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Introduction

In the 19th century it was already known that unconjugated hyperbilirubinemia could 
potentially harm the central nervous system of jaundiced newborn infants. Yellow 
staining of deep brain nuclei in jaundiced infants was first reported in 1847.

The term kernicterus (in German, kern = nucleus; in Greek, ikterus = yellow) 
was first denoted in 1903 to describe the pathological findings of this specific yellow 
staining pattern.(1) Nowadays, kernicterus is not only used to describe the patho-
logical findings, but also to describe the clinical findings of acute and/or chronic 
bilirubin encephalopathy in jaundiced infants.(2, 3) Although acute kernicterus is 
an unambiguous clinical disorder in severely jaundiced newborn infants with the 
possibility of permanent sequelae, subtle forms of bilirubin encephalopathy referred 
to as bilirubin-induced neurological dysfunction, also known as BIND have evolved 
more recently.(4) This chapter aims to describe the pathophysiology of bilirubin 
neurotoxicity, its clinical spectrum and diagnostic tools. Novel treatment modalities 
to prevent infants from developing severe unconjugated hyperbilirubinemia and 
bilirubin neurotoxicity will be highlighted.

Pathophysiology – Risk Factors

The risk of kernicterus and BIND may be in part determined by the concentration 
of Total Serum Bilirubin (TSB), which in neonates consists almost exclusively of 
unconjugated bilirubin (UCB), but is primarily determined by the concentration 
of non-albumin bound free bilirubin (Bf). Bf can easily pass the blood-brain barrier, 
and may better reflect the bilirubin load distributed in the brain.(5) Several cellular 
mechanisms of the brain protect the brain against bilirubin accumulation. One of 
these protective regulating mechanisms is UCB export from the brain to the blood 
by multidrug resistance P-glycoprotein 1 (MDR1) and most importantly by the 
multidrug resistance-associated protein 1 (MRP1).(5, 6) Data from in vitro and in 
vivo experiments have suggested that Bf, and not TSB, is the principal determinant 
of bilirubin neurotoxicity.(7–9) A number of pathophysiological factors are related 
to the variable clinical spectrum of bilirubin neurotoxicity. First, several mechanisms 
including necrosis and apoptosis are involved in bilirubin-induced neuronal damage, 
resulting in specific types of cellular damage and dysfunction.(5, 6, 10) Second, neural 
susceptibility to bilirubin neurotoxicity is not comparable in all cell types of the brain, 
neurons being more susceptible than glia cells with the exact mechanisms involved 
remaining speculative.(5, 6, 10) Third, the amount of UCB that enters the brain is 
dependent not only on the Bf concentration, but also on the intactness of the blood 
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brain barrier. The Bf concentration in plasma is determined by the concentration of 
unconjugated bilirubin bound to albumin, at a specific plasma pH, in relation to the 
affinity of bilirubin to bind albumin. Conditions associated with low albumin con-
centrations, or with displacement of bilirubin from albumin (e.g., by sulfonamides 
or free fatty acids) increase Bf concentrations. Conditions that decrease intactness 
of the blood-brain barrier (e.g., hyperosmolality, hypercapnia, asphyxia, prematurity, 
infection, and sepsis) can result in a net increase of UCB uptake in the brain.(4) 
Multiple other factors (i.e., cerebral blood flow, vascular permeability, cellular efflux 
pumps and cellular recovery capacity) may affect the development of neurotoxic-
ity at any given Bf concentration.(6) Some of these factors are incorporated as risk 
factors in management guidelines of jaundiced infants. Clinical evidence of most of 
these risk factors is limited. Most factors are based on anecdotal clinical evidence 
or theoretical and experimental animal data. Although imperfect, these factors are 
used by many clinicians to determine TSB thresholds before starting treatment.(2, 3, 
11–15) The risk factors that increase the susceptibility for bilirubin neurotoxicity and 
risk factors that pre-dispose to develop hyperbilirubinemia are shown in Table 1. Risk 
assessment of bilirubin neurotoxicity for each individual newborn infant involves 
more than measurement of the TSB concentration, and appears to be a dynamic 
process affected by continuously changing individual conditions. Unfortunately, Bf 
cannot be routinely measured so that concentration of TSB and the currently used 
risk factors are the principle parameters that determine treatment thresholds.

