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ABSTRACT
Bilirubin (BR) is the final product of haem catabolism. Disruptions along BR metabolic/transport pathways
resulting from inherited disorders can increase plasma BR concentration (hyperbilirubinaemia). Unconjugated
hyperbilirubinemia may induce BR accumulation in brain, potentially causing irreversible neurological dam-
age, a condition known as BR encephalopathy or kernicterus, to which newborns are especially vulnerable.
Numerous pharmaceutical strategies, mostly based on hemoperfusion, have been proposed over the last dec-
ades to identify new valid, low-risk alternatives for BR removal from plasma. On the other hand, accumulating
evidence indicates that BR produces health benefits due to its potent antioxidant, anti-inflammatory and
immunomodulatory action with a significant potential for the treatment of a multitude of diseases. The pre-
sent manuscript reviews both such aspects of BR pharmacology, gathering literature data on applied pharma-
ceutical strategies adopted to: (i) reduce the plasma BR concentration for preventing neurotoxicity; (ii)
produce a therapeutic effect based on BR efficacy in the treatment of many disorders.
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1. Introduction

Bilirubin (BR) is a highly hydrophobic, water-insoluble tetrapyrrole
derivative representing the end product of haem breakdown.
About 80% derivatives from erythrocyte haemoglobin degradation
in the reticuloendothelial system, while the remaining 20% comes
from inefficient erythropoiesis in bone marrow and degradation of
other haem proteins (e.g. myoglobin, cytochromes, catalases)1–4.
In plasma, unconjugated bilirubin (UCB) binds to albumin and is
transported to the liver, up taken by passive transmembrane diffu-
sion combined with active transport mediated by several sinus-
oidal transporters (i.e. sinusoidal membrane-bound organic anion
transporting polypeptides OATP1B1 and OATP1B3)1,5. In hepato-
cytes, BR binds to ligandin and is transported to endoplasmic
reticulum where the enzyme uridine diphosphate glycosyltransfer-
ase 1A1 (UGT1A1) catalyses its conjugation with glucuronic acid1,6.
Therefore, the excretion of conjugated bilirubin into bile (biliary
duct) is mediated by the ATP-dependent transporter MRP2 (identi-
fied as a multidrug resistance-associated protein) and in part by
ATP-binding cassette efflux transporter ABCG25–7. A substantial
fraction of bilirubin conjugates is primarily secreted by the ATP-
dependent transporter MRP3 at the sinusoidal membrane into the
blood and is subsequently reuptaken by OATP1B1 and OATP1B3,
whose expression is higher in centrilobular hepatocytes (Figure
1)1,2. This transfer process (hopping) of conjugated bilirubin and
other substrates from the periportal to the centrilobular zone of
the liver lobule is thought to protect periportal hepatocytes
against elevated concentrations of various xenobiotics2.

Disruptions along these metabolic/transport pathways can cause
an increase in unconjugated bilirubin (e.g. from increased red blood
cell destruction or impaired bilirubin conjugation) or conjugated bili-
rubin (e.g. from hepatocellular damage or biliary tract obstructions)1,8.
Hyperbilirubinemia is traditionally defined as serum BR concentrations
above 1mg/dL, while jaundice (i.e. yellow discoloration of skin and
sclera of eyes) usually occurs at serum concentration above 2–3mg/
dL9–12. Depending on the cause, hyperbilirubinaemia may appear at
birth or at any time afterwards. Unconjugated hyperbilirubinaemia
may cause the lipid-soluble BR to accumulate in brain, potentially
causing seizures and irreversible neurological damage, leading to a
condition known as acute bilirubin encephalopathy (ABE) and kernic-
terus spectrum disorders (KSDs), with devastating, permanent neuro-
developmental handicaps or exitus13–19.

BR deposited in the brain produces toxic effect by inhibition of
DNA synthesis, uncoupling of oxidative phosphorylation and inhib-
ition of adenosine triphosphatase (ATPase) activity in brain mito-
chondria13–16. BR impairs several enzymatic systems, RNA and
protein synthesis in brain and liver. Further toxic effects of BR result
from alteration of carbohydrate metabolism in the brain17–19.

Depending on the exposure level, UCB hyperbilirubinaemia can
produce from unnoticeable effects up to severe brain damage
and even death. Newborns are especially vulnerable to hyperbilir-
ubinemia-induced neurological damage9. Hence, it is crucial to
carefully monitor newborns for alterations in their serum BR levels.
Relevantly, yellow discoloration observed in 60% of term and 80%
of preterm infants usually disappears spontaneously10.
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Three types of inherited, predominantly unconjugated non-
haemolytic hyperbilirubinaemia have been identified according to
different levels of UGT1A1 activity, related to protein muta-
tions1,20: Crigler–Najjar syndrome type I (CN1), Arias syndrome
type II (CN2) and Gilbert’s syndrome (GS). On the other hand, two
types of hereditary conjugated jaundice exist, that are the benign
Dubin–Johnson and Rotor syndromes21,22.

CN1, the most deleterious form, shows the complete or almost
complete absence of UGT1A1 enzyme activity with severe jaun-
dice23,24. Jaundice occurring immediately after birth can be com-
plicated by ABE and KSDs, that, before the introduction of
phototherapy and blood exchange transfusion, was fatal in almost
all cases or caused serious brain damage with permanent neuro-
logic sequelae. Phototherapy produces the photoisomerization of
unconjugated BR biosynthetic (and water-insoluble) form, that is
4Z,15Z-Bilirubin-IX-a, to its water-soluble photoisomers and their
successive elimination via bile (Figure 2)11,25,26. The effectiveness
of phototherapy decreases gradually with age and patients are at
higher risk of sudden brain damage26. New treatments, such as
hepatocyte or hepatic progenitor cell transplantation, are been
used27. However, liver transplantation is still considered to be the
only definitive treatment for CN11,26.

