.0* p � 0.02 [(TA)7/(TA)7 vs (TA)6/(TA)6]

p � 0.03 [(TA)7/(TA)7 vs (TA)6/(TA)7]
COHbc (% of tHb) 0.95 � 0.31 0.98 � 0.33 1.01 � 0.31 NS
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(TA)7/(TA)7 homozygotes only, compared with the wild-
type (TA)6/(TA)6 homozygotes or (TA)6/(TA)7 heterozy-
gotes (15). In contrast, in the G-6-PD– deficient group,
although there was a tendency for COHbc values to in-
crease with each additional (TA) sequence, the generally
higher COHbc values were not significantly different be-
tween the three UGT (TA)n promoter genotype subgroups
(Fig. 1 and Table 1). In contrast, PTB was higher in the
(TA)7/(TA)7 homozygotes (11.1 � 4.0 mg/dL) compared
with both (TA)6/(TA)7 heterozygotes (9.1 � 3.2 mg/dL,
p � 0.03) and (TA)6/(TA)6 homozygotes (8.8 � 3.4 mg/dL,
p � 0.02) (Fig. 1). Correspondingly, 0 of 53 (0%) of the
(TA)6/(TA)6 homozygotes, four of 60 (6.6%) of the (TA)6/(TA)7

heterozygotes, and three of 18 (16.6%) of the (TA)7/(TA)7

homozygotes were hyperbilirubinemic at the time of sampling.
Between groups, COHbc values of the G-6-PD– deficient

neonates were significantly higher in the (TA)6/(TA)6 (p �
0.001) and (TA)6/(TA)7 (p � 0.001) promoter genotypes
than in the equivalent, previously published G-6-PD–
normal counterparts, with a trend toward increased values
in the G-6-PD– deficient (TA)7/(TA)7 homozygotes as well
(p � 0.09) (Fig. 1). However, despite this increased hemo-
lysis, PTB values were virtually identical between G-6-PD–
deficient and –normal neonates, within the various UGT
promoter subgroups. Within the groups, PTB values were
increased only in the (TA)7/(TA)7 homozygotes compared
with equivalent (TA)6/(TA)6 and (TA)6/(TA)7 subgroups.
In the G-6-PD– deficient group, in light of the similarity
between COHbc values between the three UGT promoter
subgroups, by inference, the higher PTB concentrations in
the G-6-PD– deficient (TA)7/(TA)7 homozygotes must have

been mediated by decreased bilirubin conjugation associ-
ated with this promoter genotype.

DISCUSSION

As expected from previous studies (17,20,21), COHbc val-
ues were significantly higher in the G-6-PD–deficient cohort
than in the controls. However, despite the increased heme
catabolism, PTB concentrations at the time of sampling were
similar between the two groups. This finding demonstrates a
relatively minor role of increased heme catabolism in the
pathophysiology of the increased PTB concentrations in G-6-
PD–deficient neonates.

On subgroup analysis, within the G-6-PD–deficient group,
despite a tendency to higher COHbc values with the addition
of (TA) sequences, heme catabolism was in fact similar
between the three UGT 1A1 promoter genotypes. However, in
contrast, PTB was significantly higher in the (TA)7/(TA)7

homozygotes. As the PTB at any point in time is dependent on
the equilibrium between bilirubin production and elimination,
by inference, homozygosity for the (TA)7 promoter subtype
must have been central to the increased PTB concentrations
found in the (TA)7/(TA)7 homozygotes. This constellation
differs from the G-6-PD–normal group, in whom both in-
creased heme catabolism and (TA)7/(TA)7 homozygosity may
have played complementary roles in the pathogenesis of the
jaundice. In a previous study, we demonstrated that the pres-
ence of the variant UGT promoter was crucial to the devel-
opment of hyperbilirubinemia in G-6-PD–deficient neonates
(24). Our current findings demonstrate the importance of
decreased bilirubin conjugation, relative to increased heme
catabolism, in the development of steady state, and moder-
ately elevated PTB levels in G-6-PD–deficient neonates as
well.

In parallel with what we had found in the G-6-PD–normal
neonates (15), we hypothesized that in the G-6-PD–deficient
neonates COHbc values would be even further increased in
the UGT (TA)7/(TA)7 homozygote subgroup than the wild-
type and heterozygotes and also greater than the equivalent
promoter genotype of the G-6-PD–normal group. Surpris-
ingly, therefore, the generally higher rate of heme catabolism
was not significantly higher, as expected, in the(TA)7/(TA)7

homozygotes. Between groups, however, COHbc values were
significantly higher in both the G-6-PD–deficient (TA)6/(TA)6

homozygotes and (TA)6/(TA)7 heterozygotes compared with
the G-6-PD–normal counterparts, with a trend between G-6-
PD–deficient and G-6-PD–normal (TA)7/(TA)7 homozygotes.
The lack of significance in the latter analysis was most likely
due to increased baseline hemolysis in the G-6-PD–normal
(TA)7/(TA)7 neonates, reflecting shorter red cell life span
associated with the Gilbert syndrome polymorphism (15). The
reason for the dissimilarity in the pattern of COHbc values
between the three UGT promoter genotypes in the G-6-PD–
deficient and –normal groups is not clear. The subtle, yet
significant, increase in hemolysis observed in G-6-PD–normal
infants with the (TA)7/(TA)7 genotype (15) may have been
masked by the high basal hemolytic rate associated with
G-6-PD deficiency. We speculate that the processes contributing