Table 1. Risk factors used in addition to TSB to assess the risk of bilirubin neurotoxicity in the 
management of jaundiced infants

Risk Factors

Acidosis 

Asphyxia 

Hemolysis 

Hypothermia 

Hypoalbuminemia or less albumin available to bind bilirubin

Intracranial hemorrhage 

Low birth weight 

Meningitis 

Prematurity

Sepsis
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Clinical Symptoms

The clinical spectrum of signs of bilirubin neurotoxicity relates to the bilirubin-induced 
damage to specific brain areas. Specific brain stem nuclei (auditory, vestibular and 
oculomotor), cerebellar Purkinje cells, basal ganglia (i.e., globus pallidus and subthala-
mus) and the hippocampus are particularly vulnerable to bilirubin neurotoxicity.(6, 
16) In the initial phase, acute bilirubin encephalopathy is characterized by lethargy, 
hypotonia and poor sucking. In the second or intermediate phase, most commonly 
within 2–3 days after the initial phase, hypertonia (retrocollis, opistotonus), discomfort 
and irritability dominate. The infant may develop fever, a typical high-pitched cry, and 
seizures, which may alternate with drowsiness and hypotonia. Exchange transfusion 
at this stage might reverse the central nervous system damage in some cases. When 
left untreated, this second phase progresses into a more advanced stage characterized 
by pronounced retrocollis-opisthotonus, shrill cry, apnea, fever, sometimes seizures, 
deep stupor to coma and even death.(3,17) Choreoathethosis, vertical gaze paralysis, 
auditory dysfunction, and dental dysplasia (Perlstein’s tetrad) and motor delay are the 
most commonly described permanent neurologic sequelae in infants who survive the 
acute phase of kernicterus. Intelligence is usually normal in these infants.(5,17) Less 
severe hyperbilirubinemia can result in subtle bilirubin encephalopathy referred to 
as ‘bilirubin- induced neurological dysfunction’ (BIND) or as ‘bilirubin- associated 
neurological dysfunction’ (BAND).(18) Subtle permanent bilirubin encephalopathy 
can present with auditory dysfunction and/or mild neurologic abnormalities such as 
mild impairment in neurologic and/or cognitive performance.(4,19) Involvement of 
the auditory nervous system dysfunction may result in sensorineuronal hearing loss 
or deafness. Alternatively, auditory dysfunction referred to as auditory neuropathy 
(AN) or auditory dys-synchrony (AD) may occur. AN/AD is defined as a normal 
neurophysiological test of the inner ear, i.e., normal cochlear microphonic responses 
and otoacoustic emissions, but an abnormal or absent auditory brainstem response 
(ABR) resulting in abnormal sound processing. AN/AD is clinically characterized 
by problems in sound localization and speech discrimination. Hearing loss is not 
present per se and a normal audiogram is often seen.(4)

Several studies have evaluated effects of moderate and severe degees of hyper-
bilirubinemia with respect to neurodevelopmental outcome in later childhood.(20) 
Considering the differences in incidence and severity of neurologic dysfunction in 
infants with a comparable severity of neonatal hyperbilirubinemia, it seems impos-
sible to predict outcome by TSB levels in jaundiced newborn infants. In general, 
preterm infants and infants suffering hemolytic disease seem to have an increased 
risk of neurologic sequelae of neonatal hyperbilirubinemia.(20)
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Isolated movement disorders such as athetosis or distonia are sometimes seen 
and in a retrospective analysis of extremely low birth weight infants a significant as-
sociation between peak concentrations of TSB during the first two weeks of life and 
neurodevelopmental impairment was found.(4, 17, 19, 21, 22)