CN2 is characterised by reduced UGT1A1 enzyme activity with
a moderate degree of nonhemolytic jaundice. Bilirubin levels are
not critical and CN2 is only rarely complicated by KSDs28,29.

GS is characterised by fluctuating mild, unconjugated non-
haemolytic hyperbilirubinaemia usually diagnosed around puberty,
and aggravated by concomitant illness, stress, fasting or after
administration of certain drugs30. GS is the most frequent heredi-
tary jaundice affecting nearly 5–10% of the Caucasian popula-
tion31. GS is benign and carriers present with no liver disease32.

Additionally, neonatal non-haemolytic jaundice can be the
result of a higher rate of foetal red blood cells (RBCs) turnover
than that is seen in adults. In contrast, haemolytic jaundice results
from immunological breakdown of RBCs by maternal antibodies
targeting blood group antigens33.

On the other hand, it is extremely relevant that BR is an
endogenous substance which acts as an antioxidant and anti-
inflammatory agent in the serum34–38. Haem oxygenases (HOs,
chiefly isoform 1) degrades haem-producing biliverdin, carbon

monoxide (a gasotransmitter and efficient anti-inflammatory), a
Fe(II) ion and consuming oxygen and a reducing agent, NADPH
(Figure 3). BR derives from the reduction of biliverdin by biliverdin
reductase (BVR). BR is able to scavenge singlet oxygen with high
efficiency, to react with superoxide anions and peroxyl radicals,
and to serve as a reducing substrate for peroxidases in the pres-
ence of hydrogen peroxide or organic hydroperoxides. Acting as a
reducing agent, BR oxidises back to biliverdin, which is recovered
again to BR by BVR by a cycle that detoxifies up to 10000 times
the oxidant excesses (Figure 3)35. It was shown that BR exerts anti-
oxidant and cytoprotective functions in a physiologically comple-
mentary manner with glutathione37. There is evidence of the
protective effect of mild to moderately elevated levels of BR
against diseases related to oxidative stress38. In fact, moderately
higher BR levels are positively associated with reduced risk of car-
diovascular disease, Alzheimer’s disease, ischemia-reperfusion, dia-
betes, respiratory disease, cancer, metabolic syndrome and
obesity, suggesting that increased BR production is an adaptive
response against oxidation36–46. Further, BR demonstrated experi-
mentally immunosuppressor effects47. Induction of the HO 1/bili-
verdin/bilirubin system decreases episodes of acute and chronic
rejection in solid organ transplants48.

While the role of BR as a scavenger of reactive oxygen species
is well documented in vitro and animal studies, in the context of
newborn hyperbilirubinaemia the role of BR in balancing antioxi-
dant and pro-oxidant agents is still debated, because of contra-
dictory results49. In fact, in a recent literature survey, high BR
levels have been associated with an increase of oxidative stress
both in term and preterm infants50–52. However, it is evident that
factors other than BR are the most likely cause of this increase: (i)
the release of redox-active iron from haem by HO 1 might induce
an increase of oxidative stress because infants lack of an adequate
induction of ferritin to effectively remove iron; (ii) the prooxidant
effect of phototherapy adopted to reduce hyperbilirubinemia53,54.

Both faces of BR pharmacology, harmful at very high level and
efficient antioxidant at moderately elevated levels, are subject of
research in the biomedical field. The present review gathers and
discusses the literature data over transport, removal, complexation
and controlled release of BR.

Figure 1. Bilirubin excretion pathway. MRP1, MRP3, MRP4, OATP1B1, and OATP1B3 are sinusoidal unconjugated and conjugated bilirubin transporters, whereas MRP2
and ABCG2 are implicated in its elimination in the biliary duct.
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2. The lipophilic bilirubin binds specific proteins in
plasma and cellular media

The biosynthetic form of BR (4Z,15Z-bilirubin-IX-a; Figure 2) is
insoluble in water at neutral pH55. Thus, BR binds serum albumin
in blood plasma to reach the liver. The lipophilicity and poor
aqueous solubility of bilirubin were long considered a paradox,
since the molecule is a dicarboxylic acid containing several polar
functional groups. The crystal structure of the compound revealed
that the molecule adopts a “ridge-tile” conformation in which the

interplanar angle between the dipyrrin one groups is about 100�.
Each of the two propionic acid groups establishes three H-bonds
with the opposite dipyrrinone ring disabling interactions with
water molecule (Figure 2)55. The ridge-tile conformation also
occurs in solution where, however, BR can flip between two
enantiomeric conformers (P and M), both of which maintain the
internal H-bond network. Phototherapy, that is used to treat
hyperbilirubinaemia in newborns, transforms BR in its water-
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Figure 2. Configurational photoisomerization of (4Z,15Z)-bilirubin (biosynthetic and water-insoluble form) to (4Z,15E)-, (4E,15Z)- and (4E,15E)- isomers. Structural photo-
isomerization of (4Z,15Z)-bilirubin to (Z)-lumirubin and configurational isomerisation of the latter to (E)-lumirubin are also shown. Black dashed lines represent intramo-
lecular hydrogen bonds.

Figure 3. Bilirubin biosynthetic pathway and antioxidant mechanism.
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soluble photoisomers, whose polar functional groups are able to
form polar contacts with water molecules (Figure 2).

The binding mode of UCB to human serum albumin (HAS) was
revealed by X-crystallography, performed in dark conditions to
avoid photoisomerization. Nonetheless, a significant predominance
of the photometabolite 4Z,15E-bilirubin-IX-a was identified in the
electron density of the ligand bound to the protein. The structure
was deposited in the protein data bank (PDB) with the code 2VUE
and a resolution of 2.42 Å (Figure 4(A)). One carboxylic function of
the ligand engages a salt bridge and H-bonds with the side chain
guanidine of R117, while the other carboxylate forms analogue
interaction with the positively charged groups of R186 and K190
side chains. The NH group of ring B is involved in a H-bond with
the backbone C¼O of L115. The endo-vinyl dipyrrinone ring
accommodates in a lipophilic cleft lined by I142, F149 and F157,
while the C¼O moiety is in H-bond distance with the sidechain
OH of Y138. The exo-vinyl dipyrrinone ring is in contacts with resi-
dues P118, M123, F134 and Y161, whereas the amide group are
exposed to the solvent (Figure 4(A)).

