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Abstract: Serum bilirubin measurements are commonly obtained for the evaluation of ill 

patients and to screen for liver disease in routine physical exams. An enormous research effort 

has identified the multiple mechanisms involved in the production and metabolism of conjugated 

(CB) and unconjugated bilirubin (UB). While the qualitative effects of these mechanisms are well 

understood, their expected quantitative influence on serum bilirubin homeostasis has received 

less attention. In this review, each of the steps involved in bilirubin production, metabolism, 

hepatic cell uptake, and excretion is quantitatively examined. We then attempt to predict the 

expected effect of normal and defective function on serum UB and CB levels in health and 

disease states including hemolysis, extra- and intrahepatic cholestasis, hepatocellular diseases 

(eg, cirrhosis, hepatitis), and various congenital defects in bilirubin conjugation and secretion 

(eg, Gilbert’s, Dubin–Johnson, Crigler–Najjar, Rotor syndromes). Novel aspects of this review 

include: 1) quantitative estimates of the free and total UB and CB in the plasma, hepatocyte, and 

bile; 2) detailed discussion of the important implications of the recently recognized role of the 

hepatic OATP transporters in the maintenance of CB homeostasis; 3) discussion of the differ-

ences between the standard diazo assay versus chromatographic measurement of CB and UB; 4) 

pharmacokinetic implications of the extremely high-affinity albumin binding of UB; 5) role of 

the enterohepatic circulation in physiologic jaundice of newborn and fasting hyperbilirubinemia; 

and 6) insights concerning the clinical interpretation of bilirubin measurements.
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Introduction
The yellow color imparted to the skin and sclera by elevations of plasma bilirubin 

has piqued the interest of physicians since the time of Hippocrates.1 Quantitation 

of serum bilirubin as a diagnostic test awaited the description of the diazo reagent 

measurement of direct and indirect bilirubin by van den Bergh and Muller in 1916.2 

An additional 40 years elapsed before direct and indirect reacting bilirubins were 

shown, respectively, to be the glucuronide-conjugated (CB) and unconjugated (UB) 

forms of this molecule.3,4 An enormous body of research carried out over the last 

100 years has elucidated the major features of bilirubin biochemistry and physiology. 

However, interest in this topic has waned in recent years, and most physicians have 

only a rudimentary understanding of the physiological/biochemical mechanisms that 

determine serum CB and UB concentrations in health and disease. Recently, such 

understanding has taken on greater clinical importance in that the precise serum 

bilirubin concentration is a major component in the calculation of the Model for 

End-Stage Liver Disease (MELD), Child–Pugh, Maddrey, and FibroTest discriminant 
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function scores that are used to direct therapy and predict 

the prognosis of patients with liver disease. 

Many of the important concepts concerning bilirubin 

excretion were published 40 or more years ago (see the 1990 

edition of Zakim and Boyer’s Hepatology: A Textbook of Liver 

Disease)5 and are no longer emphasized in current publica-

tions. In the present review, we have incorporated these older 

data with knowledge acquired since 1990, primarily of the 

genetic characterization of the bilirubin transport proteins.6 

The more novel aspect of this review is our attempt to quan-

titatively characterize each of the different pathways involved 

in bilirubin excretion and to show how these pathways interact 

to produce the serum bilirubin values observed in health and 

disease. Figure 1 diagrams the steps involved in bilirubin 

elimination – from its formation from heme to its gastroin-

testinal and renal excretion as glucuronide conjugates. This 

complex process involves multiple membrane transporters 

and enzymes. In addition to the normal transport pathways 

indicated by the solid lines, three other pathways (dashed 

lines) may become important when there is a reduced capacity 

to conjugate or excrete bilirubin. The terms in red refer to 

the selected, well-defined pathological conditions that alter 

the different pathways, each of which is discussed in detail 

in this review. While a wide range of bilirubin concentrations 

are observed both in health and disease, typical representa-

tive values for total bilirubin (TB), UB, and CB in normal 

and pathological conditions are listed in Table 1. Clinically, 

bilirubin concentrations are commonly expressed as mg/dL 

rather than umol/L (µM). One mg/dL of bilirubin is equiva-

lent to 17.2 µM. Despite different molecular weights, the 

conversion factor is the same for UB and CB because mg/dL 

units represent only the weight of the bilirubin moiety of the 

conjugated molecule. For ease of understanding by clinicians, 

we employ mg/dL units when discussing measurements used 

in medical practice, whereas molar units may be utilized for 

more basic calculations.

UB: production, solubility, albumin 
binding, and pharmacokinetics
Bilirubin (a tetrapyrrole chain) is created when the alpha-

methylene bridge of the tetrapyrrole ring of heme is cleaved 

by heme oxygenase. This reaction releases the alpha-methene 

carbon as carbon monoxide (CO) and biliverdin, which is 

rapidly reduced to bilirubin via the activity of biliverdin 

reductase. Since heme catabolism is the only endogenous 

source of CO in humans, and this CO is quantitatively 

excreted in expired air, breath CO measurements (cor-

rected for ambient CO) provide a noninvasive means of 

estimating bilirubin production and red blood cell (RBC) 

turnover, a measurement not provided by any other simple 

methodology.7,8 About 250 mg/day of bilirubin is produced 

by normal adult humans; roughly 75% of this is derived 

from circulating hemoglobin, while the other 25% is derived 

from catabolism of other heme compounds, primarily cyto-

chromes. Until recently, the breakdown of heme to bilirubin 

was considered simply to be a step in the elimination of 
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Figure 1 Major pathways involved in bilirubin production, conjugation, and excretion.
Notes: Both the UB and CB forms are bound by albumin in the plasma and interstitial space and by ligandin in the hepatocyte. The mechanism responsible for transporting 
unconjugated bilirubin into the hepatocyte has not been identified. Bilirubin is conjugated in the liver by the UGT family of enzymes. CB is secreted into the bile by the ATP-
coupled ABCC2/MRP2 transporter. CB can be recycled from the hepatocyte to plasma, leaving via, eg, the ABCC3/MRP3 transporter, and taken up by the OATP transport 
proteins. Renal excretion of CB can become important in obstructive diseases. The terms in red refer to the pathological conditions that influence the different pathways. The 
solid arrows represent the normal physiological pathways. The black dashed arrows indicate the enterohepatic circulation of bilirubin, which may occur in certain pathological 
conditions. The green dashed arrows indicate a possible UB excretory pathway that may be important in conditions of severe hyperbilirubinemia.
Abbreviations: ATP, adenosine triphosphate; CB, conjugated bilirubin; GI, gastrointestinal; UB, unconjugated bilirubin; UGT, uridine diphosphate glycosyltransferase; ??, 
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www.dovepress.com
www.dovepress.com
www.dovepress.com


Clinical and Experimental Gastroenterology 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