Epidemiology

In the past century, kernicterus was almost exclusively seen in the context of high 
concentrations of TSB related to Rh hemolytic disease. When Rh disease became 
rare due to the introduction of Rh-immune globulin, and phototherapy appeared an 
effective treatment for unconjugated hyperbilirubinemia, the incidence of kernicterus 
decreased. Subsequently, treatment criteria were liberalized. As a combined result of 
the more liberal treatment criteria, a trend towards earlier hospital discharge (before 
the maximal TSB concentration is reached), and higher survival rate of preterm in-
fants, kernicterus remains a serious threat for jaundiced newborn infants. Nowadays, 
the exact incidence of kernicterus and BIND is unknown. This is, at least in part, 
related to differences in the definition of severe hyperbilirubinemia and in methods 
of assessing neurodevelopmental outcome among studies. In a prospective study 
investigating severe hyperbilirubinemia (defined as maximum TSB >510 µmol/L) 
of the newborn in the UK, the incidence of bilirubin encephalopathy was ~1 case 
per 100,000 live births.(23) It is estimated that 1–3 per 100,000 live births are at risk 
of developing kernicterus when untreated and that 5–10% of infants surviving severe 
hyperbilirubinemia suffer permanent sequelae.(6, 20)

Diagnosis

Current management guidelines for jaundiced infants are actually based on the total 
serum bilirubin (TSB) concentrations. Because exact neurotoxic TSB concentrations 
are unknown and risk factors for imminent bilirubin neurotoxicity are not evidence 
based, other diagnostic tools, in addition to TSB, may be valuable to detect imminent 
BIND in jaundiced newborn infants (Table 2).

To evaluate the risk of BIND, the history of the infant is important. Information 
about the gestational age, physical examination and the presence of risk factors for 
bilirubin neurotoxicity as well as the duration of the hyperbilirubinemic period, the 
presence of acute symptoms and whether the child has previously been treated or 
not is crucial data to diagnose BIND at a later age.(24)

Although preliminary clinical series and in vitro data point to a correlation between 
Bf and BIND, the difficulty of clinically measuring Bf has prevented its introduction 
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in clinical practice. Alternatively, the Bilirubin/Albumin ratio (B/A ratio) could be 
used as a surrogate parameter to indicate Bf concentrations.(25,26) However, due to 
the presence of bilirubin displacers, i.e., drugs that interfere with the bilirubin- albu-
min binding, Bf may reach values much higher than suggested by the calculated B/A 
ratio. In addition, the individual variability in the binding affinity of the albumin for 
bilirubin should also be taken into account. Alternatively, other plasma constituents 
such as apolipoproteins may bind UCB, and decrease Bf. Consequently, the B/A ratio 
seems an imperfect surrogate to estimate Bf. It needs to be outlined however, that 
Bf may also be an imperfect predictor of bilirubin neurotoxicity, since many factors 
affect the development of bilirubin neurotoxicity at any given Bf level.

The theoretical considerations and clinical evidence for the concept that additional 
use of the B/A ratio, i.e., next to TSB, in jaundiced premature infants might improve 
the prediction of BIND has been recently reviewed. Although no prospective clinical 
trials exist, it is suggested that the additional use of the B/A ratio may be valuable in 
evaluating jaundiced premature infants.(27–31) A randomized controlled trial inves-
tigating the additional use of the B/A ratio in the treatment of hyperbilirubinemia 
in preterm infants (ISRCTN74465643) is underway and will hopefully provide the 
answer to this important question.

The possibility that biochemical markers, i.e., use of Tau and S100B protein con-
centrations, are useful in the diagnosis of bilirubin-induced neurotoxicity has been 
studied in hyperbilirubinemic newborn infants.(32) Tau is a microtubule-associated 
structural protein of central nervous system neurons. S100B protein, a neurotrophic 
factor, is synthesized in astroglial cells in the central nervous system and Schwann 
cells. Previous data showed increased Tau and S100B protein concentration in plasma 
and/or cerebrospinal fluid in patients with cerebral injury (e.g., hypoxia and trauma). 
In a prospective study of 92 hyperbilirubinemic non-asphyxiated infants, Tau and 
S100B protein concentration was positively correlated with TSB concentration. 
Tau and S100B concentration increased at TSB concentration above 327 µmol/L, 
as observed in 46 infants. At lower TSB concentrations, protein concentrations re-
mained unchanged. Above a TSB concentration of 327 µmol/L, clinical symptoms of 
bilirubin encephalopathy (i.e., auditory neuropathy, minor neurologic dysfunction 
and electroencephalographic abnormalities) were present in 22 of 46 of the infants. 
Compared to TSB concentrations, measurement of Tau and S100B protein concen-
tration did not improve sensitivity or specificity for any of the described clinical 
symptoms. The use of Tau and S100B protein concentration in the assessment of 
BIND is not recommended.