Modelling studies were reported for the biosynthetic 4Z,15Z-
bilirubin-IX-a and HSA and indicate an overall binding conform-
ation that is broadly similar to the crystallographic pose adopted
by the 4Z,15E isomer, though some binding inconsistencies
remain when related to CD measurements55.

It is relevant that in the bloodstream nonsteroidal anti-inflam-
matory drugs (NSAIDs) were shown to be mostly bound to HAS56.
Crystallographic analysis showed that naproxen, ketoprofen, diclo-
fenac and indomethacin even bind HSA in the same binding site
pointed out for BR, whilst ibuprofen binds in different regions of
the plasma protein (Figure 4(B))57. However, it was shown in solu-
tion that ibuprofen binds plasma albumin interfering with the
binding of BR in jaundiced newborn infants, where ibuprofen is
used for closing the ductus arteriosus58. In fact, data from a 2010
research paper by Soligard et al. indicate that ibuprofen is a com-
petitive displacer of BR from albumin in vitro increasing the level
of unbound plasma BR, as such as sulphisoxazole, a drug that
causes KSDs in premature infants59. In this context, a binding site

competition between ibuprofen and BR was detected in silico by
Evoli et al. upon a thorough absolute binding free energy calcula-
tions60. Additionally, Paar et al showed by a structural in solution
visualisation of albumin dynamicity that the binding, transport,
and release of its cargos strongly depend on albumin highly flex-
ible conformation, which is affected by bound ligands induced by
physiological and pathological conditions61. Berns et al. also dem-
onstrated that BR reduces neuron viability in rat cortical neuronal
culture and ibuprofen increases this effect62. In contrast, in a suc-
cessive study, Desfrere et al. determined no correlation between
unbound BR and ibuprofen concentrations in preterm neonates
during ibuprofen treatment of patent ductus arteriosus. The
authors thus concluded that the drug does not displace BR from
HSA in preterm infants, but caution should be applied in cases of
elevated BR concentration or when higher doses of ibuprofen are
ad-ministered63.

It is of interest that a-fetoprotein (AFP) is the foetal analogue
of serum albumin and functions as a carrier protein for bilirubin64.
AFP is one of the major plasma glycoproteins in the early foetal
stage. Moreover, AFP is used as a biomarker for maternal testing
for foetal screening indicating problems in the foetus, placenta or
liver diseases in the woman. AFP is also a marker for certain
tumours, since it reappears in serum in cases of hepatoblastoma,
and hepatocellular carcinoma65.

Upon entrance within the hepatocytes, BR is transported to the
smooth endoplasmic reticulum for glucuronidation by binding to
two cytosolic proteins: Z protein (fatty acid-binding protein) and
ligandin (Y protein)66,67. In normal conditions, ligandin is probably
the principal hepatic bilirubin-binding protein and may serve the
same protective and transport functions intracellularly as does
albumin in plasma. It also limits reflux of bilirubin into plasma,
since its affinity for bilirubin is at least five times greater than that
of albumin. Z protein becomes important at high plasma bilirubin
concentrations. The concentration of ligandin in the liver does not
reach adult levels until several weeks after birth, whereas neonatal
and adult levels of Z protein are the same. This lack of ligandin,
together with low hepatic glucuronyltransferase activity, is the

Figure 4. A) X-ray solved structure of 4Z,15E-bilirubin-IX-a in complex with HSA (PDB 2VUE). B) Superposition of BR (cyan), naproxen (red, PDB 2VDB), indomethacin
(green, PDB 2BXM), diclofenac (magenta, PDB 4Z69), ibuprofen (yellow, PDB 2BXG) and sulfasalazine (blue, PDB 6R7S) bound to HSA. H-bonds are depicted as black
dashed lines. Amino acids are labelled with one letter symbols: F, Phe; I, Ile; K, Lys; L, Leu; P, Pro; R, Arg; V, Val; Y, Tyr.
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probable cause of transient, “physiological,” nonhemolytic, neo-
natal jaundice66,67.

3. Bilirubin transporters across biological membranes

In adults, 200–300mg of bilirubin are produced daily, as a result
of the physiologic turnover of haemoglobin and cellular cyto-
chromes1,2,68. Surprisingly, liver takes up 0.13–0.2mg of BR per
minute. A thoroughgoing review on membrane transporters of BR
and its conjugates was recently published2. The latter systematic-
ally gathered data over the mechanisms of BR uptake into the
liver, excretion into the bile, reflux from the liver to the blood,
and barrier for BR transport into the brain. As mild increases are
related to reduction of cardiovascular disease risk, type-2 diabetes
mellitus and other conditions, the authors deemed important to
understand if membrane transporters may participate in these
beneficial fluctuations. The outcome of the study pointed out 11
electrochemical potential-driven and 8 primary active membrane
transporters (listed in Table 1)68–72. The authors concluded that
“paradoxically, the remarkable advancements in this field have
only confirmed the elusive mechanism enabling UCB to diffuse
into the liver as if no cellular boundary existed.”

4. Pharmaceutical strategies applied to reduce bilirubin
serum concentration

The two most common treatments for infant jaundice are photo-
therapy and exchange transfusion73. Other serious liver diseases
(e.g. acute liver failer) dramatically reduce the liver ability to
remove waste products such as albumin, leading to further dam-
ages in patients74. The application of hemoperfusion (i.e. a
method of filtering the blood extracorporeally to remove a toxin)
for the removal of BR has been also pursued for over 30 years to
reduce the risk associated with exchange transfusion (e.g. hypo-
glycaemia, hypocalcaemia, acidosis, coagulopathies, graft-versus
host disease, transmission of infectious diseases)75. In this context,
several adsorption technologies have been suggested and applied
in clinical treatment as extracorporeal methods to remove BR
from blood, such as activated charcoal, ionic exchange resins,
adsorptive membranes and some polymeric adsorbents76.

