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Experimental models assessing bilirubin neurotoxicity
Giulia Bortolussi1 and Andrés F. Muro1

The molecular and cellular events leading to bilirubin-induced neurotoxicity, the mechanisms regulating liver and intestine
expression in neonates, and alternative pathways of bilirubin catabolism remain incompletely defined. To answer these questions,
researchers have developed a number of model systems to closely recapitulate the main characteristics of the disease, ranging from
tissue cultures to engineered mouse models. In the present review we describe in vitro, ex vivo, and in vivo models developed to
study bilirubin metabolism and neurotoxicity, with a special focus on the use of engineered animal models. In addition, we
discussed the most recent studies related to potential therapeutic approaches to treat neonatal hyperbilirubinemia, ranging from
anti-inflammatory drugs, activation of nuclear receptor pathways, blockade of bilirubin catabolism, and stimulation of alternative
bilirubin-disposal pathways.
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INTRODUCTION TO BILIRUBIN METABOLISM AND ITS
IMPAIRMENT
Unconjugated hyperbilirubinemia is caused by the alteration of
bilirubin metabolism. Unconjugated bilirubin (UCB) is poorly soluble
in body fluids and, once produced, it binds to serum albumin,
reaches the liver, entering the hepatocytes by passive diffusion or
active transport. In the liver,1 UDP glucuronidase transferase 1A1
(UGT1A1) converts UCB into mono- and di-glucuronidated bilirubin,
which are secreted into the bile fluid via the multidrug resistance
protein 2 (ABCC2), then reaching the intestine.2

Neonatal jaundice occurs in 60% of term neonates and almost
all pre-term newborns,3,4 and is often considered beneficial due to
the antioxidant properties of bilirubin.5–7 It is caused by a transient
delay in UGT1A1 gene activation that self-resolves within few
days.8 However, during severe unconjugated hyperbilirubinemia
(SUH) the excess of UCB that cannot bind to albumin [also called
free bilirubin (Bf)] accumulates in lipid-rich tissues, such as the
brain, reaching toxic levels and causing neurological damage and,
potentially, death by kernicterus.9

SUH in neonates is caused by genetic and non-genetic factors,
or by a combination of both.9,10 Several non-genetic factors
contribute to SUH, ranging from hypoxia and infections to hepatic
disorders, neonatal jaundice, and breast milk jaundice.10

Breast milk jaundice has been recognized as an important factor
for the development of SUH, since it acts both as a trigger and as a
concomitant effector. Although it was described as early as
1964,11 only recent studies showed that suppression of intestinal
UGT1A1 expression by breast milk feeding is associated with
higher UCB levels (see ref. 12 and the “Hepatic and gastrointestinal
factors contributing to neonatal hyperbilirubinemia” Section below
for a detailed description).
Management of neonatal hyperbilirubinemia includes guidelines

for standard and effective treatments to reduce bilirubin toxicity.3

Among them, intensive phototherapy (PT) is the universal
treatment for every type of unconjugated hyperbilirubinemia.13

However, some neonates fail to respond to intensive PT due to
concurrent factors and may need more invasive procedures.3,14–20

Thus, further efforts are required to dissect the mechanisms leading
to bilirubin-induced neurological damage. A number of in vitro and
in vivo models have been developed in order to study different
aspects of bilirubin neurotoxicity and to test novel experimental
treatments aiming at limiting the risk of neurological damage, and
are described below.

IN VITRO AND IN VIVO MODELS TO STUDY BILIRUBIN
METABOLISM, TOXICITY, AND POTENTIAL THERAPEUTIC
APPROACHES
More effective treatments and biomarkers to trace disease
progression will be developed after a deeper understanding of
the key mechanism underneath. To reach these goals it is essential
to generate and study model systems that closely recapitulate the
main characteristics of the disease of interest. In the next sections,
we will describe the valuable models studied so far to understand
the pathophysiology of SUH and discuss their important impact on
the development of new therapeutic strategies to tackle the disease.

In vitro models
The exposure of cell types of different origins to UCB allowed the
exploration of several molecular aspects of bilirubin toxicity,
ranging from oxidative stress, DNA damage, endoplasmic
reticulum (ER) stress, bilirubin-clearance mechanisms by transpor-
ters, and autophagy.21–29

Among the in vitro cell cultures extensively used to study bilirubin
neurotoxic, we list two major groups: immortalized cell lines and
primary cultures. To the former group belong human neuroblas-
toma cell lines (SH-SY5Y),21,22,25,30 HeLa cells (cervical cancer);23,24,31

Hepa 1c1c7 mouse hepatoma cell line;26,32,33 and human U87
astrocytoma cells.22,34 HeLa cells have also been modified to stably
express a reporter gene, such as in the case of HeLa DR-GFP cells.23
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These cell types exposed to different concentrations of UCB allowed
the exploration of several molecular aspects of bilirubin toxicity.21–26