The neural auditory pathway is very susceptible to bilirubin toxicity putatively re-
sulting in sensorineurinal hearing loss or auditory neuropathy also known as auditory 
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dys-synchrony. A frequently used, non-invasive and very sensitive tool to determine 
bilirubin neurotoxicity, is the Auditory Brainstem Response (ABR), which allows 
for determination of electrophysiological activity of the neural auditory pathway. 
The ABR consists of a sequence of positive waves (numbered I–V) representing the 
auditory pathway from inner ear to brainstem. Wave I and II represent the peripheral 
auditory nerve and waves III–V represent the activity in the auditory centers at the 
brain stem level of the pathway (cochlear nucleus and lateral lemniscus, respectively).
(33) Bilirubin-induced ABR changes mainly involve waves III and V and may progress 
from reversible increased interwave latencies to the loss of wave amplitude. ABR 
changes can be transient, but may also progress into permanent wave changes or even 
loss of any recognizable wave.(7,27) A bedside method to evaluate the intactness 
of the auditory pathway is the Automated Auditory Brainstem Response (AABR) 
with an ALGO hearing screening system (Natus Medical, San Carlos, CA, USA). 
AABR measurements are simplified ABR measurements and able to identify infants 
with abnormal cochlear or auditory function. A pass or refer result is shown on the 
ALGO machine for each ear of the infant. In an observational study of 83 Kernicterus, 
Bilirubin Induced Neurological Dysfunction and New Treatments for Unconjugated 
Hyperbilirubinemia 191 patients of variable birth weight (406–4727 g) and variable 
gestational age (24–42 weeks), an abnormal ALGO result (bi-or unilateral refer) was 
associated with increased Bf concentrations and Bf /TSB ratios, but not with TSB 
concentrations alone.(34)

Another tool to identify acute and chronic bilirubin neurotoxicity in jaundiced 
infants is Magnetic Resonance Imaging (MRI).(18) MRI changes include bilateral 
hyperintensity of globus pallidus on T1-weighted scans in the early phase (first 3 weeks 
of life) and most commonly subtle but persis - tent pallidal hyperintensity, suggestive 
of permanent gliosis, on late T2-weighted scans (with disappearance of hyperintensity 
on T1-weighted scans). The subthalamic nucleus and hippocampus are affected less 
frequently (approximately 40% and 5% of reported cases, respectively). Bilateral dam-
age of the globus pallidus and the subthalamic nucleus are specific signs of bilirubin 
neurotoxicity, which sometimes can also be visualized with ultrasonography, and is 
a key in the differentiation between hypoxic-ischemic encephalopathy or metabolic 
disorders, which predominantly affect the thalamus.(30) The additional value of MR 
spectroscopy to MRI is not completely clear, but acute changes in cerebral metabolism 
have been shown in bilirubin encephalopathy.(35)

In 1999, a clinical scoring system was developed to evaluate the risk of exposure 
to unconjugated hyperbilirubinemia. Clinical signs of bilirubin encephalopathy 
include mental status, muscle tone and cry of the infant. Dependent on the level of 
abnormality, 0–3 points are obtained for each clinical sign, resulting in an overall 
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score between 0 and 9, representing no toxicity or advanced toxicity, respectively. 
Validation of this scoring system is in progress.(36, 37)

Table 2. Diagnostic tools to evaluate the severity of hyperbilirubinemia and/or risk of imminent 
bilirubin neurotoxicity

Diagnostic tool

Anamnestic 
History of hyperbilirubinemic period
Treatment for neonatal hyperbilirubinemia
Gestational age
Risk factors present in hyperbilirubinemic period
Symptoms of kernicterus during hyperbilirubinemic period
Abnormal physical examination