309

Bilirubin homeostasis

Table 1 Representative human plasma bilirubin values

Total Unconjugated Conjugated % conjugated 

Normal mean (HPLC)145 6.2 (0.36) 6.0 (0.35) 0.2 (0.012) 3.2
Normal range (HPLC)145 2.0 (0.1)–13 (0.7) 2.0 (0.1)–13 (0.7) 0.06 (0.003)–0.5 (0.03)
Normal range (diazo)30 3.5 (0.2)–20 (1.2) 3 (0.15)–15 (0.9) 0.35 (0.02)–4.8 (0.28)
Gilbert’s syndrome (HPLC)145 32 (1.8) 31.5 (1.84) 0.29 (0.017) 0.9
Crigler–Najjar type I (HPLC)145 316 (18.5) 316 (18.4) 0.7 (0.04) 0.2
Hemolytic anemia (HPLC)145 26 (1.52) 25 (1.46) 1 (0.058) 3.8
Chronic alcoholic cirrhosis (HPLC)138 68 (4) 55 (3.2) 13.6 (0.8) 20
Chronic viral hepatitis (diazo)146 75 (4.4) 27 (1.6) 48 (2.8) 64
Dubin–Johnson syndrome (diazo)86 69 (4.0) 28 (1.64) 40 (2.34) 59
Rotor syndrome (diazo)95 110 (6.4) 25 (1.46) 85 (5.0) 77
Common duct stone (HPLC)114 150 (8.8) 10 (0.58) 140 (8.18) 93
Biliay atresia (diazo)35 340 (20) 85 (5) 260 (15) 75
Cholestasis of pregnancy (diazo)122 14.2 (0.83) 7.4 (0.43) 6.8 (0.4) 48
Primary biliary cirrhosis (diazo)147 170 (10) 51 (3.0) 120 (7) 70

Notes: Concentrations are in μmol/L and (in parentheses) mg/dL. Analytic chromatographic (HPLC) values are presented when they were available, otherwise the standard 
diazo assay values were used. 
Abbreviation: HPLC, high-performance liquid chromatography.

senescent heme. However, it is now recognized that the 

products of this reaction have important regulatory functions: 

CO is an intracellular gaseous messenger, analogous to the 

well-accepted function of nitric oxide,9–11 and bilirubin is a 

free radical scavenger with antioxidant and anti-inflammatory 

actions.12,13 Mancuso and Barone have presented a detailed 

review of the oxygenase/biliverdin reductase reaction with 

a focus on the possible sites of clinical and pharmacologi-

cal regulation of this reaction and the resulting control of 

the local concentrations of CO and/or bilirubin.14 In addi-

tion, biliverdin reductase has a variety of other functions, 

including acting as a transcription factor and an activator of 

protein kinase C and other signaling pathways.15 Although 

it was suggested that there was a redox cycling between 

bilirubin and biliverdin,16 this is now thought to be of minor 

importance.17,18 In addition to bilirubin’s antioxidant proper-

ties, both free and albumin-bound bilirubin can scavenge NO 

and NO-related species.19–21 These myriad clinical actions 

of bilirubin suggest that there is teleological benefit to the 

seemingly counterproductive conversion of water-soluble, 

readily excretable biliverdin to highly water-insoluble UB 

that must be conjugated with glucuronides to become water 

soluble and hence excretable by the liver and kidney. Support 

for a beneficial effect of UB is provided by multiple stud-

ies showing a negative association between serum bilirubin 

concentration and various diseases such as coronary artery 

disease in subjects with normal liver function,22–24 as well as 

in subjects with Gilbert’s syndrome.25

UB is formed in reticuloendothelial cells, transported 

to the liver where it is conjugated to glucuronides, and 

then secreted into the canaliculi. UB has unusual physical 

chemical properties. As a dicarboxylic acid, this molecule 

would be expected to have high water solubility; however, 

unusual intramolecular hydrogen bonding ties up the hydro-

philic groups. Thus, UB has a very low water solubility, and 

in some respects behaves as if it were a lipophilic solute.26 

The water solubility at pH 7.4 is experimentally uncertain, 

with estimates ranging from 7 nM27 to 100 nM.28 As expected 

for a lipophilic solute, UB has a high octanol/buffer partition 

ratio of about 23 at pH 8.229 and a high permeability through 

lipid bilayer membranes,30 which is manifested clinically by 

its ability to cross the blood–brain barrier.29 This membrane 

permeability prevents secretion of high concentrations of UB 

by the liver or kidney, since UB would rapidly back-diffuse 

into the blood, hence the need for glucuronide conjugation 

to water-soluble CB prior to excretion. In contrast to most 

hydrophobic compounds, bilirubin has a low partition in 

olive oil and is not taken up by adipose tissue,27 suggesting 

that the hydroxyl group of octanol accounts for its ability to 

solubilize UB. The insolubility of UB in adipose tissue limits 

the distribution space of UB to only the albumin space – about 

9 L in normal subjects.31 As a result, plasma UB concentra-

tions fluctuate far more rapidly than would be expected for 

a typical lipid-soluble molecule.

UB is solubilized in serum via a very tight linkage to 

albumin. The measurement of the albumin dissociation con-

stant (Kd) is uncertain, with reported values ranging from 8 to 

160 nM.32 We will use the value of 17 nM recommended in the 

authoritative review by Brodersen and Stern.27 Although free 

serum UB concentration cannot be directly measured, based 

on this Kd, the unbound concentration is estimated to be in the 

order of 0.16 nM, about 1/50,000 of the total serum UB. The 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Clinical and Experimental Gastroenterology 2014:7submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

310

Levitt and Levitt

tight albumin binding of UB precludes glomerular filtration; 

thus, urine remains normal in appearance in icteric states 

resulting from hemolysis or genetic conjugating defects, 

conditions characterized by increased concentrations of only 

UB (Table 1). Since the normal plasma albumin concentra-

tion is 0.6 mM, UB concentrations of about 0.5 mM (29 mg/

dL) are required to saturate the single high-affinity binding 

site per albumin molecule. This value is seldom achieved, 

with the exception of conditions in the newborn and patients 

with severe, congenital conjugation defects resulting in per-

meation of the blood–brain barrier and kernicterus.33,34 The 

molecular mechanisms of the bilirubin-induced neuronal cell 

injury are poorly understood, but likely include mitochondrial 

and/or endoplasmic reticulum membrane damage leading to 

increased intracellular Ca++.35 It has also been suggested that 

the neurotoxic actions of bilirubin may result from its ability 

to modulate neurotrophin redox signaling.36

The affinity of albumin for UB is several orders of mag-

nitude stronger than its affinity for most other drugs and 

endogenous compounds.37 It has not been fully appreciated 

that this strong binding produces severe but finite constraints 

on the rate at which UB distributes between plasma and tis-

sue spaces. For example, Berk et al38 presented a detailed 

description of the plasma kinetics of an intravenously infused 

bolus of 14C-labeled UB, and Figure 2 shows a typical disap-

pearance curve of labeled UB from the serum of a normal 

subject. Berk et  al then developed a three-compartment, 

eight-parameter model representing the plasma, liver, and 

extravascular space to explain the somewhat unusual time 

course of UB disappearance from the plasma.38 For what 

they assumed to be a totally albumin-bound solute, their 

model had an unusually rapid exchange rate between plasma 

and extracellular space (about a 9-hour time constant). This 

required Berk et al38 to postulate the existence of a “rapidly 

exchanging” albumin pool to explain the 9-hour time con-

stant, whereas the commonly accepted time constant for 

albumin is about 24 hours.

