
 

 

 University of Groningen

Novel treatment strategies for unconjugated hyperbilirubinemia
Cuperus, Frans Jan Christiaan

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Cuperus, F. J. C. (2011). Novel treatment strategies for unconjugated hyperbilirubinemia. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a8a7ba84-1ca9-438f-9ab2-90b2c562562a


 

Chapter 2 
 
 
Pharmacological Therapies for 
Unconjugated Hyperbilirubinemia 
 
 
 

F.J.C. Cuperus 1 
A.M. Hafkamp 1 
C.V. Hulzebos 2 

H.J. Verkade 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1Pediatric Gastroenterology and Hepatology, Department of Pediatrics, Center for Liver, Digestive, and Metabolic Diseases, Beatrix 
Children’s Hospital - University Medical Center Groningen, University of Groningen, The Netherlands. 
2Neonatology, Department of Pediatrics, Beatrix Children’s Hospital- University Medical Center Groningen, The Netherlands.  
 

Adapted from: Current Pharmaceutical Design 2009;15:2927-38 
 



42 Chapter 2 
 

 

2.1 Abstract 
 
     evere unconjugated hyperbilirubinemia, seen mainly in neonates, may cause 
kernicterus and death. Conventional treatment for severe unconjugated 
hyperbilirubinemia consists of phototherapy and exchange transfusion. 
Phototherapy, however, has several known disadvantages while exchange 
transfusion is associated with a significant morbidity, and even mortality. These 
harmful effects indicate the need to develop alternative pharmacological 
treatment strategies for unconjugated hyperbilirubinemia. Generally, these 
strategies aim to decrease the plasma concentration of unconjugated bilirubin 
(UCB) by inhibiting production, stimulating hepatic clearance, or interrupting the 
enterohepatic circulation of the pigment.  

To be considered for routine clinical use, an alternative treatment strategy should 
be less invasive and at least as effective and safe as phototherapy. Several 
pharmacological therapies such as metalloporhyrins, clofibrate, bile salts, laxatives 
and bilirubin oxidase may meet these criteria in the future, but none of them has 
yet been evaluated sufficiently to allow routine application. This chapter aims to 
discuss the state of the art and future perspectives in pharmacological treatment of 
neonatal jaundice. 
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2.2 Introduction 
 
          nconjugated bilirubin (UCB) is produced by the degradation of heme, derived 
mainly from the catabolism of erythrocyte hemoglobin. After its production, the 
hydrophobic UCB is bound to albumin in the plasma and transported to the liver. 
In the liver, the enzyme bilirubin-UDP-glucuronosyltransferase (UGT1A1) 
conjugates UCB with glucuronic acid. The relatively hydrophilic bilirubin 
conjugates are readily excreted into the bile and transit the biliary tree to the 
intestine. In the intestinal lumen, the bilirubin conjugates are partly hydrolyzed to 
UCB, which can be reabsorbed from the intestine, reduced to urobilinoids, or 
excreted with the feces (Fig. 1). Reabsorbed UCB is transported to the liver via 
the vena porta, where it again can be conjugated and excreted via the bile, thus 
constituting an enterohepatic circulation. 

Unconjugated hyperbilirubinemia, the accumulation of UCB in the body, can 
result from increased production, decreased hepatic clearance, or enhanced 
enterohepatic circulation of the pigment (Fig. 1). This is illustrated by the 
transient unconjugated hyperbilirubinemia during the first postnatal week. This 
so-called physiological jaundice is due to a combination of high erythrocyte 
turnover (increased UCB production),[1] immature hepatic conjugation of the 
pigment (decreased hepatic clearance),[2] and a delayed intestinal transit 
(enhanced enterohepatic circulation of UCB).[3,4] For the majority of neonates, 
unconjugated hyperbilirubinemia is a benign transitional phenomenon that may 
be beneficial, due to the potent antioxidant properties of the pigment.[5] Under 
specific conditions, however, plasma UCB concentrations can rise to hazardous 
levels. This occurs for example in patients with neonatal hemolytic disease, due to 
excessive UCB production, or in patients with inherited deficiencies of UCB 
conjugation,[6,7] due to a severely decreased biliary excretion of the pigment. 
Crigler-Najjar disease, the most serious of these inherited deficiencies, is 
characterized by a genetically absent (type I) or decreased (type II) activity of 
UGT1A1.[6] With severely deficient conjugation, the excretion of bilirubin into 
the bile is diminished, resulting in a lifelong unconjugated hyperbilirubinemia in 
Crigler-Najjar patients and in Gunn rats, the animal model for this disease. 

The harm from severe unconjugated hyperbilirubinemia is due to the potential 
deposition of UCB in the central nervous system, causing bilirubin-induced 
neurological dysfunction (BIND), kernicterus, and death.[8] The conventional 
treatment for unconjugated hyperbilirubinemia is phototherapy. Phototherapy 
induces photo-isomerization of the hydrophobic UCB to polar isomers that can 
readily be excreted into the bile without conjugation.[9] Although generally 
effective, phototherapy has several disadvantages. Most notably, short-term 
phototherapy does not always decrease plasma UCB to non-toxic levels in 