Total serum bilirubin concentration

Free bilirubin concentration 

Bilirubin/albumin ratio 

Auditory brainstem response

Magnetic resonance imaging

BIND score

BIND = Bilirubin induced neurological dysfunction

Treatment

To identify newborns at risk for severe hyperbilirubinemia and to prevent bilirubin 
neurotoxicity, guidelines have been developed for the management of jaundiced in-
fants. The American Academy of Pediatrics’ Subcommittee on Hyperbilirubinemia 
adapted a guideline for hyperbilirubinemic infants of 35 or more weeks of gestation 
in 2004.(3) Currently, this guideline is adapted by many countries worldwide for 
the management of jaundiced ‘near term’ and term newborn infants. However, 
international guidelines for preterm infants are lacking and rather local or national 
guidelines for preterm infants are used, such as the consensus-based guideline on 
hyperbilirubinemia for preterm infants of 35 or less weeks of gestational age in The 
Netherlands (www.neonatologiestudies.nl/main/richtlijnen).(38) Few prospec-
tive studies have analyzed effects of different TSB-thresholds on longterm out-
come (Table 3). In a group of 95 low birth weight infants, hyperbilirubinemia was 
treated either with prophylactic phototherapy (starting 12 hours after birth, n = 46) 
or conservative phototherapy (starting at fixed TSB threshold concentrations of 
150 µmol/L, n = 49). The maximum TSB concentrations were comparable in both 
groups, but in a subgroup of extreme low birth weight infants (ELBW, < 1000 g), the 
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maximum TSB concentrations were significantly higher in the conservative group 
(171 µmol/L versus 139 µmol/L, conservative versus prophylactic treatment) with 
a concomitant higher incidence of cerebral palsy. However, since the study was not 
originally powered for this outcome, it failed to demonstrate significant differences 
in long-term neurodevelopmental outcome.(39) Another randomized controlled 
trial assigned 1974 ELBW preterm infants to a prophylactic phototherapy group 
(started immediately postnatal) or a conservative phototherapy group (based on 
predefined TSB threshold concentrations: 137 µmol/L for infants weighing 501–750 g 
and 171 µmol/L for infants weighing 751–1000 g). The primary outcome of this study 
was a combination of neurodevelopmental impairment (defined as blindness, severe 
hearing loss, moderate of severe cerebral palsy, or a score below 70 on the mental or 
psychomotor developmental index of the Bayley Scale of Infant Development II) 
or death. In this study, maximum TSB concentrations were significantly higher in 
the conservative group: 168 µmol/L versus 120 µmol/L in the prophylactic group. 
Prophylactic phototherapy significantly reduced the risk of neurodevelopmental 
impairment (relative risk (95% confidence intervals): 0.86 (0.74–0.99)). This benefit 
of prophylactic phototherapy seems questionable for infants with a birth weight of 
501–750 g, because in this group a non-significant trend of increased mortality was 
found.(40)

Table 3. Long-term outcome of randomized controlled trials on TSB thresholds

Author/ 
Year

Population Phototherapy Long term outcome

Pro phylactic Conservative

Morris, 
2008(1)

ELBW 
infants  
(BW  
<1000 g.) 
n=1974

direct post-
natally  

137 µmol/L  
(BW 501– 
750 g)  
 
or 
  
171 µmol/L  
(BW 751–
1000g)

No significant difference for the 
combination of death or neuro-
logical impairment Prophylactic 
phototherapy reduced the risk of 
neurodevelopmental impairment 
(RR=0.86 (95% CI: 0.74 to 0.99)  
Non-significant higher mortal-
ity among infants with a BW of 
501–750 g (RR=1.13 (95% CI:0.96 
to 1.34)

Jangaard, 
2007(2)

LBW 
infants 
(<1500 g)  
n=95

12 hours 
postnatally  

150 µmol/L Non-significant increase in cere-
bral palsy and death in a sub-
group of infants (with a BW <1000 
g) in the conservative group