What was seemingly not recognized by Berk et al was 

that the observed UB exchange was consistent with move-

ment of just the very small, but not negligible, unbound UB 

without invoking any albumin exchange. It can be shown 

that the fractional equilibration (FrEq) of UB between the 

plasma and interstitial albumin in a single pass through the 

capillary is described by:39

	 FrEq = 1 - exp(-f
p
PS/F),� (1)

where f
p
 is the fraction free in plasma; S and F are the organ 

capillary surface area and flow, respectively; and P is the 

intrinsic capillary permeability (ie, if there were no albumin 

binding). The fraction that equilibrates is zero for an imper-

meable solute (P=0), and is 1 for an infinitely permeable 

solute. A solute can have a high intrinsic permeability (P), 

but a low fractional equilibration if it is highly protein bound 

(ie, has a small f
p
). UB with an f

p
 of about 2×10−5 presents 

an extreme example of this phenomenon.27

A physiologically based pharmacokinetic (PBPK) 

model for humans developed by one of the authors (DGL)40 

describes the pharmacokinetics of an albumin-bound solute 

in terms of the predicted capillary permeability, known 

organ flows and volumes, plasma and interstitial albumin 

concentration, and the plasma unbound fraction. Kinetics 

are assumed to be independent of the slow albumin plasma–

tissue exchange. This model was previously used to estimate 

the capillary permeability of albumin-bound antibiotics.31,39 

Figure 2 demonstrates the excellent fit of UB plasma disap-

pearance predicted by the PBPK model with the experimen-

tal data of Berk et al.38 It should be emphasized that this 

analysis employs the previously established normal human 

PBPK parameters40 and has only two adjustable parameters: 

liver clearance and fractional equilibration for skeletal 

muscle. In contrast, the three-compartment model of Berk 

et  al38 had eight adjustable parameters. Figure 3 shows a 

plot of the time course of the PBPK model concentrations 

of free bilirubin in plasma and in two representative inter-

stitial compartments: muscle (small interstitial space) and 

skin (large interstitial space). For times longer than about 

100 minutes, the interstitial free concentration is greater than 

that of the plasma, and the slow movement of this interstitial 

Time  (minutes)

C
14

 B
ili

ru
b

in
  (

fr
ac

ti
o

n
 d

o
se

/m
L

) 
×1

05

0 200 400 600 800 1,000
0.05

0.1

0.2

0.5

1

2

5

10

20

50

1,200

Figure 2 Physiologically based theoretical prediction (PBPK) of plasma unconjugated 
bilirubin concentration following a bolus 14C dose.
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bile CB excretion, the kidney can also excrete CB, since the 

unbound fraction of CB is freely filtered at the glomerulus 

and CB has a high water solubility, reaching concentrations 

of 500 mg/dL (7 mM) in gall bladder bile.44 However, the 

combination of the very low normal plasma concentration of 

CB in conjunction with about 99% albumin binding45 renders 

urine bilirubin unmeasurable in healthy subjects. However, 

in some pathological conditions, serum CB concentration 

reaches a level that allows the urinary tract to become the 

major/sole excretory pathway. This was clearly illustrated 

by canine experiments showing that, following total biliary 

obstruction, plasma CB concentration rose to a steady-state 

value of only about 3 mg/dL (more than 70% conjugated), 

at which time the renal excretion of CB roughly equaled the 

expected bilirubin production.46,47 In these dogs, the CB renal 

clearance (CB
clr

) was about 1.7% of the creatinine clear-

ance, which was in good agreement with the experimental 

dialyzable free fraction of 1.6% that is observed in dogs.45 As 

expected, the plasma steady-state level was inversely related 

to the creatinine clearance. For humans, the dialysis value 

of about 0.7% free was consistent with the experimentally 

determined CB
clr

 of 0.7% of the creatinine clearance.45 In 

infants with biliary atresia, CB rises to about 15 mg/dL (260 

µM [Table 1]), the predicted value if the kidney accounted 

for all excretion of bilirubin with a CB
clr

 of 0.7% of creati-

nine clearance. In these infants, 45%–71% of intravenously 

administered 14C-labeled bilirubin was recovered in the 

urine over 10 days.48

At first glance, it is surprising that a CB
clr

 of only 0.7% 

of that of creatinine can bring about bilirubin homeostasis. 

However, a creatinine clearance of 120 mL/minute extrapolates 

to a glomerular filtration rate of 173 L per day; 0.7% of this 

value yields a CB
clr

 (if no reabsorption) of 1.2 L per day. When 

the serum CB reaches a level of 20 mg/dL, the daily renal excre-

tion of bilirubin (200 mg/L ×1.2 L) equals 240 mg of bilirubin, 

roughly the normal production rate of this compound.

The rate at which plasma CB concentration would be 

expected to rise with no biliary elimination of bilirubin, eg, 

complete biliary tract obstruction, can be predicted, assum-

ing rapid equilibration into a distribution space (V
CB

) equal 

to the albumin space of 9 L. The plasma concentration as a 

function of time (CB[t]) should rise exponentially to a steady 

state with a time constant of T = V
CB

/CB
clr

:

	 CB(t) = (R/CB
clr

) [1- exp (-t/T)],	 (2)

where R is the rate of bilirubin production. In the normal 

human, where R=250 mg/day and CB
clr

 =0.007×120 mL/
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Figure 3 Physiologically based theoretical prediction model of the free (unbound) 
unconjugated bilirubin concentration in the vein (solid line), muscle (long dashed 
line), and skin (short dashed line) following a bolus 14C dose.

UB back into the plasma is responsible for the slow rate of 

decay of the plasma UB.

CB: albumin binding, renal 
excretion, covalent albumin binding, 
and clinical measurements
The standard clinical measurement of CB as “direct”-reacting 

bilirubin is based on the assumption that only CB reacts 

“directly” with the diazo reagent, ie, without an accelerant. 

However, compounds other than CB are measured as direct-

reacting bilirubin.41 Measurements using analytic liquid 

chromatographic (high-performance liquid chromatography 

[HPLC]) measurements of the mono- and diconjugated bili-

rubin fractions indicate that CB comprises only about 3% of 

TB, or about 0.012 mg/dL (about one-eighth of the direct 

reacting value of 0.1 mg/dL) for an “average” subject with a 

TB of 0.4 mg/dL. Most of the values listed in Table 1 are based 

on HPLC measurements. One of the rare comparisons of the 

HPLC and diazo measurements of CB described the rising 

plasma CB in guinea pigs following bile duct obstruction.42 

Before obstruction, CB was undetectable (,0.006 mg/dL) 

by HPLC measurement, while the diazo CB was 0.1 mg/dL 

(similar to normal human plasma). As serum CB rose after 

obstruction, the diazo CB remained about 0.1 mg/dL greater 

than the HPLC measurement,42 suggesting a constant back-

ground contaminant (about 0.1 mg/dL), possibly representing 

cross-reacting UB.43 When CB approaches 1 mg/dL or greater, 

this 0.1 mg/dL artifact becomes negligible and the direct diazo 

measurement accurately quantitates CB.

Figure 1 diagrams the major pathways involved in bili-

rubin conjugation and excretion. In addition to the normal 
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minute =0.84 mL/minute, the plasma CB should rise 

initially at a rate of R/V
CB

 =2.8 mg/dL per day with a time 

constant T of 7.4 days, and should reach a steady state of R/ 

CB
clr

 =20 mg/dL after about two time constants, or 15 days. 

Higher rates of rise or higher steady-state values indicate 

abnormally rapid bilirubin production and/or decreased 

creatinine clearance, both of which may occur in severe 

cholestatic liver disease.

The covalent linkage of CB with albumin (referred to 

as δ-bilirubin) first recognized by Weiss et al in 198349 is 

measured as “direct” (conjugated) bilirubin with the diazo 

reaction. The half-time of δ-bilirubin is the same as that 

of albumin (13- to 18-day half-time).50 The percentage 

of the serum CB composed of δ-bilirubin increases with 

the duration of conjugated hyperbilirubinemia, reaching 

steady-state levels of as great as 40% in long-standing 

hyperbilirubinemia.49 When the obstruction to bile flow 

is alleviated, this fraction can rise to greater than 80% as 

δ-bilirubin becomes concentrated by the hepatic excretion of 

the non-covalently linked CB, and serum CB declines very 

slowly despite restoration of bile flow.

Bilirubin glucuronidation  
and UB excretion
Figure 1 diagrams the major pathways involved in bilirubin 

conjugation and excretion. Bilirubin production occurs 

primarily in the spleen, and a loss of first-pass hepatic 

metabolism has been proposed as a cause of unconjugated 

hyperbilirubinemia in cirrhotic patients with varices.51 

However, first-pass metabolism is important only for com-

pounds with a high-percentage extraction by the liver. The 

normal UB plasma clearance of about 47 mL/minute is only 

about 5% of liver plasma flow,38 thus first-pass effects can 

be neglected.