Key information was also provided by experiments performed
in rat and mouse primary cultures of neurons, astrocytes,
microglia, oligodendrocytes, endothelia cells (see ref. 35 for a
detailed description), and embryonic fibroblasts,27,36 systems
having properties closer to their original in vivo situation, without
carrying the complexity of the whole tissue. However, the loss of
natural environment is accompanied by a change in the cell–cell
relationships, and morphological and physiological properties.
Among the neuronal cells, primary hippocampal neurons are the

main cell type used to test bilirubin response. These cells exposed
to bilirubin show important morphological, biochemical/metabolic,
and molecular changes reflecting in vivo features, such as reduction
in axon and dendrites, increased cell death, increased oxidation and
mitochondrial dysfunction, and overexpression of protection
mechanisms (active transporters, detoxification pathways, pro-
survival mechanism, and inflammatory markers).35 In addition, less
differentiated neuronal cell types appeared to be more sensitive to
bilirubin compared to differentiated/aged ones.37

Reports both from patients affected by kernicterus and studies
in animal models showed that bilirubin toxicity is region-specific,
affecting only selected areas of the brain and specific neurons in
these regions.9,38–40 The causes might be related to several factors,
ranging from bilirubin regional load, capacity of the specific
neuronal cell types to clear bilirubin from the tissue, to cell type,
and the level of differentiation/aging.36,38,41–43

Oligodendrocytes are very susceptible to the bilirubin insult
mirroring, to some extent, the observations reported in neurons.
In addition, oligodendrocytes showed reduced myelin basic
protein production with the consequent impairment of myelin
sheet formation and neuronal axonal function.44

Glial cells (astrocytes and microglia) respond promptly to
bilirubin by triggering mitogen-activated protein kinase pathways
(p38, JNK1/2, and ERK1/2) and by releasing pro-inflammatory
mediators (tumor necrosis factor-α (TNFα), interleukin-1β (IL-1β), IL-
6, nuclear factor-κB (NF-κB); see ref. 35 for a detailed description).
A higher level of complexity was reached with heterotypic cell

cultures (also named co-cultures), since this system allowed the
exploration of the crosstalk between different neuronal cell types
in response to UCB. A pivotal study showed that astrocytes
protected neurons from UCB toxicity when simultaneously
exposed to bilirubin, while they were detrimental for neuronal
survival when extensively stimulated.45

However, these approaches have some disadvantages conse-
quent to the loss of the natural environment, with changes in
cell–cell relationships, morphological and physiological properties,
potential contamination with different population of cells, and
their limited lifespan in culture.

Ex vivo models: organotypic cultures
Researchers developed more sophisticated assays based on slices
of the entire brain (or a region of interest), namely organotypic
cultures (or slices), being ex vivo models in which an isolated
tissue is cultured in vitro. Culturing brain slices couples the
benefits of in vivo studies to those of in vitro cultures, allowing the
study of selected brain regions at the desired developmental
stage. They transiently maintain the structure, cellular complexity,
and heterogeneity of the organ and, in addition, can be exposed
to different culture conditions.
Very few studies exploited organotypic brain cultures to study

bilirubin toxicity,43,46–48 in particular hippocampal slices, showing
the impairment of synaptic plasticity by bilirubin and the
involvement of microglia as a key player in UCB-induced
neurotoxicity.46,47 Likewise, researchers tested different types of
drugs for their ability to thwart cytotoxicity when used in
combination with bilirubin, such as glycoursodeoxycholic acid,
minocycline, curcumin, and indomethacin.43,46

Interestingly, Silva et al.49 evaluated bilirubin toxicity in non-
depleted and microglia-depleted hippocampal organotypic
slices showing that bilirubin-induced cell death increased in
non-depleted slices, indicating that microglia can exacerbate
bilirubin toxicity.
Some results need further exploration, as those from Dal Ben

et al.,43 who showed that organotypic slices derived from
hippocampus are more susceptible to bilirubin than the inferior
and superior colliculus or cerebellum, or those of Dani et al.,48 who
showed that more immature slices were more resistant to
bilirubin,48 being the opposite of what was observed in in vivo
and other in vitro models of hereditary unconjugated
hyperbilirubinemia.37,39,50–56 Such discrepancies are most likely
due to different experimental conditions applied, such as
developmental stages of the donor brains that might influence
neuronal susceptibility, days in culture prior to use, concentrations
of bilirubin applied, which can greatly differ from the one
observed in vivo, as well as bilirubin–albumin ratio or Bf
calculations in the culturing media compared to in vivo.

In vivo models
As in the case of in vitro assays, isolated tissues do not completely
replicate all disease features manifested in patients. This is
accomplished to a good extent by the use of animal models.
In the following sections we will discuss in detail in vivo models

and their important contribution to the understanding of bilirubin
toxicity (Table 1).