ELBW: extreme low birth weight, i.e., birth weight less than 1000 grams; LBW: low birth weight, i.e., 
birth weight less than 1500 grams. RR: relative risk, CI: Confidence Intervals. 17.1 µmol/L = 1 mg/dL 
bilirubin



28

New Treatments for Unconjugated Hyperbilirubinemia

Conventional treatment for severe unconjugated hyperbilirubinemia consists of pho-
totherapy and exchange transfusion. Although phototherapy is considered effective 
and safe, it does not always prevent toxic accumulation of bilirubin in neonates. Long-
term phototherapy, as required by Crigler- Najjar patients may take up to 16 hours per 
day and becomes less effective with age. In spite of this intensive treatment regimen, 
approximately 30% of the patients with Crigler-Najjar disease type I develop mild 
to severe brain damage. In addition, patients still die resulting from complications 
related to the disease.(41) Exchange transfusion should be considered if phototherapy 
fails to decrease plasma bilirubin below toxic levels. This ‘rescuetreatment’ however, 
is associated with a significant morbidity in sick newborns, and even mortality has 
been reported. These considerations have prompted investigators to develop alterna-
tive treatments for unconjugated hyperbilirubinemia.(42) Most of these treatments 
are still in an experimental phase. Nevertheless, it is highly conceivable that some of 
them will find their way into clinical practice in the foreseeable future.

Treatments That Decrease the Production of Bilirubin

Treatments that decrease the production of bilirubin could actually prevent uncon-
jugated hyperbilirubinemia, which would be a more rational strategy compared 
with removing bilirubin that is already accumulated in the body (see Chapter 84). 
Bilirubin is produced in the macrophages of the reticuloendothelial system. These 
macophages contain two essential enzymes: heme oxygenase (HO) and biliverdin 
reductase. Heme oxygenase converts heme, the source of bilirubin, into blue-green 
biliverdin. Biliverdin reductase then converts biliverdin into bilirubin. Consequently, 
bilirubin production can be decreased by agents that inhibit HO, and/or biliverdin 
reductase (Fig. 1). Several agents have been developed to inhibit these enzymes 
such as the metalloporphyrins.(43,44) Metalloporphyrins compete with heme for 
HO binding sites resulting in a competitive inhibition of HO and in a decreased 
conversion of heme into biliverdin. Currently, tinmesoporphyrin is the most evalu-
ated metalloporphyrin in humans. In the 8 clinical trials so far conducted, it was 
demonstrated that this agent mitigates unconjugated hyperbilirubinemia due to 
ABO incompatibility and prematurity. Also, the use of tin-mesoporhyrin replaced 
the need for phototherapy in glucose-6-phosphate dehydrogenase deficient new-
borns. Tin-mesoporphyrin thus seems a highly promising new treatment strategy 
for unconjugated hyperbilirubinemia. Currently, however, metalloporhyrins cannot 
be recommended for routine treatment of unconjugated hyperbilirubinemia due to 
insufficient evidence regarding the long-term safety of these agents.
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D-penicillamine, a chelating agent that is used in the treatment of Wilson’s disease, 
is another HO-inhibitor (Fig. 1).(43) The use of this agent decreased the number of 
exchange transfusions in infants with ABO-hemolytic disease, but its efficacy has only 
been evaluated in a single clinical trial. Curiously, inhibitors of biliverdin reductase 
have never been explored, most likely because the accumulation of biliverdin in the 
blood would produce green babies.

Figure 1. Inhibitors of heme oxygenase effectively decrease the conversion of heme into biliverdin, 
the first essential step in bilirubin production. Reproduced from (43), with permission

