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A B S T R A C T   

Kernicterus is a leading cause of neonatal death throughout the world, especially in low-middle-income coun-
tries. It is developed by an unconjugated hyperbilirubinemia in the blood and brain tissue, triggering patho-
logical processes that spawn neurotoxicity and neurodegeneration. However, the biological mechanism (s) of 
bilirubin-induced neurotoxicity and Kernicterus development remain to be well elucidated. Likewise, a prac-
tical therapeutic approach for human Kernicterus has yet to be found. Undoubtedly, animal models of Ker-
nicterus can be helpful in the identification of underlying biological processes of hyperbilirubinemia evolution to 
Kernicterus, as well as the evaluation of various treatments efficacy in preclinical studies. More importantly, 
establishing an animal model that can mimic the Kernicterus and its behavioral, neuro-histological, and he-
matological manifestations is a severe priority in preclinical studies. So far, several Kernicterus animal models 
have been established that could partially mimic one or more clinical and paraclinical signs of human Ker-
nicterus. The present study aimed to review all methods modeling Kernicterus with a focus on their potentials 
and shortcomings and subsequently provide the optimal methods for an ideal Kernicterus animal model.   

1. Introduction: 

Kernicterus we are a common newborn disorder characterized by 
high levels of unconjugated bilirubin (UCB) in the blood, leading to 
central nervous system toxicity and brain impairment (Fujiwara et al., 
2010; Yueh et al., 2014). To understand bilirubin encephalopathy 
experimental models are necessary to know the bilirubin metabolism in 
the blood. During heme catabolism in the neonatal stage, bilirubin is 
released from hem by enzymatic catabolism pathway through heme 
oxygenase and biliverdin reductase (Kikuchi et al., 2005; Wilks and 
Heinzl, 2014). In normal conditions, plasma bilirubin is unconjugated 
and insoluble. Therefore, UCB is firmly bound to circulating albumin in 

plasma and then is picked up by hepatocytes through facilitated diffu-
sion, consequently stored in hepatocytes bound to glutathione-S- 
transferases and conjugated to glucuronides through microsomal glu-
curonosyltransferase 1A1 (UGT1A1). A multidrug resistance-associated 
protein 2 (MRP2) pump eliminates bilirubin glucuronides with ATP- 
consumption through actively transporting into the bile canaliculi. The 
intestine bacterium converts bilirubin to urobilinogen which is excreted 
by the urine. Basically, the albumin deficiency or glucuronidation loss 
induced by inherited or acquired deficits of bilirubin storage or excre-
tion leads to the increase in the blood unconjugated bilirubin levels due 
to a decrease in its uptake (Wang et al., 2006). Accumulation of un-
conjugated bilirubin, resulting from increased heme catabolism, 
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decreased hepatic clearance or a delayed intestinal transit causes un-
conjugated hyperbilirubinemia. For most neonates, unconjugated 
hyperbilirubinemia is a benign transitional phenomenon; however, 
under specific conditions such as patients with a neonatal hemolytic 
disease or delayed expression of hepatic uridine diphosphate (UDP) 
UGT1A1, the level of UCB concentrations can rise to hazardous levels. In 
severe unconjugated hyperbilirubinemia, UCB deposition in the central 
nervous system causes bilirubin-induced neurological dysfunction, 
Kernicterus, and death (Maisels and Kring, 2006). As shown in Fig. 1, we 
primarily describe the biological mechanism (s) of neonatal unconju-
gated hyperbilirubinemia and then review several methods of creating 
Kernicterus animal models according to the pathogenic mechanisms of 
hyperbilirubinemia in patients as well as challenges in this context. 
Likewise, this study provides evidence on the progress in models of this 
disease and presents the best method modeling the Kernicterus. Some 
advantages and disadvantages of available Kernicterus modeling 
methods have been summarized in table 1. 

2. Transgenic models (Gunn rats) 

UDP-glucuronosyltransferases (UGTs) are the liver membrane-bound 
enzymes superfamily that catalyzes the covalent linkage of glucuronic 
acid (Kawade and Onishi, 1981). UGT1A1 is the only physiologically 
known isoform relevant to bilirubin glucuronidation and biliary excre-
tion of a potentially toxic metabolite. The inherited deficiency of hepatic 
UGT1A1 is Crigler-Najjar syndrome characterized by the elevated serum 
levels of unconjugated bilirubin and resulting unconjugated hyper-
bilirubinemia (Kotal et al., 1996; Vinnakota et al., 2019). The Gunn rat – 
a mutant Wistar rat, carrying a premature stop codon in the Ugt1a1 
gene- is an excellent animal model of this disease exhibiting single 
guanosine (G) base deletion within the UGT1A1 gene. The base deletion 
defect results in the absence of UGT1A1 enzyme activity, and subse-
quently, hyperbilirubinemia emerges. Over the past few decades, 
intensive research studies have been conducted to develop effective 
unconjugated bilirubin-induced-neurotoxicity strategies; however, the 
fundamental mechanisms have not been fully understood yet. In this 
regard, Gunn rats in 1938 were found to establish a new animal model in 