Glucuronidation is a major pathway of liver metabolism, 

representing about 45% of all phase II (ie, conjugating) liver 

enzymes.52 Glucuronidation of bilirubin is carried out by the 

uridine diphosphate glycosyltransferase (UGT) family of 

enzymes that catalyze the conjugation of a very wide variety 

of substrates.53 About 11% of UGT is UGT1A1, an isozyme 

that specifically catalyzes the covalent linkage of glucuronic 

acid to one or both propionic acid side chains of bilirubin.54,55 

A large range of mutations in UGT1A1 (Crigler–Najjar) and 

its promoter (Gilbert’s) produce a variety of phenotypes 

ranging from the complete absence of bilirubin conjugation 

(Crigler–Najjar type I) to a condition with minor (up to five-

fold) increases in serum UB (Gilbert’s syndrome) (Table 1).56 

The ratio of monoconjugated-to-diconjugated CB in bile is 

about 0.37 in normal subjects and rises to 0.94 in those with 

Gilbert’s syndrome.57

Surprisingly, the mechanism by which UB enters the 

liver remains an enigma. Despite an intensive search for 

proteins that actively transport UB into the hepatocyte, no 

transporters have been identified.58,59 In this era of genome-

wide targeted gene screening,60 the inability to identify a 

transporter raises the possibility that such a protein does not 

exist. Another argument against an active transport system 

is that it would have to work against leakage of the bilayer 

permeable30 bilirubin out of the cell. For these reasons, it 

is useful to consider the quantitative implications of the 

proposal that passive diffusion accounts for the hepatocyte 

uptake of UB.30,61

The free plasma concentration of UB of only about 

0.16 nM puts severe constraints on a simple passive diffu-

sion mechanism. A quantitative example of this constraint is 

provided by calculation of the predicted conjugation rate for 

a UB concentration of 0.16 nM. Using human liver biopsies, 

the V
max

 for bilirubin glucuronidation is about 1 mg/hour/g 

liver,62,63 corresponding to about 36,000 mg/day for a 70 kg 

human. Since these assays were carried out in the presence 

of detergents (digitonin or Triton X-100) and optimal cofac-

tors, this V
max

 probably overestimates the true in vivo value.62 

The determination of the UGT1A1 half maximal binding 

concentration (Km) is uncertain because of bilirubin instabil-

ity, binding, and insolubility. Zhou et al64 recently estimated 

a Km of 0.2 µM for purified recombinant UGT1A1. Since 

some nonspecific bilirubin binding by the recombinant assay 

medium could not be ruled out, this Km may be greater than 

the true value. Using these values for V
max

 and Km, the pre-

dicted rate of glucuronidation at a free UB concentration of 

0.16 nM is only about 28 mg/day, or one-ninth of the requisite 

value of 250 mg/day.38 This estimate assumes that the entire 

hepatocyte is exposed to a 0.16 nM concentration of UB. 

The actual exposure of the liver to UB can be estimated from 

a calculation of the thickness of the rate-limiting diffusive 

unstirred layer (L
us

) between the sinusoids and the site of UB 

metabolism in the hepatocyte:

	 Glucuronidation rate = (D S/L
us

) [UB]
free plasma.

	 (3)

Using a glucuridation rate of 250 mg/day, aqueous diffu-

sion coefficient (D) of 3×10−6 cm2/second, sinusoidal surface 

area (S) for 70 kg human of 4.5×105 cm2,65 and free plasma UB 

concentration ([UB]
free

 
plasma

) of 0.16 nM, the limiting unstirred 

layer is only 0.42 µm. Thus, the UB concentration falls from 

the plasma free concentration (at the sinusoidal membrane) 
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to zero over a 0.42 µm thickness, and only a small fraction of 

the hepatocyte (about 10%, assuming a 25 µm cell diameter) 

would have any UB concentration exposure. Thus, glucuroni-

dation of UB seemingly could not occur at the observed rate 

if hepatocyte uptake relied solely on passive diffusion and the 

normal free UB concentration was 0.16 nM.

Direct measurements of the hepatocyte bilirubin concen-

tration provide the strongest evidence for an active transport 

mechanism that raises the free UB concentration in the hepa-

tocyte to a value greater than that in plasma. In the rat liver, 

the total (bound plus free) UB is about 1 µM, which is twice 

the rat serum concentration.66,67 There are no direct measure-

ments of the hepatocyte free UB concentration, but it can be 

estimated from the following arguments. In the hepatocyte, 

UB is bound by several abundant cytosolic proteins that were 

initially referred to as “ligandins” and later identified as glu-

tathione S-transferases.68 The ligandin bilirubin Kd is about 5 

µM,32,68 which is much weaker than that of albumin (Kd =17 

nM). In addition, the ligandin concentration is about 0.07 mM, 

or one-tenth that of serum albumin.69 Using these estimates, the 

free hepatocyte unconjugated concentration should be about 

0.07 µM – about 400 times the free plasma value. Figure 4 

summarizes these estimates of the total and free bilirubin con-

centrations in the plasma, hepatocyte, and bile duct (assuming 

human hepatocyte values are similar to rat).

It has been shown that the glucuronidation rate is pro-

portional to the free (not total) plasma concentration of UB. 

For this case, in the steady state:

	 Heme catabolism = Glucuronidation rate = k [UB]
free

  

                  = k Freefr [UB]
tot

	 → [UB]
tot

 = (heme catabolism)/(k Freefr),	 (4)

where k is the first-order glucuronidation rate constant and 

Freefr is the free plasma fraction. This relation predicts that 

the total plasma UB concentration should be inversely pro-

portional to the free fraction (assuming a constant input from 

heme catabolism). This relationship was confirmed in the rat, 

where the free fraction was varied by infusion of salicylic acid 

or sulfisoxazole, competitive inhibitors of albumin binding of 

UB.70,71 As predicted by the above relation, doubling the free 

fraction reduced the total UB concentration by a factor of two 

but did not change the free concentration. A clinical illustra-

tion of this effect is seen in renal failure patients on dialysis. 

In such patients, the total plasma UB concentration was only 

one-quarter of the normal value,72 and the free fraction was 

four- to eightfold greater than normal,73,74 as predicted from 

the above relation. This increase in free fraction (decrease in 

albumin affinity) in chronic renal failure has been attributed 

to plasma accumulation of organic acid “uremic toxins” such 

as 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid. Such 

compounds, which compete for the high-affinity albumin 

binding site for UB, reach concentrations of 0.4 mM.75

The above results show that the glucuronidation rate is 

proportional to the serum free UB concentration and, there-

fore, the total UB is related to the albumin concentration 

(Alb) by the following relation:

	 [UB]
tot

 = (heme catabolism) × [Alb]/(k Kd),	 (5)

where Kd is the UB albumin equilibrium dissociation 

constant. Thus, total serum UB should be proportional 

to the albumin concentration. Since serum albumin is 

reduced in most chronic diseases, total UB should be con-

comitantly reduced if the other factors in the above relation 

were unchanged. Although it has been suggested that the 

Hepatocyte 
Plasma 

Unconjugated bilirubin
     =6 µM  
    Free =0.16 nM 

Conjugated bilirubin
     =0.2 µM 

   Free =0.0035 µM 

Unconjugated bilirubin
     =1 µM
    Free ≈ 0.07 µM 

Conjugated bilirubin
     =1 µM 

   Free    500 µM ≈

Bile duct 

Unconjugated bilirubin
      ≈ 0.2 µM

Conjugated bilirubin
     =500 µM

   Free ≈ 0.05 µM 

    Free ≈ 0.07 µM

Figure 4 Estimated normal human total and free (unbound) conjugated and unconjugated bilirubin in the plasma, hepatocyte, and bile duct.
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rate-limiting step in hepatic bilirubin uptake is the albumin 

dissociation rate,76 this implies that the glucuronidation rate 

should be proportional to the total (not free) serum UB, and 

is therefore ruled out by the above observation.