Genetic in vivo models of severe hyperbilirubinemia. Naturally
occurring mutations: the Gunn rat. It was described in 1938 as a
spontaneously jaundiced mutant strain of Wistar rats,57,58 and the
vast majority of in vivo knowledge on bilirubin metabolism and
toxicity derives from the study of this model. Hyperbilirubinemia
in these animals is caused by the complete deficiency of Ugt1a1
enzymatic activity, consequent to the presence of a premature
stop codon in exon 4 of the Ugt1a gene, resulting in a truncated
protein59 that is rapidly degraded.60 Bilirubin affects brain
development, with cerebellar hypoplasia and alterations of
brainstem auditory-evoked potentials (BAEPs).55,56,61 However,
untreated Gunn rats only partially recapitulate the human
syndrome, reaching adulthood and being fertile. Thus, Gunn rats
are frequently treated with different hemolytic drugs or
albumin–bilirubin displacers to exacerbate hyperbilirubinemia
(i.e., phenylhydrazine (PHZ), sulfadimethoxine; see the “Pharma-
cologically induced in vivo models” Section below for details).
Induced mutations. The development of methods for the

manipulation of the mouse genome have boosted the exploration
of key aspects of the disease, by generating constitutive and
conditional knockout, knock-in, and transgenic strains.12,36,39,50,51,62–64

These new animal models provided an extraordinary contribution to
the understanding of severe neonatal hyperbilirubinemia.
The first engineered mouse model of SUH was generated by

disrupting Ugt1 exon 4 by the neomycin cassette.64 Mutant mice
do not express Ugt1a1, present neonatal hyperbilirubinemia and
lethality within 11 days after birth, and are also a model of the
Crigler–Najjar syndrome type I.64 Since these animals die soon
after birth, to study neonatal hyperbilirubinemia the same group
generated other two strains by introducing the UGT1A*1 WT and
UGT1A1*28 Gilbert human alleles in the Ugt1a-null background.63

The humanized Tg(Ugt1A*1)Ugt1−/− strain rescued neonatal
lethality. However, bilirubin levels in the humanized Gilbert mice
were higher, and, interestingly, 10% of Tg(Ugt1A1*28)Ugt1−/− mice
developed extremely high bilirubin levels about 2 weeks after
birth and died from bilirubin toxicity showing seizures and
dystonia. The Tg(Ugt1A1*28)Ugt1−/− mouse model was further
used to study other aspects of bilirubin metabolism, by mating
them with pregnane X receptor (PXR) and constitutive active
receptor (CAR)-null strains,12,52,62,63,65–67 as detailed in the
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“Hepatic and gastrointestinal factors contributing to neonatal
hyperbilirubinemia” Section below.
Since only a small and unpredictable fraction of Tg(Ugt1A1*28)

Ugt1−/− developed kernicterus, a liver-specific knockout (KO) of
Ugt1a1 gene was generated.39,62 These animals develop severe
neonatal hyperbilirubinemia in the first 2 weeks after birth (95% of

mortality rate), recapitulating more closely the human syn-
drome.39 Likewise, to study the contribution of the liver and
intestine in the early postnatal days, a mouse strain with intestine-
specific inactivation of the Ugt1a gene was also generated.62

In parallel, our laboratory generated a mouse strain containing a
one-base deletion in the common exon 4 of the Ugt1 locus,

Table 1. Animal models for the study of bilirubin neurotoxicity and metabolism

Species/genetic modification or treatment Phenotype, main results, and applications References

Rat/spontaneous mutation in exon 4—
premature stop codon

Neonatal hyperbilirubinemia, cerebellar hypoplasia, alterations
of brainstem auditory evoked potentials (BAEPs); bilirubin
transporters and gene expression studies; mechanisms of
neurotoxicity; potential therapies

38,55–58,61,72,81,84,90,91,97,98,109,129,132,141

Rat/phenyl hydrazine (PHZ) Increased hemolysis, transient hyperbilirubinemia,
experimental model of kernicterus, bilirubin encephalopathy,
and abnormal BAEPs

80,82–84

Rat/sulfadimethoxine (Sulfa) Block of bilirubin binding to albumin; increase in free bilirubin,
alterations of BAEPs, induce sudden and extremely harmful
peaks of bilirubin in the brain

55,56,87–89,96

Mouse and rat/administration of bilirubin Single or repeated injections. Transient induction of
hyperbilirubinemia; kernicterus in rat pups injected in the
cisterna magna

77–79

Mouse/interruption of exon 4 by neomycin Neonatal hyperbilirubinemia, cerebellar hypoplasia, neonatal
death before P11

64,65

Mouse/targeted mutation in exon 4—
premature stop codon (Ugt1−/− C57Bl/6
and Ugt1−/− FVB/NJ)

Neonatal hyperbilirubinemia, cerebellar hypoplasia, neonatal
death (50% mortality at P5 or P11, for C57Bl/6 and FVB/NJ
genetic background, respectively). Modulation of phenotype
severity by phototherapy, albumin infusion, anti-inflammatory
drugs; mechanistic studies: inflammation, DNA damage, ER
stress, oxidative stress; gene therapy approaches

23,50,51,69,74–76,94

Mouse/Tg(Ugt1A1*1)Ugt1−/− Rescue of neonatal lethality and phenotype; bilirubin peaks at
P14 (up to 13mg/dL) and then return to normal values.