U 



44 Chapter 2 
 

 

neonates, whereas long-term phototherapy, such as needed for patients with 
Crigler-Najjar disease type I, becomes less effective with age and has a profound 
impact on social life.[10,11] Under conditions of very severe unconjugated 
hyperbilirubinemia or of hyperbilirubinemia with an insufficient response to 
phototherapy a “rescue” treatment consists of exchange transfusion, in which the 
hyperbilirubinemic blood is removed and replaced with non-jaundiced blood. 
Exchange transfusion, however, has a considerable morbidity, especially in sick 
preterm newborns, and even mortality has been reported.[12] 

The potential neurotoxicity of unconjugated hyperbilirubinemia and the 
disadvantages of present treatments have prompted investigation of alternative 
treatment strategies. These strategies have concentrated on pharmacological 
therapies that decreased the production, increased the biliary excretion, and/or 
interrupted the enterohepatic circulation of UCB. Recently, several excellent 
reviews have appeared that discuss the clinically available therapies for 
unconjugated hyperbilirubinemia. Interestingly, and in spite of a large body of 
experimental and clinical studies, only one systematic review of proven and 
experimental pharmaceutical treatment strategies has been published 
recently.[13] In the present review, we critically discuss the background, 
effectiveness, applicability, and future perspectives of pharmacological treatment 
options for severe unconjugated hyperbilirubinemia. 

 

2.3 Treatment strategies 

2.3.1 Treatments that decrease the production of UCB 
At the end of their life span, red blood cells are degraded in the 
reticuloendothelial system (RES), mainly located in the liver, spleen, and bone 
marrow. In the RES, the released heme is phagocytized by macrophages. These 
macrophages contain two essential enzymes for heme degradation: heme 
oxygenase (HO) and biliverdin reductase. The microsomal HO catalyzes the 
conversion of heme into the blue-green biliverdin, the first step in heme 
degradation. The cytosolic biliverdin reductase then converts biliverdin to the 
yellow-orange UCB (Fig. 2A). Heme and biliverdin are water-soluble, non-toxic 
compounds. It is believed they are converted into the water-insoluble, potentially 
toxic UCB because of its anti-oxidative properties and ability to cross the 
placenta.[5,14] 

Decreasing UCB production is a rational approach to treat unconjugated 
hyperbilirubinemia. This strategy has the benefit of actually preventing UCB  
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Figure 1. Unconjugated hyperbilirubinemia can result from increased 
production    ,(decreased hepatic clearance    , or enhanced enterohepatic 
circulation of UCB    . After its production from heme, the hydrophobic 
UCB is transported to the liver. In the liver, the enzyme bilirubin-UDP-
glucuronosyltransferase conjugates UCB with glucuronic acid. The 
relatively hydrophilic conjugated bilirubin (CB) is readily excreted via the 
bile into the intestine. In the intestinal lumen, CB is partly hydrolyzed to 
UCB, which can be reabsorbed from the intestine, reduced to urobilinoids 
(not shown), or excreted with the feces. Reabsorbed UCB is transported 
back to the liver via the vena porta (the enterohepatic circulation; EHC). 
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accumulation, rather than removing already accumulated UCB from the body. 
UCB production can be decreased via inhibition of HO activity with 
metalloporphyrins or D-penicillamine (Fig. 2B). Although HO inhibition 
effectively blocks heme catabolism, the efficient biliary excretion of heme prevents 
its accumulation in the body.[15] In theory, inhibition of biliverdin reductase 
could also decrease UCB production. However, inhibitors of biliverdin have not 
been explored, most likely because their use in neonates would produce green 
babies.  

 

Metalloporphyrins 

Metalloporhyrins are synthetic heme analogues, in which other metals such as 
zinc (Zn), tin (Sn), and chromium (Cr) replace the central iron atom of heme.[16] 
Metalloporphyrins competitively inhibit HO, and thus decrease heme 
degradation and UCB production (Fig. 2B).[17] Of the metalloporphyrins 
selected from the early in vitro studies, only tin, zinc, manganese, and chromium 
competitively inhibited HO in vivo,[18] but zinc and chromium were excluded 
from human use due to detrimental tissue effects.[19-21] Also, zinc-, chromium-, 
and manganese- protoporphyrins inhibited heme oxygenase, but induced 
biliverdin reductase during chronic administration in newborn rats.[22] 

Clinical research eventually focused on Sn-mesoporphyrin (SnMP) due to its 
efficacy and its safety profile.[23-27] Kappas et al. reported that preventive SnMP 
treatment mitigated the development of unconjugated hyperbilirubinemia in 53 
infants with a positive Coombs reaction caused by ABO incompatibility, 
compared with 69 Coombs positive, ABO incompatible infants that did not 
receive SnMP prophylaxis.[23] Valaes et al. published the results of 5 clinical trials 
in a total of 517 pre-term infants.[24] This paper showed that a single 
prophylactic dose of 1-6 µmol/kg SnMP, administered within 24 hours after 
birth, ameliorated unconjugated hyperbilirubinemia dose-dependently. The 
maximal dose of 6 µmol/kg reduced the peak plasma bilirubin concentration by 
41% and the requirement for phototherapy by 76%. In the most recent clinical 
trial, the therapeutic use of SnMP (6 µmol/kg) in 40 term hyperbilirubinemic 
infants shortened the length of hyperbilirubinemia and eliminated the need for 
phototherapy.[27] In a trial with newborns with glucose-6-phosphate 
dehydrogenase deficiency, SnMP was administered either in the first day of life 
(preventive use), or therapeutically after a threshold of plasma bilirubin was 
reached.[26] Although the bilirubin levels were not particularly elevated in any 
group, SnMP supplanted the need for phototherapy in both the preventive and 
the therapeutic group. SnMP has also been used in the management of Crigler-
Najjar disease. Regular SnMP treatment in Crigler-Najjar type I patients initially  
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Figure 2. Decreasing UCB production is a potential strategy to treat 
unconjugated hyperbilirubinemia. At the end of their lifespan, red blood 
cells are degraded in the reticulo-endothelial system (RES). In the RES, 
the released heme is phagocytized by macrophages. These macrophages 
contain two essential enzymes for heme degradation: heme oxygenase and 
biliverdin reductase. The microsomal heme oxygenase catalyzes the 
conversion of heme into biliverdin, the first step in heme degradation. The 
cytosolic biliverdin reductase then converts biliverdin to UCB (A). 
Metalloporphyrins and D-penicillamine block the conversion of heme into 
biliverdin, thus decreasing UCB production (B). 
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decreased plasma bilirubin levels, but the effect was temporary for unknown 
reasons.[28,29] 