UGT1A1 has a lower affinity for a variety of other xeno-

biotics than for UB77 and a weak competitive inhibition of 

UB has been reported, eg, for indinavir78 and ibuprofen.79 

Probably the most important competitive inhibitors are the 

mono- and diglucuronides of bilirubin.80 Conditions that 

increase serum CB may produce very large increases (eg, 

700-fold) in the hepatocyte CB concentration (see “CB 

transport from hepatocyte to blood”). Thus, competitive 

inhibition of conjugation might explain the rise in serum 

UB seen in cholestatic conditions that seemingly would act 

primarily on CB excretion and not alter UGT1A1 activity. 

This is discussed in more detail in the concluding section on 

the clinical implications of bilirubin metabolism (“Summary 

and clinical implications”).

As discussed in the section “CB: albumin binding, 

renal excretion, covalent albumin binding, and clinical 

measurements”, when the liver is unable to clear CB, the 

steady state is established primarily by urinary excretion 

of CB. In contrast, homeostasis for UB cannot be achieved 

via renal excretion, since only the trivial free fraction of 

UB could enter the urine and this free UB would not be 

concentrated due to back-diffusion from the tubule. For 

example, type I Crigler–Najjar subjects with a nearly 

complete absence of conjugating capacity excrete only 

about 5% of a 14C bilirubin dose in the urine,81 and the 

steady state is established by gastrointestinal excretion as 

evidenced by a total fecal bile pigment excretion similar 

to that of normal subjects.82 The mechanisms responsible 

for this intestinal excretion are poorly understood. There 

are two possible pathways. The first is via biliary secre-

tion of bilirubin and bilirubin metabolites. Since the TB 

concentration of bile in type I Crigler–Najjar subjects 

was only about one-fifth of normal,57,83,84 biliary secretion 

can account for only a small fraction of total excretion. 

Although Crigler–Najjar bile also contains significant 

amounts of bilirubin derivatives, these compounds are 

thought to be derived primarily from enterohepatic cir-

culation of metabolites formed in the intestine and do not 

contribute to net bilirubin excretion.85

The second intestinal excretion pathway for UB in type I 

Crigler–Najjar subjects is diffusion from the blood into the 

gut down a diffusion gradient maintained by bacterial and 

intestinal metabolism of luminal UB (indicated by the green 

dashed line in Figure 1). For Gunn rats (homologous to 

Crigler–Najjar) with external biliary diversions, fecal bile 

pigment concentration was more than 50% of that of control 

Gunn rats with no external drainage.82 In contrast, in normal 

(Wistar) rats with diversion of all bile flow, there were no 

detectable stool bile pigments.82 This strongly implies that 

more than 50% of the bilirubin clearance in Gunn rats is by 

transport from blood to intestine, presumably via passive 

diffusion. Direct support for the concept that appreciable 

UB diffuses into the intestine is provided by the observation 

that oral calcium phosphate, which binds UB and presum-

ably increases the serum to lumen diffusion gradient, is very 

effective in lowering UB in Gunn rats86 and produces a small 

but statistically significant fall in serum UB in Crigler–Najjar 

type I patients.87 Recently, it has been shown that Orlistat® 

(Roche, Woerden, the Netherlands) (a lipase inhibitor) signifi-

cantly increases transmural intestinal UB excretion in Gunn 

rats, presumably by increasing the blood-to-lumen diffusion 

gradient via UB binding by undigested fat.85

The following relationship estimates the plasma free UB 

concentration required to clear the total human daily bilirubin 

production rate (R=250 mg/day) by passive diffusion into the 

small intestine:

	 R = P S ([UBplasma]
free

 - [UBintestine]
free

)  

          ≈ P S [UBplasma]
free

,� (6)

where P and S are the small intestinal permeability and 

surface area, respectively, and the last equality assumes 

that the intestinal concentration is maintained close to 

zero by intestinal metabolism. Using P=2×10−3 cm/second 

determined from the rate of human intestinal absorp-

tion of highly permeable (diffusion-limited) drugs88 and 

S=4,400 cm2,88 the free plasma UB would need to be about 

0.56 µM. Although this value is much lower than the 

typical total UB found in Crigler–Najjar subjects of about 

300 µM,89 albumin binding will reduce the corresponding 

free UB concentration to only about 0.051 µM, or one-tenth 

of the requisite 0.56 µM required to bring about bilirubin 

homeostasis (assuming a serum albumin of 400 µM and 

an albumin dissociation constant of 17 nM). Although UB 

definitely reaches concentrations that saturate albumin in 

some type I Crigler–Najjar subjects,90–92 the mechanism 

establishing the steady state at lower UB concentrations (eg, 

300 µM) is uncertain. Given that homeostasis is achieved 

in these patients, it seems necessary to postulate that free 

plasma UB must reach a concentration of roughly 0.56 µM, 
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possibly via some mechanism that influences albumin 

binding of UB.

Bilirubin transport  
from hepatocyte to bile
CB is transported across the apical membrane of the hepa-

tocyte into the bile by the multidrug resistance-associated 

protein (MRP) 2, a member of the superfamily of adenosine 

triphosphate-binding cassette transporters (ABC), also 

referred to as ABCC2 (Figure 1). This transport system has 

recently been reviewed in depth by Nies and Keppler93 and 

Jemnitz et al,94 and our focus will be on the implications of 

this system for the general pharmacokinetics of bilirubin 

transport in normal and pathological conditions.

Free hepatocyte CB concentration has not been directly 

measured. In whole rat liver, the total CB concentration is 

about 1 µM.66,68 Most of this bilirubin is intracellular, since 

the contribution from contents of intrahepatic bile ducts is 

said to be small.68 Intracellular CB is tightly bound to ligandin 

with a dissociation constant of about 3 µM,68 similar to that 

for UB. Assuming a ligandin concentration of 0.07 mM,69 the 

free hepatocyte concentration is about 0.04 µM. Although 

MRP2 transports a large variety of conjugated substrates, it 

has the highest affinity for CB with a Km for the mono- and 

diglucuronide of 0.7 and 0.9 µM, respectively.93 Bile secreted 

by the liver has a CB concentration of about 500 µM, which 

is nearly all free. Thus, ATP-coupled active transport by 

MRP2 produces a relatively enormous, roughly 10,000-fold 

increase in free CB concentration. These estimates of biliru-

bin concentrations are summarized in Figure 4.

Less than 1% of the bilirubin in the bile of normal subjects 

is unconjugated.57 Since deconjugation occurs spontaneously 

in bile incubated at 37°C,95 even this 1% may be artifactu-

ally produced during sampling and analytical procedures. In 

contrast, the very high serum UB concentration in Crigler–

Najjar syndrome with severe UGT1A1 deficiency is seem-

ingly in diffusion equilibrium with the hepatocyte, and bile 

and bile UB concentrations may reach 34 µM and constitute 

50% of the total bile bilirubin. It is important to maintain 

very low concentrations of biliary UB since this poorly 

water-soluble compound is seemingly an initiating factor in 

gallstone formation,44,95 as evidenced by the high prevalence 

of gallstones in subjects with bilirubin conjugating defects.96 

Consistent with this observation, in subjects with normal 

serum bilirubin concentrations, the bilirubin in both pigment 

and cholesterol gallstones is .95% unconjugated,97 indicat-

ing that precipitated UB is concentrated in gallstones.