52,63,116

Mouse/Tg(Ugt1A1*28)Ugt1−/− (hUGT1 mice) Bilirubin peaks at P14–P16 (up to 25mg/dL) and then mild
hyperbilirubinemia (up to 1.2 mg/dL). A fraction of animals
(~10%) presented extremely high bilirubin levels and died
showing seizures and dystonia; neuroinflammation, reactive
gliosis

12,52,63,116

Mouse/Tg(Ugt1A1*28)Ugt1−/−/Tlr2−/− A higher neonatal death rate (57.1%) compared with hUGT1
mice (8.7%); reduced neuroinflammation and gliosis,
compared with Tg(Ugt1A1*28)Ugt1−/−

52

Mouse/Tg(Ugt1A1*28)Ugt1−/−/CAR−/− Mice do not develop severe hyperbilirubinemia when fed with
breast milk; when fed with formula milk Ugt1a1 expression
induced in the intestine, but not in the liver

12

Mouse/Tg(Ugt1A1*28)Ugt1−/−/PXR−/− Mice do not develop severe hyperbilirubinemia when fed with
breast milk; Pxr represses liver Ugt1a1 expression in neonates
but not in adults

12,138

Mouse/Tg(Ugt1A1*28)Ugt1−/−/ΔIECUN and
ΔHEPUN

Liver-specific deletion of the NCoR1 receptor (ΔHEPUN): similar
pattern of neonatal hyperbilirubinemia as in hUGT1 mice.
Intestine-specific deletion of the NCoR1 receptor (ΔIECUN):
reduction of neonatal hyperbilirubinemia by de-repression of
intestinal hUGT1A1 expression

139

Mouse/conditional liver (UgtΔHep) Liver-specific Ugt1 KO. Mild hyperbilirubinemia with no visible
abnormalities. Survived to adulthood

62

Mouse/conditional intestine (UgtΔGI) Intestine-specific Ugt1a KO. No visible abnormalities; bilirubin
similar to control mice

62

Mouse/conditional liver (UFP mice) Hypomorphic Ugt1a allele as the result of the presence of the
FRT-Neo cassette in intron 4 if the Ugt1A locus. Elevated but
not lethal hyperbilirubinemia with no visible abnormalities.
Survived to adulthood

39

Mouse/conditional liver (UAC mice) Liver-specific Ugt1 KO of the UPF mice. Severe neonatal
hyperbilirubinemia in the first 2 weeks after birth (95% of
mortality rate)

39

Mouse/Mrp1−/−

/Ugt1a−/−; Mdr1a/b−/−/Ugt1a−/−;
Mrp1−/−/Mdr1a/b−/−/Ugt1a−/−

Ugt1a KO and ABC transporters (Abcb1 and Abcc1) KO.
Demonstrated the key role of Abcb1 (Mdr1), but not Abcc1
(Mrp1), in protecting the cerebellum from bilirubin toxicity
during neonatal development

36
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identical to the one present in the Gunn rat, resulting in the
absence of Ugt1a1 protein expression and bilirubin glucuronida-
tion activity in the liver of these mice.51 The genetic mutation was
transferred to two genetic backgrounds (C57Bl/6 and FVB/NJ),
recapitulating the major features of severe neonatal unconjugated
hyperbilirubinemia, with peaks of bilirubin neurotoxicity, cerebel-
lar abnormalities, and mortality at different postnatal periods (50%
mortality at postnatal day 5 (P5) and P11, respectively; refs. 50,51).
This mouse model, together with the Gunn rat, is also used to
develop gene therapy approaches for Crigler–Najjar syndrome
type I.51,68–73

Ugt1a-null mouse models present a stronger phenotype than
Gunn rats, with more severe neurological damage and ultimately
death.50,51,64 The reasons for the phenotype differences between
Gunn rats and mutant mouse strains, and between the two mouse
strains, are not yet clear, but suggest that susceptibility to bilirubin
neurotoxicity and survival are strain and species specific.50

These strains were used to study different aspects of the
mechanisms of bilirubin neurotoxicity, therapeutic approaches,
and the role of modifier genes of the ABC family of transporters
(see section “The use of experimental animal models to study the
mechanisms of bilirubin neurotoxicity” below).23,36,50,51,68,70,74–76

Pharmacologically induced in vivo models. In the absence of a
genetic defect, the most straightforward approach to increase
total bilirubin is to directly administer UCB to the animal. This
procedure was successfully applied to neonatal rat or mouse pups,
by single77 or repeated intraperitoneal injections of bilirubin.78

Likewise, a kernicterus model in newborn rats was established by
performing intra cisterna magna injection in 5-day-old rat pups.79