Although promising, metalloporphyrins are currently not recommended for 
routine treatment in newborns due to insufficient evidence and unknown long-
term safety.[30] The only known side effect of SnMP treatment that has been 
observed so far consists of a mild transient erythema due to 
photosensitivity.[23,24] However, some concerns have risen regarding potential 
adverse-effects due to the suppression of the cytoprotective effects of HO, 
especially in critically ill infants,[31,32] and none of the metalloporphyrins are so 
far available for oral administration. Therefore, the results of further clinical trials 
regarding safety and efficacy need to be awaited before routine clinical use can be 
recommended. 

 

D-penicillamine 

D-penicillamine is a chelating agent, routinely used for the treatment of Wilson’s 
disease based on its stimulation of renal copper excretion. However, D-
penicillamine also inhibits HO-activity (Fig. 2B) and has been applied for the 
treatment of unconjugated hyperbilirubinemia.[33] Lakatos et al. published the 
only clinical trial with D-penicillamine in 1976, which involved 120 full-term 
infants with ABO-hemolytic disease.[34] In this study, patients were randomized 
to receive D-penicillamine either within the first 24 hours, or after the third day of 
life. D-penicillamine decreased plasma bilirubin concentrations by ~16% and 
decreased the number of exchange transfusions by 91%, but only in the group 
treated within 24 hours.  

Because D-penicillamine is a nitric oxide (NO) donor, any adverse effect related 
to NO, such as vasodilatation and decreased platelet aggregation, could 
potentially occur during treatment. Furthermore, chronic D-penicillamine use in 
adults is associated with serious adverse effects, such as aplastic anemia, 
Goodpasture’s disease, and myasthenia gravis.[35] Therefore, additional clinical 
trials will be necessary to evaluate whether short-term administration of D-
penicillamine would be an effective and safe treatment for unconjugated 
hyperbilirubinemia in neonates. 

 



Treatments for unconjugated hyperbilirubinemia 49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Treatments that increase the hepatic clearance 
of UCB 
After production in the RES, the hydrophobic UCB is transported to the liver, 
predominantly bound to albumin (Fig. 3). In the liver, the UCB-albumin complex 
enters the space of Disse via the endothelial fenestrae. There, UCB is dissociated 
from albumin and crosses the basolateral membrane via facilitated diffusion, 
involving transporters that have yet to be identified. Once in the hepatocyte, UCB 
is bound to ligandin (gluthathione S-transferase; Y-protein) in the cytosol.[36,37] 
This protein binds UCB with an affinity similar to plasma albumin and thus 
prevents it reflux into the space of Disse.[38] After diffusion into the cisterna of 
the endoplasmic reticulum, the hydrophobic UCB is conjugated with one or two 
glucuronic acids by the microsomal enzyme UGT1A1. Absence of UGT1A1 
activity in Crigler-Najjar disease results in a permanent unconjugated 
hyperbilirubinemia.[6] Finally, bilirubin conjugates are efficiently excreted into 
the bile via the canalicular ATP-dependent transporter MRP2 (Fig. 3).[39] The 
nuclear receptor CAR (constitutive androstane receptor) is a key regulator of 
UCB clearance, since it enhances the activity of ligandin, UGT1A1, and 
MRP2.[40] 

 

Figure 3. Increasing the hepatic UCB clearance is a potential strategy to 
lower plasma UCB levels. Phenobarbital, Chinese Herbal Medicine, and 
Clofibrate achieve this by enhancing the enzymatic steps in hepatic UCB 
clearance: hepatic uptake and storage via ligandin, hepatic conjugation via 
UGT1A1, and secretion of the bilirubin conjugates into the bile via MRP2. 
Alb-UCB, albumin-bound bilirubin. 
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Increasing the hepatic clearance of bilirubin is a potential strategy to lower 
plasma UCB levels. This can be achieved by enhancing the three steps in hepatic 
UCB clearance that are all underactive in human neonates: (1) hepatic uptake 
and storage via ligandin, (2) hepatic conjugation via UGT1A1, and (3) biliary 
excretion of conjugated bilirubin via MRP2 (Fig. 3). Below we will discuss the 
several pharmacological treatments that enhance the biliary excretion of bilirubin 
by one or more of these mechanisms. 