the field of acute bilirubin encephalopathy and Kernicterus. As it was 
shown briefly in Fig. 2, the bilirubin toxicity causes specific abnormal-
ities on brainstem nuclei (auditory, oculomotor, and vestibular), basal 
ganglia (globus pallidus (GP) and subthalamic nucleus), hippocampus 
(bilirubin deposition in CA2 region), and cerebellum in Gunn rat model 
(Shapiro and Riordan, 2020; Riordan and Shapiro, 2020). In line with 
these, Ye et al. have shown auditory neuropathy and vestibulopathy in 
hyperbilirubinemia by conducting organotypic cultures in rats exposed 
to bilirubin at varying concentrations, even at low doses. They showed 
gradual shrinkage of spiral ganglion neurons and vestibular ganglion 
neurons in a dose-dependent manner (Ye et al., 2019). Nevertheless, 
although Gunn rats have been extensively used over past decades, using 
this model is limited due to certain restrictions: 1) in human hyper-
bilirubinemia occurs in the first week instead of postnatal day 16 in 
Gunn rats; 2) the hyperbilirubinemia-inducing drugs might impact the 
brain directly or indirectly; 3) producing the Gunn rat models is 
expensive and complicated. Therefore, finding affordable, novel, and 
simple Kernicterus animal models is required for the study of the mo-
lecular biological mechanisms of Kernicterus (Vodret, 2016). The Gunn 
rat is assumed as the first animal model for hyperbilirubinemia and, in 
many studies, has been used in combination with administering sulfa-
dimethoxine or phenylhydrazine (Bertini et al., 2001). 

3. UGT1A1 knock-out mouse 

It was reported a liver-specific knock-out of the Ugt1a1 gene in mice 
developed Kernicterus via a small and unpredictable fraction of Tg 
(Ugt1A1*28)Ugt1− /− . They claimed that hyperbilirubinemia induced 
encephalopathy in the first two weeks after birth mimicked the human 
syndrome (Bortolussi and Muro, 2020). In this regard, Fujiwara et al. 
generated a model by inactivating the Ugt1 locus in exon 4 of the murine 
(Ugt1− /− mice). Severe hyperbilirubinemia was developed in inacti-
vated mice within hours of birth. This newborn inactivated mice seemed 
normal; however, Ugt1 inactivation led to death within one week. They 
reported that the fatal outcome of hyperbilirubinemia in inactivated 
mice was caused the irreversible CNS abnormalities, which are linked to 
the Kernicterus sequelae. Furthermore, they showed expression of the 

Fig. 1. Summary of bilirubin metabolism, targets for Kernicterus creation, and various Kernicterus types.  
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UGT1A1*28 as a Gilbert human allele during the neonatal period could 
cause CNS abnormalities from UCB-induced toxicities (Fujiwara et al., 
2010). 

4. Hemolysis methods 

4.1. Amino-Levulinic acid (ALA) administration 

(Drummond and Kappas, 1984) utilized aminolevulinic acid (ALA), 
heme precursor, to produce postnatal hyperbilirubinemia during the 
particular period in the rats. In this study, various doses of ALA (up to 
100 u mol/100 g) intraperitoneally were administered to SD rats, and 

the levels of bilirubin were measured after 24 h. 
The 5-aminolevulinic acid, blend with divalent iron, make Heme 

oxygenase-1 (HO-1) in vitro through the phosphorylation of ERK / p38 
and the nuclear translocation of a transcription factor Nrf2. Heme 
oxygenase-1 is a heme-catabolizing enzyme that is made by oxidative 
stress and causes bilirubin increase in blood, resulted in Kernicterus (Ito 
et al., 2018). The results showed that administration of ALA between 7 
and 21 days postnatally led to a rapid, consistent, and significant 
hyperbilirubinemia in the newborn rats. Meanwhile, the results show 
that serum bilirubin levels can increase fivefold more in a dose of 50 
nmol/100 g body weight. Furthermore, it was illustrated that starvation 
could considerably enhance the ALA effect in neonates (Drummond and 

Table1 
Benefits and disadvantages of several Kernicterus models.  