The strongest evidence supporting the primary role of 

MRP2 in the transport of CB into the bile canaliculus is the 

high serum concentrations of CB observed with mutations 

in the MRP2 gene in Dubin–Johnson syndrome.94,98 Patients 

with this syndrome characteristically have a pigmented liver 

and roughly tenfold increase in total plasma bilirubin con-

centrations, consisting of a fourfold elevation in UB and a 

200-fold elevation in CB (Table 1).99 At a 2.34 mg/dL plasma 

CB, about 30 mg/day of bilirubin will be excreted by the 

kidney (see “CB: albumin binding, renal excretion, cova-

lent albumin binding, and clinical measurements”), which 

is roughly 12% of the daily production. Thus, most of the 

bilirubin must still be excreted by the liver. This is consistent 

with the observation that rats with a similar genetic deficiency 

of MRP2 have a near-normal rate of biliary secretion of CB 

even though the rat plasma TB concentration is 25 times 

normal.100 This biliary excretion may reflect the activity 

of a second, low-affinity ATP-independent transporter that 

partially compensates for the loss of MRP2.101

CB transport from hepatocyte  
to blood
A recent, surprising observation suggests that defects in 

the sinusoidal transmembrane organic anion-transporting 

polypeptides (OATPs) are an important determinant of serum 

CB concentrations.102,103 In contrast to the ATP-coupled ABC 

transporter family (eg, canalicular membrane MRP2) that 

facilitates cellular efflux, the OATPs are members of the 

solute carrier (SLC) family that primarily promote cellular 

uptake of endo- and xenobiotics by a variety of tissues, 

including intestine, kidney, and liver.104 The Km of OATP1B1 

for bilirubin mono- and diglucuronide is 0.1 and 0.28 µM, 

respectively.105 The mechanism, magnitude, and driving force 

for hepatic OATP solute transport is not known, although it is 

independent of both ATP and sodium.104 The key new finding 

of Van de Steeg et al102 and Iusuf et al103 was that mice with 

a double knockout of OATP1A and OATP1B had about a 

400-fold increase in serum CB along with a 50% reduction 

in the rate of secretion of bilirubin in bile and a markedly 

increased urinary CB excretion. Subjects with Rotor syn-

drome similarly have simultaneous complete deficiencies in 

the analogous human genes OATP1B1 and OATP1B3,106 and 

the products of these genes are selectively localized to the 

hepatic basolateral (sinusoidal) membrane. These subjects 

have a conjugated hyperbilirubinemia (usually on the order of 

5 mg/dL [Table 1]), but lack the liver pigment characteristic 

of Dubin–Johnson syndrome.107,108 Another distinguishing 
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feature of Rotor syndrome is a bromsulphthalein (BSP) 

clearance that is only about 15% of normal,108,109 as would 

be predicted if the sinusoidal OATP transport systems were 

required for the normal hepatic uptake of BSP. In contrast, 

in Dubin–Johnson syndrome, the initial hepatic uptake of 

BSP is close to normal, but, after about 45 minutes, there is 

a characteristic reflux of conjugated BSP back into blood, 

presumably as a result of the defect in the MRP2 canalicular 

excretion of conjugated BSP.110

These observations with OATP deficiency raise the ques-

tion of how a genetic defect that seemingly limits transport of 

CB into the hepatocyte produce marked increases in serum 

CB. Van de Steeg et al106 proposed that, in the mouse, 50% of 

the total CB produced by the liver normally cycles from the 

hepatocyte to the sinusoids and back to the hepatocyte before 

being secreted in bile. The very low plasma CB observed 

normally would require extremely efficient reuptake of this 

“regurgitated” CB by the OATP transporters. The knockout 

of OATP proteins prevents this reuptake, hence the elevated 

serum CB.

There are still many unanswered questions about this new 

observation. In particular, does this large and energetically 

demanding recycling have a biological value? Van de Steeg 

et al106 hypothesize that it serves an important function by 

evenly distributing the excretory load of glucuronide conju-

gates to all hepatocytes via the sinusoidal plasma flow. They 

have coined the term “hepatocyte hopping”106 to describe 

what they propose to be a general property of the hepatic 

handling of conjugated solutes. However, since UB is only 

5% cleared in a single passage through the liver, all hepa-

tocytes are exposed to essentially the same sinusoidal UB 

concentration and, assuming similar hepatocyte conjugating 

ability, similar concentrations of CB. Thus, it does not seem 

necessary to “distribute the load” of CB unless conjugation is 

preferentially performed by hepatocytes located in zone 1, in 

proximity to the inflow of blood into the sinusoid. Although 

entirely speculative, given that sinusoidal and canalicular 

flow are roughly in opposite directions, “hopping” could 

minimize the quantity of CB that must be transported against 

the increasing canalicular concentration of CB that occurs 

as canalicular bile flows from the hepatic vein region toward 

the portal area. It is also possible that this normal leak of 

bilirubin has no purpose and simply reflects an unavoidable 

leak of CB down the large electrochemical gradient that 

exists between the hepatocyte and blood (Figure 4). For 

example, there are at least five organic anion transporters 

(OATs) localized in the sinusoidal cell membrane (OATPB1, 

OATPB3, OATP2B1, OAT2, and OAT7) that are involved in 

the liver uptake of a myriad of organic anions.104 Since these 

transporters allow bidirectional transport,104 CB could leak 

out through these systems.

Another potential pathway for this leak of CB from 

hepatocyte to blood is the hepatocyte efflux ABC transporter 

MRP3 (ABCC3) (Figure 1). MRP3 transports glucuronidated 

xenobiotics from the liver to the plasma, where they are 

renally excreted. For example, in MRP3 knockout mice, 

the hepatic concentration of the glucuronidated metabo-

lites of morphine111 and acetaminophen112 are markedly 

increased, while the plasma concentration is decreased by 

more than 90%. The relative importance of the renal versus 

the gastrointestinal excretory pathway for such compounds 

is determined by the relative activity of the sinusoidal (eg, 

MRP3) versus the canalicular (eg, MRP2) transporters. Bile 

duct ligation (see “Bilirubin enterohepatic circulation”) and 

the resultant block of the gastrointestinal pathway induces a 

dramatic increase in the expression of MRP3 in both rats and 

humans,113,114 presumably as a means of shifting the excretory 

pathway from the gut to the kidney. Direct evidence for the 

involvement of MRP3 in bilirubin recycling was provided 

by the observation that, in mice with a double knockout of 

OATP1B1 and OATP1B3, the additional knockout of MRP3 

reduced plasma CB by 50%.106

The involvement of OATs in bilirubin homeostasis 

introduces a profound change in the interpretation of the 

serum CB concentration, both in normal and pathological 

conditions. The rate of OATP clearance can be estimated 

from a calculation of the fraction of hepatic plasma flow that 

must be cleared of CB to maintain the normal human serum 

CB of 0.012 mg/dL (Table 1) for a given rate of bilirubin 

recycling (R):

	 Amount recycled = R = (Flow) × (C
in
 - C

out
),	 (7)

where C
in
 and C

out
 are the CB concentrations in the plasma 

entering and leaving the liver, respectively, and Flow is the 

liver plasma flow. Defining clearance as the dimensionless 

fraction of liver blood flow that is cleared (assuming that C
in
 

is equal to the systemic serum CB):

	 Clearance = 1 – C
out

/C
in
 = R/(Flow × C

in
).	 (8)