  

Phenobarbital  

Phenobarbital, an anti-epileptic drug, is a CAR agonist that enhances the three 
steps in hepatic UCB clearance; uptake and storage in the liver, hepatic 
conjugation, and hepatic excretion of bilirubin. Net uptake and storage is 
enhanced via an increased concentration of ligandin, conjugation is enhanced via 
induction of UGT1A1, and biliary secretion is enhanced via induction of Mrp2 
(Fig. 3).[40-42] 

Phenobarbital has been used to treat neonatal jaundice since the 1960s. 
Numerous clinical trials have shown that both administration of phenobarbital to 
pregnant mothers before delivery and phenobarbital administration to neonates 
after delivery limits the severity of unconjugated hyperbilirubinemia and the need 
for exchange transfusion (for a complete review [43]). In one of the largest clinical 
trials, daily administration of 1 g phenobarbital to 310 mothers in the last week of 
pregnancy decreased the incidence of severe hyperbilirubinemia (bilirubin > 274 
µmol/l) and lowered the need for exchange transfusion by 85%.[44]  

Nonetheless, phenobarbital is not routinely used to treat neonatal unconjugated 
hyperbilirubinemia due to several reasons.[45] First, phototherapy is more 
effective compared with either phenobarbital alone or with phenobarbitone 
combined with phototherapy.[46] In addition, the bilirubin lowering effect of 
phenobarbital is not evident until a few days after administration, in contrast to 
some of the adverse effects, i.e. sedation of the newborn infant.[43] Furthermore, 
phenobarbital diminishes the oxidative metabolism of UCB in the rat brain, 
which could lead to an increased neurotoxicity of the pigment.[47] Phenobarbital 
is useful to distinguish between type I and type II Crigler-Najjar disease. 
Phenobarbital is not effective in patients with Crigler-Najjar type I because there 
is no UGT1A1 to induce, and conjugation is essential for the biliary excretion of 
UCB. In patients with Crigler-Najjar type II disease, who have about 5% of 
normal baseline UGT1A1 activity, phenobarbital treatment reduces plasma UCB 
concentrations by 30% or more.[48] 
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Clofibrate  

Clofibrate, an activator of peroxisome proliferator-activated receptors (PPARS), is 
a lipid-lowering drug used in patients with hypercholesterolemia or 
hyperlipoproteinemia.[49] Clofibrate treatment also increases the hepatic 
conjugation of UCB via induction of UGT1A1 (Fig. 3).[50,51] Clofibrate 
treatment in Sprague-Dawley rats increased Ugt1A1 activity and resulted in an 
84% increase in the hepatic clearance of IV-administered UCB.[50,52]  

In 1981 Lindenbaum et al. published the first randomized placebo-controlled trial 
with clofibrate, involving 93 full-term neonates with physiological jaundice. Of 
these 93 neonates, 47 received one preventive oral dose of clofibrate, which 
significantly lowered plasma UCB levels from the 16th hour after administration 
and curtailed the duration of jaundice.[53] A similar study in 89 preterm 
neonates showed comparable results, including indications for a dose-response 
relationship: the hypobilirubinemic effect appeared to correlate with the plasma 
concentration of clofibric acid.[54] Three randomized controlled trials, each 
involving 60 full-term neonates, compared the use of clofibrate and phototherapy 
with the use of phototherapy alone.[55-57] Clofibrate, as add-on treatment, 
accelerated the decrease in serum total bilirubin concentrations and decreased the 
duration of phototherapy in all of these trials. The clinical utility of these results, 
however, can be disputed based on the methodology: enrollment in these studies 
was generally 5-8 days postpartum, and therefore after the period in which the 
peak of neonatal jaundice would normally occur. 

Long-term clofibrate treatment has been associated with serious adverse effects.  
In animals, clofibrate treatment is carcinogenic.[58] Although this effect has not 
been confirmed in adult humans, it is not known whether long-term 
carcinogenesis could occur after neonatal treatment.[59] Human clofibrate 
treatment for hypercholesterolemia or hyperlipoproteinemia has also been 
associated with an overall increase in non-cardiovascular mortality.[59] In theory, 
the clofibric acid metabolite p-chlorophenoxyisobutyric acid could displace UCB 
from albumin, but this has not been confirmed in vitro.[60] Other known side 
effects of clofibrate include vomiting, diarrhea, increased incidence of gallstones, 
and muscular myopathy.[61,62] None of these side effects have been reported in 
the short-term studies in infants described above. Nevertheless, long-term safety 
issues need to be clarified before its clinical use can be considered, despite the 
indication that clofibrate is an effective (add-on) therapy for unconjugated 
hyperbilirubinemia. 
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Traditional herbal medicine  

Various herbs are used in the treatment of neonatal jaundice in traditional 
medicine throughout Asia. One of the most commonly used concoctions is Yin 
Zhi Huang, a mixture of four different plant extracts.[63] By now, several studies 
have elucidated the mechanism underlying its hypobilirubinemic effect (Fig. 3). 
Administration of Yin Zhi Huang to rats increased the hepatic clearance of IV-
administered UCB and induced the enzyme activity of ligandin and Ugt1A1.[64] 
Yin Zhi Huang seems to act as a CAR agonist, since treatment induced the 
expression of ligandin, Ugt1A1, and Mrp2 in normal, but not in CAR-knockout 
mice.[65] Coumarin 6,7-dimethylesculetin (Scoparone), a component of 
Artesemia capillaris (Yin Chin), which is one of the four plant extracts in Yin Zhi 
Huang, appeared to be the largest contributor to the effect of Yin Zhi Huang.[65] 