Models Advantage Disadvantage Reference 

Transgenic model (Gunn rat)  1. Investigation of bilirubin toxicity mechanisms  
2. Providing in vivo hyperbilirubinemia conditions and the 

related features of bind and Kernicterus  
3. 3. A strategic tool to understand the mechanism of bilirubin 

toxicity  

1. Difficult  
2. Expensive  
3. Time course of hyperbilirubinemia is longer in 

Gunn rats than in infants 

Vodret, 2016; Song 
et al., 2014 

Hemolysis Methods  1. Stable manner  
2. Rapid, consistent, and significant hyperbilirubinemia  
3. 3. Simple and convenient model  

1. Less similar to models of Kernicterus Drummond and 
Kappas, 1984 

Increasingly unconjugated 
bilirubin Methods  

1. Stable  
2. Easy  
3. Cost-effective  
4. Simple and affordable  
2. 5. Similar to human models  

1. Less similar to models of Kernicterus  
2. Hem catabolism hasn’t considered  
3. 3. Blood iron hasn’t considered 

(Song et al., 2014) 

Combination Method  1. Exactly mimics the human Kernicterus  
2. Suitable for the study of all blood, tissue, and behavioral 

Kernicterus  
4. 3. An easy and efficient model  

1. Twice injection is needed for the creation of the 
Kernicterus model  

5. 2. Mortality is high 

(Amini et al., 2017)  

Fig. 2. Gunn rat’s brain areas damaged following hyperbilirubinemia cause motor control and auditory impairments.  
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Kappas, 1984). 

4.2. Heme administration 

Heme, which is released from the break of aging red blood cells 
(RBCs), is the main constituent of hemoglobin. Free heme can be 
degraded by a family of heme oxygenase enzymes which cleave the 
heme into iron, biliverdin, and a 1-carbon fragment as carbon monoxide. 
Furthermore, biliverdin in mammals metabolizes by the biliverdin 
reductase (BVR) enzyme and is converted into bilirubin. In Drummond 
and Kappas’s study, heme at various doses was administered subcuta-
neously in the nuchal region of the animal 24 h before sacrifice. The 
results showed that postnatal administration of the heme between 7 and 
21 days after birth resulted in a dose-dependent increase in serum bili-
rubin levels by three to fourfold higher than the control. However, 
detrimental effects on the behavioral and suckling patterns of the neo-
nates were seen after heme administration (Drummond and Kappas, 
1984). 

5. Increasingly unconjugated bilirubin methods 

5.1. Direct injection of unconjugated bilirubin 

To establish a new animal model for Kernicterus,(Song et al., 2014) 
injected ten µg/g (bodyweight) bilirubin solutions into cisterna magna 
of Sprague-Dawley (SD) rat pups on day five postnatal (Song et al., 
2014). After bilirubin injection, the neurobehavioral changes, body-
weight, mortality rate, and apoptosis assay using H&E staining, terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, 
flow cytometry, and western blotting were tested. Finally, the Morris 
water maze test was conducted to evaluate the learning and memory 
ability in the bilirubin-treated rats. The results indicated that gaining 
bodyweight in the bilirubin-treated rats decreased and showed 
abnormal neurobehavioral manifestations such as opisthotonos, 
clenched fists, and torsion spasms. Furthermore, apoptosis and necrosis 
were observed in the hippocampal nerve cells in the bilirubin-injected 
rats. Moreover, the Morris water maze test showed the worse perfor-
mance of learning and memory ability in the bilirubin-treated rats. 
Therefore, Song et al. successfully created a new Kernicterus model by 
injecting bilirubin into the cisterna magna of ordinary SD rats (Song 
et al., 2014). 

6. Combination methods 

The purpose of studies applying combination methods is to create 
models that mimic the human Kernicterus in terms of behavior, histol-
ogy, and hematology. In particular, these methods combine several 
previous modeling methods that ultimately obtain valuable results in 
each of the tests evaluating the model quality. 

6.1. Direct injection of unconjugated bilirubin and Hyaluronidase 

There are various factors, which could play the role of Kernicterus 
inducers, such as hyperbilirubinemia, hypoxia, acidosis, hypoglycemia, 
infection, thyroid insufficiency, hypothermia, dehydration, and various 
drugs. These agents could develop Kernicterus by facilitating hemolysis, 
elevating vascular permeability, inhibiting the conjugation of bilirubin, 
and disturbing the banding of bilirubin with albumin. Among these 
agents, various studies emphasize hypoxia, as it affects the permeability 
of the blood–brain barrier vasculatures that is an essential factor in 
facilitating Kernicterus development. Moreover, Hyaluronidase is an 
enzyme that acts as a hydrolyzer agent of connective tissue poly-
saccharides and temporarily breaks down hyaluronic acid. This enzyme 
increases tissue permeability to the drug (Jung, 2020) and fluid, and it 
could subsequently enhance bilirubin penetration into the brain. In 
1968 Hirata and his colleagues attempted to use the bilirubin and 