A value for R can be estimated from measurements made 

in Rotor syndrome, assuming that these subjects have normal 

bilirubin kinetics with the exception of negligible hepatic 

uptake of CB from the plasma. The plasma CB concentration 

of these patients is maintained at about 5 mg/dL (Table 1), 
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implying that, at steady state, about 25% of the 250 mg of 

daily production of bilirubin will be renally excreted (see 

“CB: albumin binding, renal excretion, covalent albumin 

binding, and clinical measurements”). Hence, R (the quantity 

of bilirubin refluxed in these subjects but recycled in normal 

subjects) equals 0.25×250 or 62 mg/day. Substituting this R in 

the above relation and assuming C
in
 equals the normal plasma 

CB concentration of 0.012 mg/dL and a normal human liver 

plasma flow (Flow) of 0.8 L/minute,40 the normal human 

fractional CB clearance must be about 0.36 L/minute (45% 

of the liver plasma flow) and about seven times greater than 

the human liver UB clearance. This rapid hepatic uptake of 

CB is quantitatively consistent with direct measurements in 

the rat of both unlabeled115 and tritiated116 CB clearance of 

about 1 mL/minute/100 g body weight, which is equivalent 

to a clearance of about 35% of the rat liver plasma flow and 

three times faster than the rat UB clearance.116

The implications of this OATP CB clearance are illus-

trated in Figures 5 and 6. Previously, the very low normal 

plasma CB concentration of 0.012 mg/dL was assumed 

to result from a minimal leakage of CB from the hepato-

cyte and/or canaliculus into the plasma balanced by renal 

clearance:6

	 Leak = Renal excretion = CB × (renal clearance).	 (9)

Using a renal clearance of 0.81 mL/minute (see “CB: 

albumin binding, renal excretion, covalent albumin binding, 

and clinical measurements”) and serum CB of 0.012 mg/dL 

(Table 1) yields a leak of 0.14 mg/day (Figure 5A). This 

represents only 0.056% of the 250 mg CB excreted per day. 

In contrast, if there is normal OATP hepatic CB function, 

then the above relation should be replaced by:

Leak = CB × (renal clearance + OATP clearance).	 (10)

For a serum CB =0.012 mg/dL and an OATP CB clear-

ance of 0.36 L/minute, the leak must be 62.3 mg/day, or 25% 

of the daily production (Figure 5B). Uptake by OATP has 

even more dramatic implications for homeostasis in hepa-

tocellular disease. For example, we will use a hypothetical 

patient with hepatocellular disease who has a modest serum 

CB elevation to 0.36 mg/dL (about 30 times normal), roughly 

equal to the normal serum UB concentration (Table 1). For 

the conventional interpretation (Figure 6A), where the CB 

leak is simply balanced by renal excretion, a leak of just 

4.3 mg/day (1.7% of the daily 250 mg/day output) raises 

the serum CB to 0.36 mg/dL. In contrast (Figure 6B), 

if OATP CB clearance remains that of the normal liver 

(0.36 L/minute), the leak predicted using the above modi-

fied equation is 1,870 mg/day, or seven times the total daily 

UB production, which seems highly unlikely. Thus, it seems 

necessary to postulate that the OAT transport system ceases 

to function normally early in the course of conditions causing 

hepatocellular dysfunction. Such dysfunction could reflect 

OAT damage, saturation, or inability to transport against a 

gradient resulting from CB accumulation in the hepatocyte 

secondary to defects in the secretion of CB into the bile or 

in the canalicular transport of the secreted CB. While the 

specifics require further study, OAT function appears to 

be a major, but presently unappreciated, determinant of the 

serum CB concentration.

If the rates of CB influx and efflux are proportional to 

concentration, then, at steady state, hepatocyte CB should 

be directly proportional to the serum CB concentration. 

Furthermore, if the UB conjugation rate and CB bile export 

systems are also linear, then, for normal liver function, plasma 

CB should be proportional to the plasma UB concentration. 

This relationship provides an explanation for the surprising 

observation that serum CB tends to be a constant fraction 

(about 3%) of UB in both healthy and hemolyzing individuals 

(a fivefold range of UB [Table 1]).117 Even for the case of 

bile duct obstruction where most of the plasma CB comes 

from a leak of canalicular bile (see “Bilirubin enterohepatic 

circulation”), these influx and efflux transport systems should 

still establish this same steady-state hepatocyte/plasma con-

centration relationship.

Cholestasis and bile duct 
obstruction
Figure 7 outlines the events involved in the formation of 

bile. Bile salts are either synthesized in the hepatocyte or 

transported from the plasma to the hepatocyte by the sodium-

taurocholate cotransporting polypeptide (NTCP/SLC10A1) 

and, to a lesser extent, by the sodium-independent OATs.118,119 

The bile salts are then pumped into the canalicular space 

by the ATP-coupled bile salt export pump (BSEP/ABCB11), 

which is the key protein in bile formation.120 The osmotic 

load of these bile salts along with a minor contribution 

from bilirubin and other glucuronides transported by the 

MRP pumps then draws in water and electrolytes. The rela-

tive importance of the cellular versus paracellular pathway 

(see Figure 7) for this osmotic water transport is unclear. 

In vitro measurements have shown that the hepatocyte cell 

membrane has a high osmotic water permeability – large 

enough that the relatively small solute gradients produced 
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Leak 

249.9 mg/day 

UGT 
250 mg/day 

Plasma Hepatocyte 
Bile 
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A

B
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CB 

Renal excretion 

   CB CB

CB

CB

(0.012 mg/dL) 

0.14 mg/day 

0.14 mg/day 

Leak 

249.9 mg/day 

UGT 
250 mg/day 

Plasma Hepatocyte 
Bile 

UB UB

   CB 

Renal excretion 

CB    CB   CB

   CB

CB

(0.012 mg/dL) 

OATP 

62.3 mg/day 

0.14 mg/day 

Figure 5 Role of OATP in CB homeostasis in normal subjects with a serum CB concentration of 0.012 mg/dL.
Notes: (A) Conventional view, in which plasma CB is determined by a relatively small biliary or hepatic cell leak of CB (0.14 mg/day) into the plasma which is balanced solely 
by renal excretion. (B) The newly postulated situation, in which there is a much more rapid CB leak (62.3 mg/day) that is countered by a very efficient OATP-facilitated 
reuptake by the hepatocyte.
Abbreviations: CB, conjugated bilirubin; UB, unconjugated bilirubin; UGT, uridine diphosphate glycosyltransferase.

by bile salt secretion could account for the observed biliary 

flow rates.121 The tight junctions between hepatocytes are 

cation selective, allowing free movement of Na+, and are 

impermeable to bile salts and glucuronides. However, these 

junctions allow passage of small nonelectrolytes such as 

erythritol, mannitol,122 and sucrose,123 suggesting that they 

are large enough to permit appreciable osmotic water flow 

during bile fluid formation.

The initial event in mechanical bile duct obstruction is an 

increase in common duct pressure, which is transmitted back 
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Figure 6 Role of OATP in CB homeostasis in a subject with hepatocellular disease and an elevated serum CB concentration of 0.36 mg/dL.
Notes: (A) Conventional view, in which plasma CB is determined by a relatively small biliary or hepatic cell leak of CB (4.3 mg/day) into the plasma that is balanced solely 
by renal excretion. (B) The situation in which there is the predicted normal OATP-facilitated clearance and reuptake of CB by the hepatocyte, necessitating a much larger 
leak (1,870 mg/day) to maintain the same plasma concentration.
Abbreviations: CB, conjugated bilirubin; UB, unconjugated bilirubin; UGT, uridine diphosphate glycosyltransferase.

into the canaliculi of the liver. After bile duct ligation in dogs, 

the bile duct pressure increases from the normal value of 

10 cm H
2
O to 40 cm H

2
O after 2 days and is then maintained 

at this value for up to 28 days.124 Since this 40 cm hydrostatic 

pressure is equivalent to an osmotic pressure of only about 

2 mOsm, it should not alter the osmotic bile formation rate. 