The clinical efficacy of Yin Zhi Huang for unconjugated hyperbilirubinemia has 
not been tested in randomized, controlled clinical trials. Also, there is a legitimate 
tendency to develop treatments based on individual molecules, rather than 
mixtures, to guarantee reproducibility and minimize the risk of side effects. 
Indeed, some herbal concoctions have been able to displace bilirubin from 
albumin, thereby increasing the concentration of unbound unconjugated 
bilirubin.[66] Contamination of herbal medicines with heavy metals, i.e. lead and 
mercury, has been reported.[67] Finally, Yin Zhi Huang treatment is associated 
with hemolysis in glucose-6-phosphate dehydrogenase-deficient patients.[63] 
Therefore, clinical use of traditional herbal medicine during neonatal jaundice is 
not recommended. 

 

2.3.3 Treatments that interrupt UCB’s enterohepatic 
circulation  
In the intestine, conjugated bilirubin is extensively hydrolyzed by β-
glucuronidases to UCB, which can be converted to urobilinoids or can be 
reabsorbed into the enterohepatic circulation (Fig. 4A).[68,69] This reabsorption 
is especially important in human newborns, which do not develop the anaerobic 
colonic microflora that converts UCB to urobilinoids until 2-6 weeks 
postnatal.[70] Reabsorption of UCB from the intestinal lumen seems to occur, at 
least in part, via a passive mode of transport.[71] Intestinal accumulation of UCB, 
for instance during a delayed passage of meconium or during starvation,[4,72] 
increases its intestinal reabsorption into the portal venous blood.[3] Because the 
liver extracts only 30% of the UCB load, this will directly contribute to the 
pathogenesis of unconjugated hyperbilirubinemia.[73] However, if the plasma 
UCB concentrations are very high, the concentration gradient will favor UCB 
diffusion from the blood into the intestinal lumen.[74,75] In Gunn rats, the well-
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established animal model for Crigler-Najjar disease type 1, the majority of the 
total bilirubin disposal occurred via this excretory pathway.[74,75]  

The transport of UCB across the intestinal membrane thus seems to be 
predominantly passive, bi-directional, and driven by the concentration gradient 
between (unbound) plasma UCB and UCB in the intestinal lumen. Theoretically, 
capturing UCB in the intestinal lumen could enhance the diffusion of UCB from 
the blood and limit its reabsorption into the enterohepatic circulation. Several 
capturing strategies that influence the gradient towards net excretion have been 
tested. (Fig. 4B). Some involve oral administration of insoluble, poorly absorbable 
solids, or of detergents, that bind UCB. Others work by decreasing the intestinal 
absorption of endogenous compounds that bind bilirubin. Alternatively, 
enhancing the transit and fecal elimination of intestinal contents, for example by 
frequent feeding or laxatives, can also be applied to decrease plasma UCB 
concentrations (Fig. 4C). Below, we discuss the effectiveness, applicability and 
future perspectives of the several classes of agents that diminish the enterohepatic 
circulation of UCB.  

 

BLOOD

EHC INTESTINAL
CAPTURE

ENHANCING
INTESTINAL
TRANSIT

 
Figure 4. Interruption of the enterohepatic circulation of UCB decreases plasma UCB levels. In 
the intestinal lumen, conjugated bilirubin (CB) is partly hydrolyzed to UCB, which can be 
reabsorbed from the intestine. Reabsorbed UCB is transported back to the liver via the vena porta. 
In the liver, this UCB is re-conjugated and excreted via the bile, thus constituting an enterohepatic 
circulation (EHC) (A). Reabsorption occurs via a passive mode of transport and is, consequently, bi-
directional and driven by the UCB concentration gradient between the plasma and the intestinal 
lumen. Capturing UCB in the lumen with cholestyramine, charcoal, agar, calcium, zinc, and fat 
limits intestinal reabsorption of the pigment. This induces a shift of UCB from the blood into the 
intestinal lumen, from where UCB can then be excreted with the feces (B). Accelerating intestinal 
transit by frequent meals may result in a lower intestinal UCB concentration, which also enhances 
UCB diffusion from the blood into the intestinal lumen (C). 
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Cholestyramine 

Cholestyramine is an insoluble, quaternary ammonium compound and anion 
exchanger, known to bind bile salts in the small intestine. In 1962 Lester et al. 
hypothesized that cholestyramine could lower plasma UCB levels by binding the 
UCB in the intestinal lumen, thus preventing its reabsorption (Fig. 4B). To prove 
this hypothesis, four adult Gunn rats were supplemented with dietary 
cholestyramine, which resulted in a 30-45% drop in plasma UCB levels.[76] 
Enteral administration of cholestyramine to jaundiced preterm infants, however, 
did not significantly decrease plasma bilirubin levels compared with controls.[77] 
Schmid et al. speculated that the discrepancy between animal and human data 
could be due to a higher affinity between UCB and albumin in the human blood, 
compared with Gunn rats. This could limit the diffusion of UCB from the blood 
into the intestinal lumen.[77] Subsequent trials have reported either for,[78-80] 
or against [81] the effectiveness of cholestyramine as add-on treatment to 
phototherapy. Side effects of cholestyramine therapy include: hyperchloremic 
metabolic acidosis, constipation, and diarrhea.[77,79-81] Because its safety and 
effectiveness remain questionable, treatment of unconjugated hyperbilirubinemia 
with cholestyramine is not recommended. 