Conversely, hyperbilirubinemia was transiently induced in the
brain of adult animals by intraventricular injection.78 The
convenience of these methods resides in their simplicity, being
at the reach of every laboratory. They allow the exploration of
punctual spikes of bilirubin (in dose and time), offering a good
estimation of dose vs. brain damage effect. However, these
experimentally induced conditions only partially mimic the natural
course of the disease.
The administration of PHZ, a potent inducer of acute hemolytic

anemia, leads to hyperbilirubinemia by increasing erythrocyte
turnover (hemolysis). Spontaneously jaundiced (jj) Gunn rats treated
with PHZ served to generate a more clinically relevant experimental
model of kernicterus, which presented bilirubin encephalopathy and
abnormal BAEPs, comparable to human hyperbilirubinemic new-
borns.80 This method was applied to adult WT Wistar rats and Swiss
mice showing the upregulation of the Abcc1 transporter in the liver
and spleen by bilirubin,81 and the antioxidant properties of a
Phyllanthus amarus root,82 respectively. More recently, PHZ admin-
istration was used in Gunn rats to test the efficacy of Human serum
albumin administration and exchange transfusion in combination
with bilirubin albumin displacers.83,84

Finally, the most used method to induce hyperbilirubinemia
in vivo is the administration of sulfadimethoxine, a displacer of
bilirubin from albumin binding sites.85–87 Sulfadimethoxine
administration increases the fraction of Bf, which mobilizes to
lipophilic tissues such as the brain, and is accompanied by a drop
of systemic bilirubin. This treatment was exploited both in
neonatal and adult Gunn rats to induce sudden and extremely
harmful peaks of bilirubin in the brain,87 allowing the exploration
of several aspects of bilirubin toxicity,38,55,88–90 also in combina-
tion with other treatments.83,84

THE USE OF EXPERIMENTAL ANIMAL MODELS TO STUDY THE
MECHANISMS OF BILIRUBIN NEUROTOXICITY
Modulation of bilirubin neurotoxicity by PT
Severity of the phenotype in Ugt1−/− mice is associated with the
genetic background.50 Disease phenotype in Ugt1−/− C57Bl/6

mice is very severe, with death of 50% of pups at P5 and more
severe brain damage compared to Ugt1−/− FVB/NJ animals (death
of 50% at P11), suggesting that other factors (i.e., modifier genes)
are associated to bilirubin neurotoxicity. These two strains
respond differently to PT treatment, since Ugt1−/− C57Bl/6 mice
succumb despite 12 h/day PT, while Ugt1−/− FVB/NJ animals
survive, fully rescuing the phenotype. Importantly, the neurotoxic
effects of bilirubin can be modulated by the PT treatment duration
and developmental stage of the cerebellum.50

Clear differences between Ugt1−/− FVB/NJ animals and Gunn
rats are observed: the most critical period for survival of Ugt1−/−

FVB/NJ mice is between P8 and P12, and 15 days of PT are
necessary to rescue lethality.50 On the contrary, in Gunn rats a
single 24-h dose of PT is enough to prevent hypoplasia in the
cerebellum, with treatment at day 7 being most effective.56,91

Thus, the Ugt1−/− FVB/NJ mouse model is an excellent and
versatile model to characterize the molecular mechanisms of
bilirubin toxicity during the neonatal phase, a critical period of
human development.50

Oxidative stress, DNA and RNA damage, and post-transcriptional
modifications
Oxidative damage is widely recognized as a mechanism through
which bilirubin causes cytotoxicity and cellular death (reviewed in
refs. 35,92) Elevated concentrations of bilirubin activate Nrf2-
mediated pathway both in vitro and in vivo.93,94 However, while
in vitro cell cultures exposed to bilirubin activate multiple Nrf2-,
P38-, and MEK1/2-mediated antioxidant response genes to
neutralize toxicity,93 in vivo studies showed that oxidoreductase
and antioxidant processes are downrepresented in the cerebellum
of hyperbilirubinemic Ugt1−/− C57Bl/6 mice.94 The levels of key
players of oxidative stress defenses, such as Prdx2 and Prdx6 (and
their reduced forms), SOD1, and DJ-1, are decreased compared to
healthy littermates. In vivo, the P38 pathway is activated in
response to severe neonatal hyperbilirubinemia in Purkinje cell
layer.94 Elevated levels of HO-1 and inflammation are present in Tg
(Ugt1A1*28)Ugt1−/− and Ugt1−/− FVB/NJ animals,52,74 with HO-1
peaking in microglial cells in the latest phases of bilirubin
neurotoxicity.74 Importantly, treatment with an anti-inflammatory
agent reduces the response in a dose-dependent manner, partially
rescuing lethality of Ugt1−/− animals.75 In contrast, treatment with
a well-recognized antioxidant agent, such as N-acetylcysteine
(NAC), neither improves survival nor reduces neurological damage
in Ugt1−/− animals.75 Likewise, HO-1 upregulation is abolished in
Tg(Ugt1A1*28)Ugt1−/−/Tlr2−/− mice, animals in which the TLR2-
dependent innate immunity is abolished.52