hyaluronidase injection into pregnant Wistar rats to create a new 
experimental Kernicterus model. In the study, a 0.2 % Na-bilirubin so-
lution was injected intraperitoneally in pregnant Wistar rats’ fetuses to 
produce Kernicterus. Also, 500 units of Hyaluronidase related to 
vascular permeability were injected every day from the 10th day of 
pregnancy to the last day of life in an intramuscular manner. The results 
illustrated abundant bilirubin-stained nerve cells in each part of the 
brain in the pregnant Wistar rats treated by Hyaluronidase. The findings 
demonstrated that vascular permeability or the blood–brain barrier 
plays a vital role in prenatal Kernicterus development (Hirata et al., 
1968). 

6.2. Sulfonamides and phenyl hydrazine 

In a recent study by (Amini et al., 2017); 50  mg/kg of phenyl-
hydrazine was injected intraperitoneally into 7-day-old Wistar rats, and 
after 24 h, 250 mg/kg of sulfonamide was injected subcutaneously. The 
purpose of phenylhydrazine injection was to increase the hemolysis- 
induced direct bilirubin of the blood. Besides, the injection of sulfon-
amide could decrease the activity of the UDP-glucuronosyl transferase, 
which caused the bilirubin conjugation reduction, consequently 
increasing the indirect bilirubin for entering into the brain. After 24 h of 
sulfonamide injection, the level of bilirubin and brain iron, auditory 
abnormality, cell apoptosis, and movement ability was measured by 
using auditory brainstem response (ABR) test, TUNEL, and Footprint 
assays, success, respectively. As shown in Fig. 3 the co-injection of sul-
fonamide and phenylhydrazine could create a Kernicterus model. 
Combining these two drugs could increase unconjugated bilirubin, brain 
bilirubin, and brain iron, which precisely mimics actual events in human 
infants with Kernicterus. Unconjugated and total bilirubin levels in 
sulfonamides and phenylhydrazine groups were higher than in other 
groups. Similar results were found in ABR, TUNEL, and behavioral tests 
as well. Iron and unconjugated bilirubin accretion at the same time lead 
to brain tissue damage and behavioral disorders. Increasing blood’s iron 
levels brings about easier penetration of unconjugated bilirubin into the 
brain and, ultimately, bilirubin accumulation in the brain region. When 
the brain bilirubin increases, the blood iron levels and the brain’s iron 
levels will rise. These effects will cause brain damage. In this study, it 
has been shown that injection of sulfonamide and phenylhydrazine is a 
more appropriate method for producing Kernicterus models in mice 
compared to the injection of each drug alone. Unconjugated bilirubin 
accretion cannot cause Kernicterus on its own, and other factors such as 
iron should be perhaps involved in this disorder (Amini et al., 2017). 

6.3. Transgenic and sulfonamides 

According to a report by Rose and Wisniewski (1979), in which the 
transgenic 14-day-old homozygous rats (Gunn rats) underwent a sub-
cutaneous injection of 50 mg/kg sulfonamide twice a day, acute bili-
rubin encephalopathy was induced in rats (Rose and Wisniewski, 1979). 
All rats showed signs of neurotoxicity in the first hours. Tissue damages 
in the Hippocampal, Inferior colliculi, Ponto-medullary, and Globus 
Pallidus were observed in rats. Astrocyte swelling and different kinds of 
neuronal cytolysis, large neurons with swollen cells, and small neurons 
with wrinkled cytoplasm were seen. After infusion of sulfonamide, the 
rats became weak, could not walk properly, and vibrational movements 
were seen in their head and trunk. The morphological effect of sulfon-
amide on Purkinje cells in the Gunn rat showed a significant increase in 
Purkinje’s degenerated cells and accelerated formation of membranous 
bodies. Sulfonamide injection also reduced serum bilirubin concentra-
tion, which caused neuronal damage. This research aimed to increase 
the severity of brain degeneration following an extra increment in un-
conjugated bilirubin. In Gunn rats, the conjugated bilirubin rises by it-
self, so the purpose of sulfonamide injection is to facilitate the entry of 
the indirect bilirubin into the brain. Sulfonamide induces bilirubin 
separation from albumin and bilirubin entrance into the brain which 
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causes bilirubin encephalopathy. In this model, there is strong data that 
supports chronic microglial activation results chronic neuro-
inflammation (Usman et al., 2018). Given that in this model, the mor-
tality rate of newborns and its collapse severity is high, so the 
combination of transgenic and sulfonamide is more suitable for tissue 
and blood tests (Rose and Wisniewski, 1979). 