However, the application of such first materials has been limited
by their poor biocompatibility, lack of specificity (undesired
removal of essential compounds as thyroxine, cortisol, and aldos-
terone) and low capacity77. The development of bilirubin adsorb-
ents with excellent mechanical properties, adsorption performance
and hemocompatibility is still a considerable challenge.

For instance, crosslinked chitosan (CS) resins have been pro-
posed to achieve bilirubin caption because of their blood com-
patibility and antifungal activity78. In 2000, Yu et al. obtained and
optimised crosslinked chitosan spherical beads by a crosslinking
reaction of CS with glutaraldehyde (Figure 5)77. The resins were
thus activated via epichlorohydrin and functionalised with varied
polyamines (i.e. di-, tri-, tetra- and pentamines). Adsorption studies
were carried on the protonated resin forms and evaluated the
adsorption capability of BR in a phosphate buffer solution (pH
7.4). Most spherical beads produced an effective BR adsorption
with both electrostatic interactions (between BR and the positively
charged amine groups of the resin) and hydrophobic interactions
(between BR and the polyamine hydrophobic spacers) being the
driving force for the adsorption. The functionalised crosslinked CS
resins showed higher adsorption capacity compared with simple
crosslinked CS resin for both unconjugated and conjugated biliru-
bin. When evaluated with dog blood, the resins showed a good
biocompatibility that gives crosslinked CS beads a certain advan-
tage over activated charcoal and other polymeric adsorbents.

In 2015, Wei et al. prepared heparin-modified chitosan/gra-
phene oxide hybrid hydrogel (hepCS/GH) for bilirubin adsorption
using a lyophilization–neutralization–modification strategy79.
These hybrid hydrogels displayed a unique foam-like porous struc-
ture and excellent mechanical flexibility. The incorporation of gra-
phene oxide into the chitosan matrix enhanced both mechanical
features BR adsorption capacity. It was demonstrated that hep-CS/
GH successfully competed with albumin, and could effectively
adsorb bilirubin from a bilirubin-enriched serum. After the hydro-
gel was modified with heparin, protein adsorption, platelet adhe-
sion and haemolysis were reduced, and the plasma clotting time
was prolonged indicating a superior hemocompatibility of hep-
CS/GH.

Another chitosan matrix improved for BR adsorption was pro-
posed by Chen et al. in 201980. Cross-linked chitosan/SiO2-loaded
graphene (CS/graphene-SiO2) composite beads were achieved by

Table 1. Membrane transporters of bilirubin and its conjugates2.

Acronym Organism Names and synonyms HGNC UCB/conjugated BR

OABP Rat Organic Anion Binding Protein – UCB
BBBP Rat Bilirubin Binding protein – UCB
BTL Human, rat Bilirubin transporter – UCB
Oatp1a1 Mouse, rat Organic anion-transporting polypeptide 1a1 SLCO1A2 UCB, conjugated BR
Oatp1a4 Mouse, rat Organic anion-transporting polypeptide 1a4 SLCO1A2 UCB, conjugated BR
Oatp1a5 Mouse, rat Organic anion-transporting polypeptide 1a5 SLCO1A2 UCB, conjugated BR
Oatp1a6 Mouse Organic anion-transporting polypeptide 1a6 SLCO1A2 UCB, conjugated BR
Oatp1b2 Mouse, rat Organic anion-transporting polypeptide 1b2 SLCO1B2 Conjugated BR
OATP1B1 Human Organic anion-transporting polypeptide 1B1 SLCO1B1 UCB, conjugated BR
OATP1B3 Human Organic anion-transporting polypeptide 1B3 SLCO1B3 UCB, conjugated BR
OATP1A2 Human Organic anion-transporting polypeptide 1A2 SLCO1A2 UCB, conjugated BR
Mdr1a Mouse, rat Multiple drug resistant protein 1a ABCB1 UCB
MDR1 Human Multiple drug resistant protein 1 ABCB1 UCB
MRP1

Mrp1
Human

mouse, rat
ATP-binding cassette sub-family C 1a ABCC1 UCB

MRP2
Mrp2

Human
mouse, rat

ATP-binding cassette sub-family C 2 ABCC2 Conjugated BR

MRP3
Mrp3

Human
mouse, rat

ATP-binding cassette sub-family C 3 ABCC3 Conjugated BR

MRP4
Mrp4

Human
mouse, rat

ATP-binding cassette sub-family C 4 ABCC4 None

MRP5
Mrp5

Human
mouse, rat

ATP-binding cassette sub-family C 5 ABCC5 UCB
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a phase-inversion method. Adsorption results demonstrated that
CS/graphene-SiO2 beads possessed much better adsorption cap-
acity for BR compared to pure CS beads, mainly due to the syner-
gistic effect between the hydrophobic forces of graphene and the
electrostatic interactions provided by the amino groups of CS.
Again, the mechanical strength of composite beads was signifi-
cantly improved as compared to simple CS beads, due to the
incorporation of graphene. The effects on haemolytic activity and
the components of blood were negligible, indicating an excellent
compatibility with blood.

In 2018, Li et al instead used CS as a reinforce in macroporous
reduced graphene oxide aerogels (GO/CS)81. The latter showed a
high adsorption capacity and a fast adsorption rate. Moreover, the
low haemolysis ratio and negligible anticoagulant activity of rGO/
CS aerogels suggested good blood compatibility.