Induction of oxidative stress in the liver and intestine of
humanized Tg(Ugt1A*1)Ugt1−/− mice resulted in the activation of
phase II drug metabolism enzymes, such as Ugt1a1 and Cyp2b10,
through the CAR pathway.95 This effect was lost in Tg(Ugt1A*1)
Ugt1−/−CAR−/−, indicating a close connection between
isothiocyanate-induced oxidative stress and hepatic but not
intestinal CAR activation of detoxify response genes in vivo.
Similar results were obtained when humanized mice were orally
treated with NAC, preventing the phenethyl isothiocyanate-
mediated induction of hepatic Ugt1a1 and Cyp2b10.95

It has been shown that bilirubin-mediated oxidative stress
affects cellular constituents such as DNA, RNA, and lipids.25,92,96,97

Recent findings revealed that bilirubin-induced DNA damage
occurs both in vitro and in vivo in the cerebellum of Ugt1−/− FVB/
NJ mice,23 associated with the activation of homologous
recombination and non-homologous end joining, the main DNA
repair mechanisms.
On a related line of exploration, hyperbilirubinemia affects

histone acetylation and DNA methylation in Gunn rat pups’
cerebellum, modulating DNA accessibility, structure, and, thus,
potentially affecting gene expression.98 Down-regulation of genes
related to oligodendrocyte development and myelin sheets
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formation is observed, in line with the reduced myelination
present in Ugt1a liver-specific KO mice39 and in a premature infant
with kernicterus.99

ER stress, inflammation, and autophagy
The first evidence that bilirubin induces ER stress response derives
from transcriptome analysis of SH-SY5Y neuroblastoma cells.21

Likewise, studies using oligodendrocyte precursors and hepatoma
cell lines showed that bilirubin triggers ER stress by increasing key
factors such as GPR78, IRE1, ATF3, and CHOP.26,100

During the initial phases of ER stress response cells activate pro-
survival mechanisms such as unfolded protein response. However,
toxic levels of bilirubin inhibit proteasome degradation in
neuronal cells both in vitro and in vivo, with the accumulation
of unfolded proteins and activation of pro-apoptotic pathways.78

These events result in significant ER stress,101 as also evidenced in
the cerebellum of the Ugt1−/− FV/NJ hyperbilirubinemic mouse
model.74

ER stress is an early event associated with bilirubin toxicity and
neuronal cell death. In vitro, inhibition of CHOP or ER stress
pathway increases cell survival,22 in line with in vivo studies in
Ugt1−/− FVB/NJ mouse cerebellum, showing that key factors of
the ER stress response (ATF3, Fas, and CHOP) are significantly
stimulated at the initial stages of severe neonatal hyperbilirubi-
nemia and persist thereafter.74 In particular, CHOP signal was
localized in degenerating Purkinje neurons, supporting the
concept that bilirubin-induced ER stress response is associated
with apoptotic neurons.22,50,74,78

Neurodegeneration, increased oxidative stress, ER stress, and
inflammation are intricately interconnected and, in turn, boost
each other leading to unfavorable outcome. Numerous studies
demonstrated the detrimental effect of bilirubin-mediated
inflammation on neuronal cells,35 mediated by astrocytes45,102,103

and microglia activation49,104 through the release of pro-
inflammatory mediators (IL-1β, TNF-α, NF-κB, IL-6, glutamate,
and interferon-γ). Recent in vitro investigations connected ER
stress response with inflammation through the activation of PERK
and NF-Κβ pathway in neuronal cells, but not in astrocytes.22

Inhibition of ER stress reduced cellular susceptibility to bilirubin
and apoptosis, while silencing of PERK pathway reduced IL-8, but
not TNF-α.
The connection between oxidative stress and inflammation

was shown in studies with Tg(Ugt1A1*28)Ugt1–/−/Tlr2−/− and
Ugt1−/− FVB/NJ animals.52,74 Both microglia and astrocytes are
significantly increased in immunoreactive brain sections derived
from Tg(Ugt1A1*28)Ugt1−/− showing kernicterus.52 When TLR2
(the only TLR isoform stimulated by hyperbilirubinemia) is
absent, Tg(Ugt1A1*28)Ugt1−/−/Tlr2−/− mice fail to activate
inflammatory response and glia reactivity, but die earlier than
Tg(Ugt1A1*28)Ugt1−/− controls.52 Pro-inflammatory M1 microglia
is increasingly activated over time in Ugt1−/− FVB/NJ mice, while
anti-inflammatory M2 microglia is activated during the early
stages and decreases as neurotoxicity intensifies.74 Treatment
with minocycline, a well-known anti-inflammatory tetracycline,
results in a dose-dependent rescue of neonatal lethality,
accompanied by inhibition of neurotoxicity and neuroinflamma-
tion.75 Interestingly, ER stress response is only partially
attenuated and CHOP reactivity is localized in M1 microglia
cells in minocycline-treated mice, suggesting that oxidative
stress may not be the primary cause of neurotoxicity and other
pathways may be involved.
In vitro studies showed that toxic levels of bilirubin activate

autophagy in HBMEC and SH-SY5Y, but not in astrocytes,34,105 and
autophagy is reduced by the pharmacological inhibition of either
ER stress or calcium release, indicating its direct association with
ER stress response and calcium signaling.34 Conversely, in vivo
autophagy is increased only during the latest phases of
neurodegeneration and neuroinflammation.74