Treatments That Increase the Hepatic Clearance of Biliribin

Almost all bilirubin is excreted via the bile, and many therapies aim to enhance this 
excretory pathway by targeting the hepatic clearance of the bilirubin. Previously it 
has been described how newly produced bilirubin enters the microcirculation of 
the liver from where it is extracted by the hepatocytes. In the hepatocyte, bilirubin 
is firstly bound to cytosolic ligandin, which prevents its diffusion back into the 
blood. The enzyme UDP-glucuronosyltransferase 1A1 (UGT1A1), which resides in 
the endoplasmatic reticulum of the hepatocytes, subsequently conjugates bilirubin 
with one or two glucuronic acid groups. This step increases the water solubility 
of the molecule and allows the now conjugated bilirubin to be excreted into the 
bile via the canalicular transporter MRP2. Several therapies target these 3 steps in 
bilirubin catabolism (Fig. 2). Clofibrate, a lipid-lowering drug, increases UGT1A1 
activity (Fig. 2). This drug mitigated neonatal unconjugated hyperbilirubinemia in 
several clinical trials, and decreased the need for phototherapy if applied as add-on 
treatment. However, long-term clofibrate use is associated with an overall increase 
in non-cardiovascular mortality. Although short-term clofibrate treatment has not 
been shown to have serious adverse effects, its safety issues must be addressed before 
it could be considered for clinical use.
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The most well-known agent that enhances hepatic bilirubin clearance is pheno-
barbital. This anti-epileptic agent enhances ligandin, UGT1A1, and MRP2 activity 
(Fig. 2). Since the 1960s, phenobarbital has been used extensively in the treatment 
of neonatal jaundice. Numerous clinical trials have shown that administering pheno-
barbital to pregnant women or to newborns mitigates neonatal hyperbilirubinemia 
and decreases the number of exchange transfusions. Nevertheless, phenobarbital is 
currently not used as a routine treatment of neonatal jaundice. This is mainly because 
phototherapy is more effective, decline of TSB concentrations in infants treated with 
phenobarbital and phototherapy is not faster when compared to phototherapy alone, 
and because its therapeutic effect is not evident until a few days after administra-
tion, in contrast to some of the adverse effects (i.e., sedation).(43) Phenobarbital 
is still applied in Crigler-Najjar type II patients, who have a 95% decrease in UDP-
glucuronosyltransferase activity. In these patients Phenobarbital is able to increase 
the residual enzyme activity, which effectively counteracts the development of severe 
unconjugated hyperbilirubinemia. Phenobarbital is not effective in the treatment of 
Crigler-Najjar type I, however, because these patients lack residual (e.g., inducible) 
UDP-glucuronosyltransferase activity.

The most effective treatment for Crigler-Najjar disease type I would be to repair 
or replace the defective UGT1A1 in the liver. Currently, this can only be achieved by 
a liver transplantation. In 1986 the first successful orthotopic liver transplantation 
(OLT) in a Crigler-Najjar patient was reported, and several other patients have un-
dergone transplantation since.

Two types of transplantation have been used: OLT in which the patients’ own 
liver is replaced by a donor liver, and auxiliary liver transplantation in which part 
of the own liver is left in situ and is supported by a donor graft. If successful, a liver 
transplant completely corrects the underlying metabolic defect, which dramatically 
improves the quality of life. Liver transplantation, however, remains a high-risk 
procedure, with a one-year survival between 85% and 90%. Infusion of hepatocytes 
with an unimpaired UGT1A1 activity into the liver of Crigler-Najjar patients would 
be an attractive alternative to a liver transplant. This procedure, which is known as 
hepatocyte transplantation, could partially restore enzyme activity without the many 
complications that are associated with a liver transplant. So far, 7 Crigler-Najjar type 
I patients have received this treatment, often with multiple infusions of hepatocytes 
(for example via the portal vein). Hepatocyte infusion, however, decreased plasma 
bilirubin levels only for a limited period of 5–6 months and did not eliminate the 
need for a liver transplant in these patients.(45,46) Ultimately, gene therapy would 
be the most elegant method to repair or replace defective UGT1A1 within the hepa-
tocytes of Crigler-Najjar type I patients. The results of gene therapy seem promising 
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in animal models.(47) Currently, however, the results of ongoing clinical trials must 
be awaited before gene therapy can be applied in Crigler-Najjar patients.