In 2009, Ando et al. fabricated carbon nanotube sheets for BR
adsorption82. They showed that multi-walled carbon nanotubes
(MWCNTs) exhibit greater BR adsorption capacity than of single-
walled carbon nanotubes (SWCNTs). To guarantee the safety of
the adsorbents, the authors fabricated carbon nanotube sheets in
which leakage of CNTs to the plasma is suppressed. Since SWCNTs
are more robust sheets, a complex system consisting of SWCNTs
as the scaffold and MWCNTs as the adsorbent was proposed and
claimed as promising for an adsorbent material for
plasma apheresis.

It should be noted that CS salts were also proposed in a 1981
patent as active ingredient for an oral preparation for treating

hyperbilirubinemia83. Finely ground CS was suspended in a liquid
carrier, preferentially fruit juice. The rational of the invention is
that CS is nondigestible and passes through the whole digestive
tract, adsorbing conjugated BR secreted with bile or the UCB
freely accumulating within the intestinal lumen. To the best of our
knowledge, no successive such strategies were reported
in literature.

Cyclodextrins (CDs) are cup-shaped oligosaccharides formed by
a-(1,4)-linked glucose units. a-, b- and c-CD with different cavities
can include “guest” molecules of suitable sizes form inclusion
forming complexes84. A first attempt to complex BR with CDs and
non-cyclic oligosaccharides was reported by Kano in 198885. As BR
can adopt enantiomeric conformations with R- and S-helices via
intramolecular hydrogen bonding the authors studies the mechan-
ism for enantioselective binding of BR to cyclic and non-cyclic oli-
gosaccharides via circular dichroism.

In 2012, Wang and co-workers prepared three water-soluble
adsorbents for removing plasma BR by separately coupling a-, b-
and c-CDs to branched polyethyleneimine (PEI), that is a highly
reactive water-soluble polymer (Figure 6)86. PEI was shown to be
good matrix for water-soluble adsorbent because of the branched
structure and large number of primary amine groups. The BR bili-
rubin-binding capacity of each adsorbent was evaluated both in
bovine serum albumin (BSA) solution and in plasma obtained
from a patient with liver disease. Dialysis experiments suggested
b-CD-PEI had the strongest bilirubin-binding capacity, even higher
than BSA under the same condition. Molecular docking study

Figure 5. Production pathway for crosslinked chitosan spherical beads77.
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showed that BR showed the strongest interaction with b-CD both
in the 1:1 and 1:2 ratio. The 1:2 ratio complex was the most
favourable in terms of binding energy. The latter was deemed to
be feasible in CD-PEI adsorbents because, unlike solid adsorbents,
are not cross-linked allowing couples of CDs to adopt the best
binding with BR.

A new haemoadsorption device was reported in 2019 by
Gemelli et al.87. CytosorbVR consists of an innovative porous poly-
mer beads adsorption system, shown to be biocompatible and
haemocompatible. CytosorbVR was shown to irreversibly adsorb
and remove albumin-bound BR breaking the strong bond of the
complex with negligible albumin loss. It is also specifically
approved for the removal of cytokines, and myoglobin. In regards
to cytokine removal, CytosorbVR was reported to reduce cytokines
to levels that are no longer toxic, while still keeping the immune
system intact.

A different strategy was adopted by Lavin and co-workers in
1985 to reduce serum BR concentrations88. They built a small
blood filter containing immobilised bilirubin oxidase (BOX) from
Myrothecium verrucaria, able to degrade in a single pass more
than 90% of the BR from human or rat blood.

Few years later Kimura et al. deemed such BOX column system
to have many inconveniences, such as physical limitations, clotting
problems, and infections89,90. The authors modified BOX with
polyethylene glycol (PEG) to increase its plasma half-life (Figure 7),
to diminish its immunogenicity, and to make it injectable for at
least a limited time when patients are at a critical stage. This strat-
egy was demonstrated to be effective therapeutically in experi-
mentally jaundiced rabbits and rats. In fact, the activity of native
BOX rapidly decreased after intravenous injection, whereas that of
PEG-BOX decreased more slowly and was detectable even 48 h
after injection.

A more complex mechanism for BR removal was proposed by
Sarkar et al in 2012, that is ZnO nanoparticle (NP)-sensitized BR

degradation via defect-mediated nonradiative energy transfer
pathway91. The authors reported efficient photodegradation of
surface adsorbed BR on the ZnO NPs. However, no evaluation
with blood was performed.

Other strategies based on drug therapy were proposed to
attain the reduction of BR serum concentration. In 2003, Cuperus,
Verkade and co-workers et al. initially demonstrated in Gunn rats
that dietary supplementation with the lipase inhibitor orlistat
(Figure 8) decreased plasma UCB levels, parallel to an increase in
faecal fat excretion92. Orlistat treatment was equally effective as
continuous phototherapy in Gunn rats, and combined treatment
was more effective than either treatment alone. In 2006, the same
authors investigated the mechanisms underlying such hypobiliru-
binaemic effects and showed that orlistat and phototherapy lower
plasma bilirubin concentrations in Gunn rats by increasing (net)
intestinal influx of UCB, either by transmucosal excretion (orlistat),
or increased biliary secretion (phototherapy)93.

In 2009, again Cuperus et al. implemented their studies dem-
onstrating that gastrointestinal transit time and plasma UCB con-
centrations are linearly related in Gunn rats94. Hence, the authors
showed that acceleration of the gastrointestinal transit by the
laxative polyethylene glycol (PEG) decreases plasma UCB concen-
trations in hyperbilirubinaemic Gunn rats. The results indicate that
the hypobilirubinaemic effect of PEG treatment was due to a
selective increase in transmucosal UCB diffusion. PEG treatment
decreased plasma UCB more rapidly than did orlistat, a well-
known experimental oral treatment strategy for unconjugated
hyperbilirubinaemia. Importantly, the combination of photother-
apy with PEG resulted in a therapeutic efficacy not only superior
to single PEG treatment, but also to treatment combinations that
were explored in comparable Gunn rat experiments. It is note-
worthy that numerous clinical trials with PEG have shown an
absence of serious side effects, and a milder side effect profile
compared with other laxatives95.