 

Charcoal 

In 1964, Ulstrom et al. observed that activated charcoal removed bilirubin from 
human bile more avidly than did cholestyramine.[82] In that same year, Künzer 
et al. independently showed that activated charcoal removed nearly all the 
bilirubin content from human duodenal fluids.[83] Both groups hypothesized that 
activated charcoal could trap bilirubin in the intestinal tract, prevent its 
enterohepatic circulation and decrease plasma bilirubin levels in neonates (Fig. 
4B). To investigate this hypothesis, Ulstrom et al. administered 11-15 doses of 
activated charcoal in 30 full-term neonates. Treatment started either 4 hours 
(n=15) or 12 hours (n=15) after birth. Interestingly, UCB levels decreased, but 
only in the group that received the first charcoal administration at 4 hours 
postpartum.[82] Künzer et al. daily administered activated charcoal from the 
second day after birth in 25 premature neonates, but found no effect on plasma 
bilirubin levels.[83] Ulstrom et al. concluded that charcoal should be administered 
soon after birth, possibly because it thus could prevent the intestinal reabsorption 
of meconial UCB.[82] After these initial reports, the effect of oral charcoal on 
plasma bilirubin has been investigated in three Gunn rat studies and in one 
prospective study involving jaundiced newborns.[84-86] In Gunn rats, activated 
charcoal decreased plasma unconjugated bilirubin levels as effectively as 
phototherapy.[84-86] In jaundiced neonates, charcoal treatment, started within 
the first day of life, combined with phototherapy decreased plasma bilirubin levels 
more effectively compared with phototherapy alone.[87] 
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Side effects of activated charcoal are relatively rare, but include vomiting and 
dehydration.[84,88] Although activated charcoal seems to have some merit in the 
treatment of neonatal unconjugated hyperbilirubinemia, more research regarding 
its safety and effectiveness (e.g. timing of postnatal administration) is necessary 
before clinical use can be considered. Also, it is unclear whether binding by 
charcoal limits the intestinal absorption of essential nutrients and other potentially 
beneficial compounds. 

 

Agar  

Agar is a gelatinous substance that is derived from seaweed. In the 1970s, Poland 
et al. showed that UCB binds to dried agar and that agar thus could act as a 
trapping agent for the UCB in the intestinal lumen (Fig. 4B).[89,90] In Gunn rats, 
agar exhibited a protective effect against bilirubin-induced nephropathy.[91] The 
results of agar in hyperbilirubinemic newborns, however, have been conflicting. 
Poland et al. initially reported favorable results in term infants.[89] Yet, 
subsequent papers showed either beneficial effects,[92,93] or no effects[94-99] of 
agar treatment on decreasing UCB levels or shortening of the duration of 
phototherapy. However, most of these studies failed to assess the binding affinity 
for UCB of the ingested agar. Also, many of the studied populations were small 
and/or heterogeneous.[100] Consequently, although oral agar has appeared to be 
free from serious side effects in these studies, its effectiveness remains unproven. 
Thus, treatment of unconjugated hyperbilirubinemia with agar is not 
recommended currently.  

 

Calcium phosphate 

In pigment gallstones there is a strong interaction between calcium and UCB, 
which is present in the stones as the insoluble salt Ca(HB-)2.[101,102] Van der 
Veere et al. showed that amorphous calcium phosphate rapidly precipitates UCB 
in vitro in a dose-dependent fashion.[103] The UCB almost exclusively associated 
with insoluble amorphous calcium phosphate and not with free calcium 
ions.[103] Van der Veere et al. subsequently showed that dietary treatment of 
Gunn rats with calcium phosphate decreased plasma UCB levels by ~35% and 
transiently increased fecal UCB excretion, in accordance with intestinal capture 
(Fig. 4B).[104] 

Following these promising results, a placebo-controlled double blind cross-over 
trial was performed in 11 patients with Crigler-Najjar disease.[105] Patients 
received calcium phosphate supplementation during 3 weeks as adjunct to their 
usual phototherapy regimen. Calcium phosphate supplementation decreased 
plasma UCB concentrations by 18% in patients with type I Crigler-Najjar disease, 
but had no effect in patients with type II disease.[105] Although its 
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hypobilirubinemic effect is only moderate, calcium phosphate is currently used by 
a number of Dutch Crigler-Najjar type 1 patients as an adjunct to phototherapy 
when plasma UCB concentrations reach dangerously high levels (personal 
communication Dr. M. Sinaasappel, Rotterdam).  

The adverse effects of calcium phosphate treatment seem limited. No side effects 
have been observed in the animal or patient studies, or during routine treatment 
of patients. However, there are some concerns that prolonged treatment with high 
doses of calcium phosphate might cause calcium depositions in the kidneys. 