Figure 2. Phenobarbital and clofibrate increase the hepatic clearance of bilirubin.  
Alb albumin, UCB unconjugated bilirubin, UGT1A1 UDP-glucuronosyltransferase1A1. 
Reproduced from (43), with permission

Treatments That Decrease the Enterohepatic Circulation of Bilirubin

After conjugation, bilirubin enters the intestinal lumen via the bile. The intestinal con-
jugated bilirubin is subsequently mostly hydrolyzed to UCB, which can be reabsorbed 
into the enterohepatic circulation (Fig. 3a). The majority of this reabsorbed UCB, 
however, spills over into the systemic circulation due to the poor first pass extraction 
by the liver. Conditions that enhance this enterohepatic circulation contribute to 
the pathogenesis of unconjugated hyperbilirubinemia. For example, poor feeding 
in neonates is associated with increased plasma bilirubin levels most likely caused 
by a delayed gastrointestinal transit, which increases the amount of intestinal UCB 
available for reabsorption. Indeed, conditions that accelerate the gastrointestinal 
transit, such as early and frequent feedings, seem to lower plasma bilirubin levels in 
newborn infants.(48,49) Bilirubin reabsorption could also be prevented by agents 
that bind and capture the pigment within the intestinal lumen (Fig. 3b).

Several capturing strategies have so far been tested. Cholestyramine, a known 
binder of bile salts, and agar, a gelatinous substance derived form seaweed, decreased 
plasma bilirubin levels in hyperbilirubinemic rats, but was less effective in neonates. 
Treatment of neonates with activated charcoal effectively decreased plasma bilirubin 
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levels, but only if it was administered within the first day of life. Charcoal, however, 
might also capture essential nutrients, which limits its clinical applicability.(43) 
Oral amorphous calcium phosphate did lower plasma bilirubin levels, but only in 
Crigler-Najjar type I patients. Calcium phosphate is currently used in a number of 
Dutch Crigler-Najjar type I patients as an adjunct to phototherapy if plasma uncon-
jugated bilirubin levels become dangerously elevated. Orlistat, a lipase inhibitor, 
increases the intestinal fat content, which is hypothesized to capture the lipohilic 
unconjugated bilirubin. Orlistat has been shown to lower plasma bilirubin levels in a 
trial with Crigler-Najjar patients, but the decrease was considered clinically relevant 
(i.e., >10%) in only 7 of 16 patients. Zinc salts are also well-known binders of uncon-
jugated bilirubin, and moderately decreased plasma bilirubin levels in patients with 
Gilbert’s syndrome.(43) This inherited condition is characterized by a chronic, mild 
unconjugated hyperbilirubinemia related to diminished hepatic UGT1A1 expression. 
Administration of zinc salts, however, may lead to increased zinc levels in plasma, 
which may limit their clinical use.

Figure 3.  
A. Normally, and especially in conditions that delay the intestinal transit, there is an enterohepatic  
      circulation of unconjugated bilirubin which increases plasma bilirubin levels.  
B. Binding unconjugated bilirubin to capture agents in the intestinal lumen may prevent this  
       enterohepatic circulation and thus decrease plasma bilirubin levels. UCB unconjugated bilirubin 

CB conjugated bilirubin, EHC enterohepatic circulation. Reproduced from (43), with permission
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Future Prospective

As indicated above, the molecular events leading to BIND are still partially unde-
fined, as the criteria are not fully described to define BIND when the damage may be 
successfully treatable. It is therefore necessary to approach this increasingly present 
damage in a more translational way linking in vitro with in vivo models. This will 
hopefully provide hints on an effective prevention of the neurological damage in 
addition to the established phototherapy. To this end we need to better understand 
how unconjugated, free bilirubin may enter the cell and how the cells handle this 
potentially toxic substance. We know that MRP1 may extrude UCB from cells but 
data obtained in vitro suggest that the activity of this ABC transporter is not the 
only player in reducing UCB cytotoxicity. Intracellular oxidation of UCB may be 
an additional mechanism that needs to be assessed, as pharmacological inducers of 
oxidizing pathways are available. Also it is still unknown why UCB accumulates and 
damages only certain regions of the brain. Understanding this unexplained uneven 
distribution will unravel the background for regional sensitivity. Collectively these 
data will hopefully allow the definition of more effective treatments not only for the 
newborns but also for patients with Crigler-Najjar type I.
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