Figure 6. Synthetic pathway for the production of CD-grafted polyethyleneimine as water-soluble adsorbent for BR removal86.
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In the same year, the same research team tested the hypoth-
esis that oral administration of bile salts (Figure 8), known to
increase the UCB biliary excretion of UCB, decreases unconjugated
hyperbilirubinemia in a Gunn rat model96. Animals were fed a
standard diet or the same diet supplemented with

ursodeoxycholic acid (UDCA) or cholic acid (CA). The authors
showed that dietary bile salt administration induces a large and
persistent decrease in plasma UCB concentrations in the animal
model. In particular, both UDCA and CA enhance UCB turnover by
increasing its faecal disposal.

In a 2021, research paper van der Schoor and co-workers inves-
tigated instead the potential of therapeutic bile acids UDCA and
obeticholic acid (OCA, 6-a-ethyl-CDCA), a farnesoid-X-receptor
(FXR) agonist (Figure 8), as preventive treatment options for neo-
natal hyperbilirubinaemia97. The adopted animal models were
hUGT1�1 humanised mice and Ugt1a-deficient Gunn rats.
hUGT1�1 mice are transgenic for the entire human UGT1A locus.
Both UDCA and OCA effectively decrease plasma BR in a human-
ised mouse model of neonatal hyperbilirubinemia. Both com-
pounds also significantly reduced brain levels of bilirubin in these
mice. These effects were shown to depend at least partially on
induction of UGT1A1 expression in intestine (and not in liver) and
on FXR activation. In fact, by the Ugt1a-deficient Gunn rat model,
UDCA but not OCA significantly decreases plasma bilirubin, indi-
cating that at least some of the hypobilirubinaemic effects of
UDCA are independent of UGT1A1. Being both UDCA and OCA
are FDA-approved drugs, and UDCA even already approved for
neonatal use, they should be readily available drugs for clin-
ical studies.

5. Applied pharmaceutical strategies to promote
bilirubin antioxidant and anti-inflammatory action

The other main research area over BR focuses on the accumulat-
ing evidence of the health benefits induced by BR an antioxidant,
anti-inflammatory, immunomodulatory, and anti-apoptotic
action34. Several epidemiological studies indicate that individuals
with higher levels of total serum bilirubin experience a lower risk
of certain cardiovascular diseases and cancers, among other disor-
ders. In particular, individuals with GS experiencing hyperbilirubi-
nemia in response to certain stressors appear to be protected
from all-cause mortality, with progressively elevated total BR

Figure 7. Synthetic approach adopted to attach PEG to BOX89,90.

Figure 8. Drugs administered per os to attain the reduction of BR serum concentration.

Figure 9. Structure of bilirubin ditaurate (BRT)101.
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associated with protection from ischaemic heart and chronic
obstructive pulmonary diseases98. In fact, BR reduces circulating
cholesterol, oxidative lipid/protein modifications, and blood pres-
sure. In addition, BR inhibits platelet activation and protects the
heart from ischaemia-reperfusion injury (IRI)99,100. These effects
attenuate multiple stages of the atherosclerotic process in add-
ition to protecting the heart during resultant ischaemic stress.

In this context, based on their previous finding that BR may
impair both inappropriate platelet activation and ROS generation
during storage, Bulmer and co-workers investigated the anti-plate-
let effects of a water-soluble BR analogue, that is, bilirubin ditau-
rate (BRT, Figure 9)101. By the use of agonist induced platelet
aggregation, dense granule exocytosis and flow cytometric ana-
lysis, the authors showed acute BRT platelet exposure inhibited
platelet activation and reduced platelet ROS production ex vivo.

In 2016, Lee et al. proposed BR-based nanoparticles to over-
come the critical solubility issue of BR and to be a therapeutic
nanomedicine in various inflammatory diseases owing to the abil-
ity of BR to scavenge a variety of ROS and modulate the immune
responses102. PEG was covalently attached to bilirubin, yielding
PEGylated bilirubin (PEG-BR) (Figure 10). The PEG-BR self-
assembled into nanoscale particles (BRNPs), that were highly effi-
cient hydrogen peroxide scavengers, thereby protecting cells from
H2O2-induced cytotoxicity. In a murine model of ulcerative colitis,
intravenous injection of BRNPs showed preferential nanoparticles
accumulation at the sites of inflammation and significantly inhib-
ited the progression of acute inflammation in the colon. The
authors also showed that BRNPs can be important immunomodu-
latory agent useful as a therapeutic for allergic lung inflamma-
tory disease103.

In a parallel study, the same authors showed that exposure of
BRNPs to either ROS or external laser light causes rapid disruption
of the BRNP nanostructure as a result of a switch in BR solubility.
In fact, both BR photoisomers, resulting from external light (e.g.
phototherapy) and biliverdin, resulting from ROS exposure, exhibit
significantly increased water solubility. The authors suggested that
this BRNP disruption might be exploited to release drugs encapsu-
lated in the nanostructures104. BRNPs loaded with the anticancer
drug doxorubicin were tested in a xenograft adenocarcinoma
tumour model. The BRNPs were capable of loading anticancer
drugs with high efficiency and capacity, prolonged the residence
time of the drug in the circulation, exerted antiangiogenic effects,
and significantly enhanced the efficiency of tumour-growth inhib-
ition, especially in combination with exposure to external light.