 

Zinc salts 

In 2001, Mendez-Sanchez et al. demonstrated that UCB rapidly, and dose-
dependently, precipitates with zinc salts in vitro.[106] UCB was hypothesized to 
associate both with the insoluble zinc salts and with the free zinc cations, but the 
study did not discriminate between these two possible mechanisms.[107] In the 
same paper, they showed that dietary administration of zinc sulfate decreased the 
biliary excretion of UCB in hamsters.[107] These observations suggested that zinc 
salts might trap UCB in the intestinal lumen (Fig. 4B). To further explore this 
hypothesis, Mendez-Sanchez et al. administered a single oral dose of zinc sulfate to 
10 patients with Gilbert’s syndrome. This inherited condition is characterized by 
a chronic, mild, unconjugated hyperbilirubinemia related to diminished hepatic 
UGT1A1 expression. Zinc sulfate enhanced fecal UCB excretion and, moderately 
(12%-18%), decreased plasma UCB concentrations in these patients.[106] Vitek et 
al. administered zinc sulfate and zinc methacrylate to Gunn rats, after 
demonstrating that both zinc salts could precipitate with UCB in vitro. Both zinc 
sulfate (-36%) and zinc methacrylate (-26%) treatment decreased plasma UCB 
concentrations.[108] In all three studies zinc sulfate, but not zinc methacrylate, 
administration increased plasma zinc levels.[106-108] Because elevated plasma 
zinc levels are associated with diarrhea, vomiting and, eventually, anemia, zinc 
methacrylate would be the agent of choice for future clinical studies involving zinc 
salts.[109] 

 

Orlistat / Fat 

Gollan et al. had shown in the 1970s that lipid withdrawal from the diet 
aggravated unconjugated hyperbilirubinemia in Gunn rats and in patients with 
Gilbert’s disease.[110,111] The underlying mechanism, however, remained 
unknown. In 2002, Verkade hypothesized that fat, due to its ability to form a 
hydrophobic association with the pigment, could act as an intestinal trapping 
agent for UCB (Fig. 4B).[112] In that same year, McDonagh demonstrated in vitro 
that UCB admixed in buffer completely partitions into an oil phase upon vigorous 
shaking.[113] In accordance with Verkade’s hypothesis, Nishioka et al. showed 
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that treatment with the lipase inhibitor orlistat increased the fecal excretion of 
both fat and UCB in Gunn rats, while decreasing their plasma UCB levels by 
~40%.[114] Orlistat was used because it decreases the intestinal hydrolysis, and 
thereby the subsequent absorption, of dietary triglycerides.[114] The resulting 
increase in fecal fat excretion was strongly, negatively, correlated with plasma 
UCB levels.[115,116] Orlistat treatment was as effective as phototherapy for 
reducing plasma UCB levels in Gunn rats, and a combination of orlistat and 
phototherapy was superior to either treatment alone.[116] In the same study, 
Hafkamp et al. showed that switching Gunn rats from a low-fat to a high-fat diet, 
increased fecal fat excretion, and decreased plasma UCB levels by 46%. Using 
steady-state 3H-UCB kinetics, Hafkamp et al. demonstrated that orlistat treatment 
induced net transmucosal excretion of UCB into the intestinal lumen, compatible 
with the hypothesis that fat could act as an intestinal trapping agent for 
UCB.[117] Still, the presently available data do not clarify whether UCB actually 
associates with unabsorbed fat and if so, with which class of unabsorbed fat (e.g. 
partially hydrolyzed triglycerides, fatty acids, phospholipids). In vitro experiments 
will be needed to characterize the exact mechanism.[117] 

The effects of orlistat treatment of Crigler-Najjar patients were less pronounced 
than observed in Gunn rats. Hafkamp et al. conducted a randomized placebo-
controlled double blind cross-over trial in 16 Crigler-Najjar patients.[117] Orlistat 
was tested during 4-6 weeks as an adjunct treatment to their regular phototherapy 
and/or phenobarbital regimen. Orlistat treatment decreased plasma UCB 
concentrations in the whole group by 9%, but the magnitude of the effect was not 
considered clinically relevant. Interestingly, orlistat treatment decreased plasma 
UCB by 21% in a subgroup of patients. This clinically relevant response to 
orlistat treatment appeared to correlate with a relatively low dietary fat 
intake.[118] It was suggested that apart from dietary fat intake, the responsiveness 
of Crigler-Najjar patients to orlistat treatment was probably determined by 
several other factors, which may include gastrointestinal lipase activity levels and 
the bacterial flora of the patients. Until these factors have been identified, orlistat 
cannot be recommended as a routine adjunct to conventional treatment for 
Crigler-Najjar disease. Although some patients reported mild gastrointestinal 
discomfort, no serious adverse effects were observed in the animal and patient 
studies. However, orlistat treatment decreased vitamin E levels in Crigler-Najjar 
patients, indicating that vitamin E supplementation would be required with long-
term treatment. 

 

Bile salts  

Bile salts are the major organic constituents of the bile. Bile salt administration 
could lower plasma UCB concentrations for several reasons. First, bile salt 
administration increased the biliary disposal of organic anions, including UCB, in 
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rats.[119,120] Secondly, Einarsson et al. showed that treatment in healthy 
volunteers with the bile salt ursodeoxycholic acid (UDCA) decreased the 
expiration of 14CO2 from triolein and suggested that UDCA therapy mildly 
decreased the absorption of fat.[121] This mild fat malabsorption may well 
decrease plasma bilirubin levels in a similar fashion as orlistat treatment. Finally, 
Rege and Ostrow showed in vitro that bile salts associate with UCB. Bile salt 
administration could therefore capture UCB in the intestinal lumen and enhance 
the fecal excretion of UCB-bile salt complexes (Fig. 4B)[122,123]. The treatment 
of unconjugated hyperbilirubinemia with bile salts is discussed in chapter 3. 