Bilirubin accumulation in the brain and transporters
In normal conditions Bf levels are negligible, accounting for
<0.1% of total bilirubin,106 but during unconjugated hyperbilir-
ubinemia, the bilirubin-binding capacity by albumin is exceeded
and Bf passes the blood–brain barrier producing neurological
damage.107 The increase in bilirubin-binding capacity by albumin
administration has been performed in subjects prior to exchange
transfusion for more than 50 years.108 However, the therapeutic
use has not been adopted due to the lack of strong experimental
support. The interest reawakened in the recent years due to its
application to animal models.76,83,84,109 These studies show that
albumin infusion prior to PHZ and sulfadimetoxine challenge
significantly improve the outcome of Gunn rats.80,83,84 Likewise,
daily albumin administration to Ugt1−/− FVB/NJ pups prevents
bilirubin accumulation in the brain, neurological damage, and
death.76

Another important field of investigation regards the modulation
of bilirubin extrusion from the brain by stimulating active
transporters. An abundant literature explored the contribution of
different ABC transporters to bilirubin detoxification in vitro and
in vivo.27,28,41,42,110–112 Among them, ABCB1 and ABCC1 appeared
to be the main ones limiting bilirubin accumulation in the
CNS.81,112,113 The key role of Abcb1 was demonstrated using
double and triple KO mice deficient in bilirubin glucuronidation
and with null mutations in the Abcb1 and Abcc1 genes.36 Results
showed that Abcb1, but not Abcc1, improves survival of mutant
mice,36 underscoring the importance of this transporter in limiting
bilirubin accumulation in the brain. In line with these results,
Abcb1 gene expression is upregulated in the cerebellum of
hypebilirubinemic pups,36 but is lower in Tg(Ugt1A1*28)
Ugt1−/−/CAR−/− and animals die from kernicterus, suggesting
their inability to efficiently clear bilirubin from the brain.12

Modulation of enzymatic pathways
Bilirubin formation and its elimination are the result of a
sequence of metabolic reactions.114 Thus, different strategies to
limit UCB production or to increase its degradation have been
explored.
The blockade of biliverdin production can be obtained with

metalloporphyrins, which are heme byproducts blocking HO-1
activity.115 Zinc protoporphyrin administered to Ugt1−/− pups
reduces bilirubin levels rescuing lethality in a dose-dependent
manner.116 Despite their proved efficacy in animal models and
in clinical trials,117,118 their clinical use is still avoided due to
several side effects, such as anemia, photosensitivity, lipid
peroxidation, increase in HO-1 expression, and reduction of
Cyp450 activity.119–122

Thus, alternative approaches are currently under investigation,
such as blocking the transition from biliverdin to bilirubin.
Biliverdin is a non-toxic water-soluble compound that can be
easily eliminated in bile and urine.123,124 Biliverdin reductase
(BLVRA) is not present, or have reduced activity, in different
species such as some fishes and the majority of reptiles and birds,
in which biliverdin is eliminated through their feces.125 It is
hypothesized that conversion of biliverdin into bilirubin is
required to allow elimination of heme catabolites from the fetus
in placental mammals.123,126 Interestingly, humans lacking the
BLVRA enzyme due to mutations are asymptomatic, indicating
that hyperbiliverdinemia is harmless.127,128 Screening of a library
of Food and Drug Administration-approved compounds identified
those able to block biliverdin conversion in tissue culture cells.
However, in vivo testing resulted in negative results due to toxicity
or lack of efficacy.129 The evidence that patients127,128 and mice130

lacking BLVRA activity are normal strongly support further studies
to determine the therapeutic applicability of this approach in
acute severe hyperbilirubinemia conditions.
Finally, another approach to reduce hyperbilirubinemia is to

stimulate alternative pathways of bilirubin detoxification, such as
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oxidation throughout the activity of cytochromes CYP2A6,
CYP1A1, and CYP1A1A2.131,132 β-Naphtoflavone, a potent inducer
of Cyp1a1/a2, was tested in Ugt1−/− neonatal mice resulting in
extended survival.116 We can conclude that, although very
preliminary, the results obtained so far are very promising and
require further investigation.
The traditional Chinese medicine has used a variety of herbs to

lower bilirubin levels in neonatal jaundice.133–136 An important
study from Huang et al.137 demonstrated that Yin Chin and 6,7-
dimethylesculetin, two components of Yin Zhi Huang, induce CAR
target gene expression and improve bilirubin clearance137

mediated by the increased translocation of CAR from the
cytoplasm to the nucleus, rather than an upregulation of its gene
expression. Importantly, among the downstream genes affected
by CAR induction, Ugt1a1 and Cyp2b10 were the most
stimulated ones.
Overall, results obtained so far point to CAR as a key

transcription factor improving bilirubin clearance. To this respect,
testing drugs targeting specific CAR-induced genes in Ugt1-null
mice will be crucial to elucidate which genes can increase UCB
detoxification in the absence of Ugt1a1 enzyme.