In another study, the group of Lee and Jon investigated the
reported BRNPs as a tumour microenvironment (TME) responsive
delivery carrier for small molecule drug conjugates (SMDCs)105. As
a model SMDC, ACUPA-SN38 was synthesised by linking the pros-
tate-specific membrane antigen (PSMA)-targeting ligand, that is
ACUPA, to the chemotherapeutic agent, SN38 (Figure 11). ACUPA-
SN38 was loaded into BRNPs using a film-formation and rehydra-
tion method. The resulting ACUPA-SN38@BRNPs exhibited ROS-
mediated particle disruption and rapid release of the SMDC.
BRNP-assisted delivery extended the half-life of the SMDC in the
bloodstream, increased uptake by prostate cancer cells, and
enhanced cytotoxicity, ultimately producing greater therapeutic
efficacy than the parent SMDC in a tumour-bearing mouse model.

In a subsequent study, the same authors examined the poten-
tial of BRNPs as a therapy against IRI106. IRI is a major problem
that may occur after liver transplantation and resection, and leads
to an increase in inflammation and apoptosis that produces dys-
function of hepatic cells, organ rejection, and ultimately liver fail-
ure. Pro-inflammatory immune responses and increased oxidative
stress damage the ischaemic tissue after restoration of blood flow.
BRNPs were shown to exert a potent antioxidant and anti-apop-
totic activity in primary hepatocytes exposed to hydrogen perox-
ide, a ROS precursor. In a mouse model of hepatic IRI, BRNP
preconditioning exerted potent protective effects against hepato-
cellular injury by reducing oxidative stress, pro-inflammatory cyto-
kine production, and recruitment of neutrophils. Notably, BRNPs
also preferentially accumulated in IRI-induced inflamma-
tory lesions.

A different type of nanoparticles including BR was designed by
Surendran et al. in 2020 on the basis of the ROS induced rapid
disruption of the BRNP nanostructures reported by the group of
Lee and Jon107. In detail, the authors produced chitosan- bilirubin
micelles (ChiBil), as ROS stimuli-responsive nanoparticle delivery
system, carrying losartan for the treatment of hepatic fibrosis
(Figure 12). The ChiBil amphiphilic conjugate self-assembles in
water including losartan, an angiotensin receptor blocker that
reduces hepatic fibrosis, as the therapeutic payload. The release
characteristics of ChiBil- losartan were tested by ROS generation
to confirm losartan release. Human hepatic stellate cell line LX2
was found to be the best in vitro model for the study. The reduc-
tion of hepatic stellate cell activation after treatment with ChiBil-
losartan was analysed based on the expression of alpha-smooth
muscle actin (a-SMA) in both in vitro and in vivo studies.
Advanced liver fibrosis was induced in C3H/HeN mice using thioa-
cetamide (TAA) via intraperitoneal injection and 10% ethanol

Figure 10. Synthesis of PEG-BR and formation of BRNPs upon self-assembly102.
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(EtOH) in their drinking water. In addition, the hydroxyproline lev-
els, histopathological evaluation, and mRNA quantification in the
liver showed a decreased collagen content in the treated groups
compared to that in the untreated control group. Macrophage
infiltration studies and qPCR studies of inflammatory markers also
proved the reduction of hepatic fibrosis in the treatment group.
The intravenous administration of ChiBil-losartan resulted in
decreased fibrosis in a TAA/EtOH-induced liver fibrosis mouse
model. The in vitro and in vivo results suggest that the ROS stim-
uli-responsive ChiBil nanoparticles carrying losartan may be a
potent therapeutic option for the treatment of hepatic fibrosis.
The combined effect of losartan and bilirubin exhibited a
decreased hepatic fibrosis both in vitro and in vivo.

The reduction of hepatic stellate cell activation after treatment
with ChiBil-losartan was assessed both in vitro (LX2 cell lines) and
in vivo (C3H/HeN mice). ChiBil-losartan nanoparticles showed to
impair hepatic fibrosis progression and no toxicity in normal fibro-
blast, hepatocyte and LX-2 cell lines and mice.

In 2019, also Yang et al. produced ROS-responsive PEGylated
BRNPs encapsulating two glutathione (GSH)-activatable anticancer
drugs, that are dimer-7-ethyl-10-hydroxycamptothecin (d-SN38)
and dimer-lonidamine (d-LND) (Figure 13)108. The amphiphilic
PEG3400-BR efficiently entrapped hydrophobic chemotherapeutic
drugs when self-assemblying and endowed nanoparticles with
ROS responsiveness. The synthesis of dimeric drugs (d-SN38 and
d-LND) with GSH-responsive bond greatly enhanced the encapsu-
lation of drugs. iRGD, a tumour penetrating was coadministered

with the SL@BRNPs to provide a better targeting and tumour per-
meating ability. After injection, iRGD promoted the enrichment of
SL@BRNPs in tumour sites. d-SN38 and d-LND released from
SL@BRNPs in the ROS-dependent manner. Subsequently, the

Figure 11. Illustration of the preparation of ACUPA-SN38@BRNPs in aqueous solution upon self-assembly105.

Figure 12. Synthesis of ChiBil conjugate and ChiBil-losartan formation upon self-assembly107.

Figure 13. Illustration of PEGylated BR self-assembly to form d-SN38 and d-LND
loaded nanoparticles, and their coadministration anti-PD-L1 and iRGD108.
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dimeric drugs were cleaved upon contact with GSH. In vitro cell
experiments demonstrated the superior toxicity of SL@ BRNPs/
iRGD to 4T1 cells. Furthermore, the injected cocktail included pro-
grammed cell death ligand 1 antibody (anti-PD-L-1) used in
immune-chemotherapy. The SL@BRNPs/iRGDþ anti-PD-L1 therapy
demonstrated superior tumour-targeting efficiency, strong sup-
pression of breast cancer and its metastasis, while rarely affected
normal tissue.

Another important research area in which BR recently gained
much interest for a therapeutic application concerns intraportal
pancreatic islet transplantation (IPIT), the only curative, non-inva-
sive treatment for type-1 diabetes mellitus. However, 50–75% of
islets fail to engraft at an early phase, representing a major
impediment for successful IPIT. Alloantigen-specific immune-medi-
ated destruction is a main cause for early islet failure, but non-
specific inflammatory or innate immune responses were shown to
play detrimental roles as well. In fact, islet cells suffer hypoxic
stress due to their low expression of antioxidant enzymes109.