6.4. Transgenic and phenyl hydrazine 

In Rice and Shapiro’s study (2008), various doses of phenylhydrazine 
(25, 50, 75 mg/kg) were intraperitoneally injected into 15-day-old Gunn 
rats. Blood samples were taken from rats, and total bilirubin and he-
matocrit were measured (Rice and Shapiro, 2008). Also, BAEP (Brain-
stem Auditory Evoked Potentials) was measured 48 h after using 
phenylhydrazine. Phenyl hydrazine induces hemolysis in Gunn rats’ 
infants and produces a high level of total bilirubin that causes bilirubin 
encephalopathy. Furthermore, the amount of hematocrit in the presence 
of various doses of phenylhydrazine has been decreased. In rats that 
received the phenylhydrazine at 75 mg/kg, the auditory abnormalities 
and ABR changes were observed, similar to the abnormalities observed 
in humans with Kernicterus. Moreover, it was observed that the ampli-
tude of waves II and III decreased, wave I-II and I-III internal waves 
increased in the BEAP test. The latencies of waves II and III also 
increased in this test. Thus, the phenylhydrazine injection caused 
hyperbilirubinemia in Gunn rats. In this model, measurements of total 
bilirubin, free bilirubin, and albumin bilirubin binding could be asso-
ciated with CNS damages. Also, in this model, the injection of the he-
molytic drug into Gunn rats increased the amount of total bilirubin and 
subsequently unconjugated bilirubin. This model showed that the 
auditory nerve injury is similar to the hearing impairment in human 
babies. This model is thus suitable for Kernicterus studies that empha-
size hearing (Rice and Shapiro, 2008). 

6.5. Sulfonamid and bilirubin 

In the 1950s, sulfonamides were widely used for neonates’ prophy-
laxis infection; however, it was associated with Kernicterus. This is 
attributed to the displacement of bilirubin from its albumin-binding sites 
in plasma by sulfonamides, leading to an elevated level of plasma bili-
rubin and, consequently, its capability to cross the blood–brain barrier 
and reach the central neurons, causing neural impairment and subse-
quently Kernicterus. In this regard, after 40 mg/kg of sulfadimethoxine 
and 112 mg/kg bilirubin intraperitoneally injection into rats, it acts as 
competitive displacement of bilirubin from blood albumin binding sites 
and leads to the net transfer of bilirubin into brain tissue (Stocker et al., 
1987; Øie and Levy, 1979). 

7. Conclusions 

Some hemolysis methods may model Kernicterus rapidly and stably. 
Furthermore, the Kernicterus SD rat model created by direct injection of 
unconjugated bilirubin is a stable, easy, and cost-effective model. 
However, Kernicterus modeling by Gunn rats appears to be difficult, 
expensive and the time course of hyperbilirubinemia is longer. In 
addition, it seems that primary models were less successful in mimicking 
the Kernicterus perfectly. Among these methods, the combination of 
Sulfonamides and Phenyl Hydrazine may be more suitable for the study 
of all blood, tissue, and behavioral consequences of Kernicterus. This 
overview, overall, indicated the progress trajectory along with the 
benefits and disadvantages of methods producing Kernicterus models in 
animals. 

8. Current challenges 

The aforementioned studies have shown that the existing animal 
models have been developed by targeting bilirubin’s kinetic aspect, 
including production, uptake, distribution, and excretion (Ito et al., 
2018; Drummond and Kappas, 1984; Amini et al., 2017; Usman et al., 
2018; Stocker et al., 1987; Jung, 2020; Hirata et al., 1968). However, the 
exact mechanism of neurotoxicity (dynamic aspect) following hyper-
bilirubinemia, due to the selective vulnerability of the brain to uncon-
jugated bilirubin (Vaz et al., 2011; Gazzin and Tiribelli, 2011) as well as 
the specific response of species to hyperbilirubinemia (Bortolussi and 
Muro, 2020; Bortolussi et al., 2014), is not yet clear. Although animal 
models of Kernicterus are valuable for the understanding of neurotox-
icity mechanism, other side effects occur in addition to hyper-
bilirubinemia due to applying various methods and drugs in creating 
animal models might lead to different results. Therefore, finding the 
exact neurotoxicity mechanism of bilirubin in humans to find a precise 
treatment for Kernicterus requires further studies in this field. 
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