Hepatic and gastrointestinal factors contributing to neonatal
hyperbilirubinemia
Besides genetic-based factors, other aspects affect bilirubin
levels during the neonatal period. Recent studies reported that
PXR tightly regulates Ugt1 expression during perinatal period in
both the liver and gastrointestinal tract.12,63 In fact, Ugt1a1
hepatic expression in neonates does not correlate with bilirubin
levels, while gastrointestinal Ugt1a1 expression is present as
early as 5 days after birth.63 Thereafter, studies using PXR−/−

animals mated with Tg(Ugt1A1*28)Ugt1−/− mice showed that, in
the absence of PXR, pups express more Ugt1a1 enzyme in the
liver and have lower TB levels,138 demonstrating that PXR is a
transcriptional repressor of hepatic Ugt1a1 in the neonatal
period, but not in the adult. Further studies showed the
participation of NCoR1 (nuclear receptor co-repressor 1) in Ugt1a
transcriptional regulation during development.139 Thus, the
identification of nuclear receptors as key regulators of hepatic
Ugt1a1 expression during the neonatal period may lead to the
development of alternative approaches to influence bilirubin
clearance in neonates.
Conversely, breeding of Tg(UGT1A1*28)Ugt1−/− with CAR−/−

mice did not affect UGT1A1 expression, indicating a marginal role
of CAR in controlling UGT1A1 expression during the neonatal
period. To note, modulators of CAR, such as phenobarbital (PhB),
have been used to lower bilirubin levels in animal models and is a
current treatment for CNI and II patients, together with PT.12,140,141

The effects are mediated by the PhB-responsive enhancer module
present in the UGT1A1 gene promoter, which is regulated by CAR
in response to PhB treatment.142

Breast-fed newborns have more chances to develop neonatal
jaundice compared to formula milk fed babies.11,143,144 The study
of Tg(Ugt1A1*28)Ugt1−/− mice contributed to understand the
molecular mechanisms behind this effect. Breast milk feeding
suppresses intestinal IκΒ kinase a and b, resulting in inactivation of
nuclear factor-κΒ and loss of intestine UGT1A1 expression, and
high bilirubin levels.12 In contrast, newborns treated with formula
milk show significantly lower plasma bilirubin levels, correlating
with a dramatic increase in intestinal Ugt1a1a expression
(200–300-fold). Furthermore, reduction in bilirubin levels by PhB
is not mediated by CAR, but by Ugt1a1 and Cyp2b10 induction in
the intestine through other molecular pathways.
Importantly, breast feeding has well-recognized benefits to the

neonate. Thus, strategies to avoid breast milk-mediated Ugt1a1
intestinal suppression are under investigations. Glucose supplemen-
tation to breast-feeding mouse neonates increases bilirubin
metabolism in the intestine, but not in the liver, reducing plasma

bilirubin levels,65 supporting the potential application of this simple
and very convenient treatment to ameliorate transient neonatal
hyperbilirubinemia in neonates.

OPEN QUESTIONS
The work performed so far in cells and animal models allowed the
description of the complex cascade of molecular and cellular
events, leading to bilirubin-induced neurotoxicity and kernicterus.
While much information can be obtained from cell-based
approaches, at present the mouse is the experimental tool of
choice for in vivo studies due to the possibility to manipulate their
genome and to determine the role of other genes and tissues.
These models are necessary to develop and test new

therapeutic strategies aiming at reducing neurological damage
by uncontrolled hyperbilirubinemia, at the reach of all neonatal
care units and clinical centers.
In effect, recent in vivo experiments showed that high Bf levels

in the brain trigger neurodegeneration and neuroinflammation,
associated with reduced myelination of neurons, which in turn
increase ER stress and oxidative stress.
Very promising therapeutic approaches have been proposed

using engineered mice, such as anti-inflammatory therapies,
transcriptional activation, albumin infusion, administration of
protoporphyrins, or blockade of BLVRA. Other promising potential
approaches regard the modulation of nuclear receptors, cyto-
chromes or biliverdin reductase activity, in order to control
bilirubin production or to stimulate alternative bilirubin-disposal
pathways. However, further studies are still needed to potentially
translate these approaches to the clinic. The complete under-
standing of the molecular mechanisms leading to bilirubin
neurotoxicity is of central importance to shed light to human
biology and health.
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