In 2010, Zhu and co-worker demonstrated for the first time
that BR at an appropriate concentration or dose attenuates the
cellular injury in rat insulinoma INS-1 cells induced by cytokines
and, in a syngeneic rat model of IPIT, protects intraportally trans-
planted islets by inhibiting non-specific inflammatory response110.
Nonetheless, in this study the authors identified a relatively nar-
row BR therapeutic window in respect to dosage.

In 2017, the research team of Lee and Jon tested their BRNPs
(Figure 10) as an antioxidant and anti-inflammatory to prevent
failure of pancreatic islet transplantation111. BRNPs were shown to
protect islet cells not only from chemically induced oxidative
stress by scavenging ROS, but also from activated macrophages
by suppressing cytokine release. Importantly, in vivo experiments
demonstrated that BRNP treatment can dramatically and signifi-
cantly prolong islet graft survival compared to treatment with BR.

Again in 2017, Fullagar et al. proposed the encapsulation of
bilirubin in pluronic 127–chitosan nanoparticle (nBR) to improve
uptake by murine pancreatic islet cells and improve their resist-
ance to hypoxic stress112. Pluronics are amphiphilic, triblock
copolymers that form micelles in an oil-in-water emulsion, and
pluronic F127 has been approved by the Food and Drug
Administration (FDA) for use as a pharmaceutical ingredient.
Pluronic F127–chitosan polymeric NPs demonstrated to be highly

stable and effective in the delivery of BR, whose uptake was eval-
uated in INS-R3 cells and resulted to be improved via endocytosis.
nBR resulted in preservation of normal islet architecture, preven-
tion of central necrosis, and improved islet function. Nonetheless,
cytotoxicity was detected at high doses which is speculated to be
a result of the additive toxicity of BR and the NP themselves.

In 2020, Yao and co-workers designed a supramolecular carrier
(PLCD) that could improve the solubility of BR and slowly release
it to protect islets after cotransplantation113. PLCDs were synthes-
ised by conjugating activated b-CDs to the side chain of e-polyly-
sine (PLL) and were thus loaded with BR through host� guest
interactions to obtain the PLCD-BR inclusion complex (Figure 14).
The constructed PLCD-BR system showed to protect islets from
excessive oxidative stress and proinflammatory factors and
improve islet survival and function in vitro. The diabetic mice
cotransplanted with islets and PLCD-BR required the least time to
achieve normoglycaemia among all tested groups, along with
reduced inflammatory reactions and oxidative stress at the early
stage of islet transplantation. Notably, PLCD-BR also contributed
to the angiogenesis of the islet graft.

In 2020, Khurana et al. postulate the use of intravenous admin-
istration or inhalational delivery of BR nanomedicine (BNM) to
combat systemic dysfunctions and complications associated with
COVID-19, owing to the remarkable preclinical efficacy and opti-
mistic results of various clinical studies of BR in a multitude of dis-
orders114. Analysing the mechanism of the BR pharmacological
effects, the author hypothesised the BR might halt the develop-
ment of systemic inflammatory complications and cytokine storm
detected with COVID-19. In conclusion, the authors deemed BNM
a promising strategy for the pharmacotherapy of COVID-19.

Conclusions

Here, we reviewed the two main aspects of bilirubin pharmacol-
ogy, gathering literature data of applied pharmaceutical strategies
adopted to: (i) reduce the plasma BR concentration to prevent
neurotoxicity; (ii) produce a therapeutic effect based on the action
of BR against a multitude of diseases. A plethora of pharmaceut-
ical strategies, mostly based on hemoperfusion, have been pro-
posed over the last decades to identify new valid, low risk
alternatives to phototherapy and blood exchange transfusion for

Figure 14. Synthetic route for PLCDs and supramolecular inclusion of BR to yield PLCD-BR113.
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BR removal from plasma. In this context, the development of BR
adsorbents with excellent mechanical properties, adsorption per-
formance and hemocompatibility remains a considerable chal-
lenge. Additionally, platforms for BR blood removal upon
enzymatic destruction were proposed, though not reaching a clin-
ical application. Importantly, per os administration of drugs such
as orlistat, PEG or bile acid derivatives was shown to induce hypo-
bilirubinaemic effects both alone and in combination with photo-
therapy. On the other hand, a bunch of research studies
dedicated to identify pharmaceutical strategies that promote the
potent BR antioxidant, anti-inflammatory and immunomodulatory
action for the treatment of several pathologies. Indeed, most stud-
ies proposed BRNPs based on the in solution self-assembly of
PEGylated BR. BRNPs have been proposed: (i) as therapeutics
against inflammatory diseases, IRI, and IPIT failure; (ii) as carriers of
other drugs (mainly antitumor) based on BRNPs disruption upon
exposure to ROS or external light. Relevant for the field, IPIT is
main research area of BR therapeutic application to date. As a
matter of fact, also encapsulation of BR in pluronic 127–chitosan
nanoparticles and PLCD was investigated and shown to impair
IPIT failure. To date, the therapeutic window of BR is not well-
defined49,115. In fact, evidence indicates that the therapeutic con-
centrations of BR appear to be related to experimental design.
Studies with cell culture models and perfused organs show a nar-
row therapeutic range, with effective doses in the range 10–20mM
and induced toxicity above 25 mM42,116. On the other hand, mod-
els involving systemic administration of BR in “whole animals”
implicated higher doses to show beneficial effects with lack of
apparent toxicity. In agreement with experimental observations in
Gunn rats, serum BR concentrations >17mM in human subjects
with Gilbert’s Syndrome produced a profound protective effects
against cardiovascular disease117,118.
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