 

Accelerating intestinal transit 

Caloric deprivation, which often occurs in neonates during the initiation of 
breast-feeding,[4] is associated with unconjugated hyperbilirubinemia.[7] Kotal et 
al. demonstrated in fasted Gunn rats that this unconjugated hyperbilirubinemia 
was due to a delayed intestinal transit of stools.[3] This delay resulted in intestinal 
UCB accumulation and enhanced enterohepatic circulation of UCB. Kotal et al. 
also showed that feeding non-absorbable bulk to the fasted Gunn rats normalized 
intestinal transit time and prevented the increase in plasma UCB 
concentrations.[3] Kotal’s observations are supported by the fact that clinical 
causes of a delayed intestinal transit, such as a delayed passage of meconium,[72] 
pyloric stenosis,[124] and Hirschprung’s disease,[125] are also associated with 
unconjugated hyperbilirubinemia. 

Based on these observations, it can be hypothesized that accelerating the intestinal 
transit time decreases plasma UCB concentrations, presumably by decreasing 
UCB reabsorption (Fig. 4C). This hypothesis is supported by several publications. 
In 1966 Wennberg et al. and in 1967 Wu et al. showed that neonates fed within 2-
6 hours after birth passed meconium earlier, better maintained their body 
weights, and had lower plasma bilirubin levels compared with infants initially fed 
within 24-36 hours after birth.[126,127] In 1982, De Carvalho et al. showed that 
frequent breast feedings were associated with lower plasma UCB levels.[128] In 
1984, Cottrell et al. showed that accelerating meconium passage with rectal 
stimulation also decreased plasma UCB concentrations.[129] Frequent and early 
feedings of neonates thus seem to be effective in lowering plasma UCB 
concentrations by enhancing its fecal elimination. In this thesis we attempted to 
lower plasma bilirubin in Gunn rats by accelerating the gastrointestinal transit 
time. The results of these experiments are discussed in chapter 4. 
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2.3.4 Other pharmacological interventions 
Increasing UCB oxidation 

Oxidation converts the hydrophobic UCB into more polar derivatives that can be 
excreted into the bile without conjugation. When conjugation of UCB is deficient, 
as in Crigler-Najjar disease or in the Gunn rat model, oxidation can thus serve as 
an alternate route for UCB excretion.[130,131] The microsomal mixed-function 
oxidases CYP1A1 and CYP1A2, which catalyze UCB oxidation, were indeed 
found to be markedly upregulated in the liver of young Gunn rats.[132] Bilirubin 
can also be oxidized by the constitutive, non-inducible enzyme bilirubin oxidase, 
found in the mitochondria of the liver, intestine, and kidney of guinea pigs and 
rats.[133-135] 

In 1978, Kapitulnik et al. treated Gunn rats with 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), a potent inducer of microsomal P450-1A1. Although this 
treatment reduced plasma UCB levels by 60% in Gunn rats, clinical treatment 
with TCDD was not possible due to its toxicity.[136] Jorritsma et al. showed that 
induction of CYP1A1 with the natural compound indole-3-carbinol, which is 
abundant in cruciferous vegetables, decreased plasma UCB levels up to 21% in 
Gunn rats.[137] The safety of long-term administration of this inexpensive 
compound to humans has been demonstrated in trials of its prevention of breast 
cancer in women, but its effects in human neonates are not known. Exogenous 
bilirubin oxidase from plants has been studied in several publications. In one 
study, the passage of human or rat blood through an extracorporeal filter 
containing immobilized bilirubin oxidase degraded more than 90% of the 
bilirubin in a single pass.[138] In another study, a single dose of bilirubin oxidase, 
coupled to polyethylene glycol in order to increase its half-life in the blood, was 
administered intravenously to Gunn rats. This resulted in normalization of 
plasma UCB levels for a period of 12-48 hours.[139] Although bilirubin oxidase 
treatment was not associated with adverse effects in animals, it has not yet been 
applied in clinical trials, human neonates, or Crigler-Najjar patients.  

 

2.4 Future perspectives 
Conventional treatment for unconjugated hyperbilirubinemia involves 
phototherapy and exchange transfusion. These treatment options have several 
disadvantages and are not always available in developing countries. Various 
pharmacological alternatives have been evaluated. Ideally, an alternative 
pharmacological intervention should be less invasive, simpler, and at least as 
effective and safe as phototherapy. However, many of the experimental therapies 
presently available do not (yet) meet these criteria. Phototherapy currently 
remains the preferred treatment strategy for unconjugated hyperbilirubinemia. 
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Nevertheless, several treatment options, such as metalloporhyrins, clofibrate, bile 
salts, laxatives, indole-3-carbinol, and bilirubin oxidase deserve further 
investigation to determine their clinical applicability in the near future. Because 
the harm from unconjugated hyperbilirubinemia is due to its deposition in the 
central nervous system, future pharmacological treatment strategies should aim 
more directly at preventing neurological damage. One possible strategy could 
involve the induction of the ATP-Binding Cassette (ABC) proteins MRP1 and 
MDR1, which protect the central nervous system by exporting UCB across the 
blood-brain barrier.[39,140-144] Another strategy could involve the prevention of 
UCB-induced apoptosis by enhancement of the neurocellular (anti-caspase) 
defense mechanism against unconjugated hyperbilirubinemia.[145,146] A focus 
on neurological damage, rather than plasma bilirubin levels, could induce a 
paradigm shift in the development of new treatment strategies for unconjugated 
hyperbilirubinemia. 
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