Figure 1. COHbc values (top), and PTB concentrations (bottom) for
neonates of the G-6-PD– deficient (n � 131) (solid columns) and –normal
(n � 131) (hatched columns) cohorts, respectively, and three UGT promoter
genotypes. Despite higher COHbc, indicating increased hemolysis, for the
G-6-PD–deficient neonates of the cohort (p � 0.001) as well as the (TA)6/
(TA)6 (p � 0.001) and (TA)6/(TA)7 (p � 0.001) UGT promoter genotype
subgroups, PTB concentrations were similar between the G-6-PD–deficient
and G-6-PD–normal neonates. Although the COHbc values in the G-6-PD–
deficient neonates were similar in all three UGT promoter genotypes, PTB
was higher in the (TA)7/(TA)7 subgroup compared with (TA)6/(TA)6 and
(TA)6/(TA)7 subgroups (p � 0.02 and 0.03, respectively). This finding
indicates a crucial role for (TA)7/(TA)7 UGT promoter polymorphism in
determining PTB concentrations in G-6-PD– deficient neonates. (TA)6/
(TA)6, homozygosity for the wild-type UGT promoter; (TA)6/(TA)7,
heterozygote UGT promoter; (TA)7/(TA)7, homozygosity for the variant
UGT promoter.
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to increased heme catabolism in the G-6-PD–normal (TA)7/
(TA)7 homozygotes were overwhelmed by the mechanisms lead-
ing to even higher baseline hemolysis in the G-6-PD deficiency
state. Because there was similar hemolysis in the (TA)7/(TA)7

subgroups of both the G-6-PD–deficient and –normal neo-
nates, we cannot assess whether (TA)7/(TA)7 homozygosity
independently, in the absence of increased hemolysis, would
have resulted in increased PTB concentrations.

In this study, we examined only the (TA)n allele of the
UGT1A1 gene promoter. This UGT1A1*28 mutation is the
most common mutation associated with Gilbert syndrome in
Caucasian populations and has an established association with
neonatal hyperbilirubinemia. Further information on this poly-
morphism can be found at http://som.flinders.edu.au/FUSA/
ClinPharm/UGT/1A1alleles.html. The only other UGT muta-
tion associated with Gilbert syndrome and with neonatal
hyperbilirubinemia is the G71R mutation (35). However, this
mutation is rare in Caucasians and is encountered primarily in
Asian populations. Other UGT mutations associated with
Gilbert syndrome were not studied as they have not been
demonstrated to be associated with neonatal hyperbiliru-
binemia (36). The genotype distribution of the UGT pro-
moter (TA)n sequence cannot be expected to be in Hardy-
Weinberg equilibrium. Although we enrolled only males
whose Sephardic Jewish mother’s families had immigrated
to Israel from geographic areas in the Middle East, the
communities from which they came had been widely scat-
tered for two millennia. During the centuries of dispersion,
there was most likely some intermarriage with the local
populations. Since these groups immigrated to Israel start-
ing in the early 1950s, there has been a growing trend
toward intermarriage between population subgroups. The
population we studied, therefore, cannot be considered a to
represent a homogeneous group.

A unique aspect of this study is that the design enabled us
to simultaneously assess heme catabolism as well as the effect
of the UGT promoter polymorphism in the same individuals.
Our data show that, although steady-state PTB concentrations
were similar at the time of sampling, the processes contribut-
ing to PTB, especially bilirubin production, were different in
G-6-PD–deficient neonates than in those with normal enzyme
activity. It is important to realize that, although PTB concen-
trations do not usually reach exceptionally high levels, in the
G-6-PD–deficient state, heme catabolism functions at a higher
rate than normal, and diminished bilirubin conjugation plays a
major role. These forces may exacerbate the lack of equilib-
rium between bilirubin production and elimination. Should
these newborns be exposed to additional oxidative stressors,
or have further compromise of the bilirubin conjugating sys-
tem, the additional resultant bilirubin load might exceed the
body’s ability to eliminate that substance, with the potential of
severe hyperbilirubinemia. In the future, implementation of a
genetic screening test with rapid turnabout time might be
effective in complementing G-6-PD screening, thereby further
pinpointing those neonates at high risk of developing hyper-
bilirubinemia.
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