The most probable pathway for the leak of bile back into the 

systemic circulation is via the intercellular tight junctions 

(Figure 7). This is directly supported by bile duct ligation 

studies showing histological changes in the hepatocyte tight 

junctions and leakage of horseradish peroxidase into the 

pericanalicular space.125,126 Since the bilirubin in bile is nearly 

100% conjugated (see “Bilirubin transport from hepatocyte 

to bile”), initially this paracellular leak should increase only 

serum CB concentration. This is what was observed by Sieg 

et  al127 in 20 patients with acute obstruction due to com-

mon duct stones, in whom there was, on average, a 15-fold 

increase in TB, a 560-fold increase in CB, and no statistically 

significant increase in UB (see Table 1).

In contrast to the findings in acute obstruction, there is 

also an increase in unconjugated plasma bilirubin in chronic 

obstruction, although most (usually .80% of the total) of 

the increase is in the conjugated form.45,128 This unconjugated 

increase presumably results, in part, from a loss of liver 

deconjugation function produced by the dramatic changes 

in liver histology, biochemistry, and cell death that occur 

after several days of obstruction.129,130

Hyperbilirubinemia is said to result from “intrahepatic 

cholestasis” when, in the absence of extrahepatic obstruction, 

CB comprises a high fraction of the TB, alkaline phosphatase 

is elevated out of proportion to other measurements of liver 

function (eg, aminotransferases), and bilirubin accumulations 
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Figure 7 Processes involved in bile formation and bilirubin secretion.
Notes: Bile salts are transported into the liver primarily by a Na+ bile symport transporter (NTCP/SLC10A1) plus a small contribution from OATs. The canalicular bile fluid 
secretion results from the osmotic pressure produced by the ATP-dependent active transport of the bile salts (BSEP/ABCB11 transporter), as well as CB (MRP transporters) 
and other metabolites, into the canaliculus. This osmotic water flow occurs through the cell membrane and the intracellular tight junctions (solid arrows). Increased 
canalicular pressure produced by bile duct obstruction produces leakage of bile into the sinusoid through the ruptured tight junctions (red dashed line). The leaked CB may 
be taken back up into the hepatocyte by the OATP transport proteins (red dashed line).
Abbreviations: CB, conjugated bilirubin; UB, unconjugated bilirubin; UGT, uridine diphosphate glycosyltransferase.

are noted in liver biopsies.131 Unlike extrahepatic mechanical 

bile duct obstruction, which has a clearly defined pathology 

and good experimental models, the diverse heterogeneous 

conditions grouped under intrahepatic cholestasis are 

rather poorly understood and characterized. Intrahepatic 

cholestasis has multiple etiologies, including liver infections 

(viral, bacterial, and fungal), sepsis, autoimmune diseases, 

sarcoidosis, amyloidosis, lymphoma, heart failure,132 and 

drug reactions (eg, antibiotics, anti-inflammatories, and 

oral contraceptives).133 The elevation of CB may result 

from obstructed bile flow, altered bile ductular integrity, or 

reduced production of bile due to defective activity of the 

bile efflux transporters (eg, BSEP, MRPs [Figure 7]). The 

latter is thought to be the cause of cholestasis of pregnancy, 

a condition characterized by high serum bile acid concen-

trations and CB-predominant, mild hyperbilirubinemia134,135 

(Table 1). There is suggestive evidence that high estrogen and 

progesterone metabolite concentrations that develop in late 

pregnancy inhibit the bile acid transporters.136

Bilirubin enterohepatic circulation
The black dashed line in Figure 1 refers to the enterohepatic 

circulation of bilirubin that is normally small but which 

may become important in some clinical situations. In the 

gut, nonabsorbable CB can be irreversibly degraded by 

bacteria to relatively impermeable urobilinoids or deconju-

gated by β-glucuronidase to highly membrane-permeable, 

absorbable UB (Figure 1). At least 25% of orally admin-

istered 14C-labeled UB is absorbed in humans, while only 

a small percent of 14C-labeled CB is recycled.137 Thus, 

under physiological conditions, catabolism to urobilinoids 

predominates. However, in some circumstances, deconju-

gation can apparently lead to recirculation of a substantial 

portion of bilirubin, appreciably increasing the bilirubin 

load to the liver.

Enterohepatic circulation has been proposed as a contrib-

uting factor to the physiologic jaundice of newborns. Vítek 

et al138 found that fecal UB rose from a value of 169 nmol/g 

dry weight on day 1 after birth to a peak of 2,204 on day 5 

and then, by 6 weeks, fell 15-fold as the colon was colonized 

by bacteria. In contrast, urobilinoids were not detectable 

until day 5 and then increased tenfold over the following 

6 weeks.138 Thus, the bacterial flora of the newborn favors 

the deconjugation of CB to UB over urobilinoid production 

with a resultant increase in the enterohepatic circulation of 

UB. The origin of this β-glucuronidase activity present in 

infant feces could be bacterial, intestinal, or the mother’s 

milk, with the last thought to play a role in breast milk 

jaundice.139 A study involving feeding of agar to newborns 

provides direct support for the concept that the intralumi-
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nal milieu plays a role in UB homeostasis.140 In untreated 

infants, the normal “physiologic” serum bilirubin increase 

was observed, peaking on day 4 at a value 83% higher than 

on day 1, while, in agar-treated infants, serum bilirubin fell 

continuously after birth to a value on day 6 that was 45% 

less than on day 1. Correspondingly, the total fecal bilirubin 

excretion in the agar-treated infants was about three times 

greater than that of the untreated over the first 5 days after 

birth. Presumably, by an unknown mechanism, agar inhibits 

deconjugation of CB with a resultant decrease in absorp-

tion of UB.

Enterohepatic circulation has also been invoked as a 

possible causative factor for “fasting hyperbilirubinemia”. 

Serum UB increases 80% from a mean of 0.5 to 0.9 mg/dL 

in normal subjects after a 48-hour fast (300 kcal provided).141 

The increase is more dramatic in Gilbert’s syndrome, increas-

ing from 1.5 to 3.5 mg/dL (130%), and fasting is used as a 

diagnostic test for this syndrome.141 Despite considerable 

study, this response to fasting remains a poorly understood 

phenomenon. Based on CO measurements, it was initially 

proposed that fasting increases heme catabolism,142 but this 

observation was not confirmed in a subsequent study.143 

A second postulate was that caloric deprivation decreases 

hepatic glucuronidation activity. However, fasting-induced 

elevation of serum UB in Gilbert’s subjects was not prevented 

by an intravenous infusion of either glucose or lipid with the 

same caloric load (2,400 kcal) as in the standard oral diet.144 

The most recent hypothesis is that fasting slows small intes-

tinal transit, allowing more time for the conversion of CB to 

UB in the small intestine.145–147 The correspondingly larger 

increase in Gilbert’s subjects could reflect partial saturation 

of the defective hepatic UB deconjugation system due to 

the recirculated load. An alternative explanation is that the 

fraction of monoconjugated bilirubin in the bile of Gilbert’s 

subjects (94%) is higher than that of normal subjects (37%),57 

thus the CB of Gilbert’s is more readily deconjugated in the 

gut to UB. However, quantitative considerations cast doubt 

on the concept that increased enterohepatic circulation 

could account for the entire 80% increase in serum bilirubin 

observed in fasting normal subjects. Assuming the steady 

state is reached after 2 days of fasting and hepatic bilirubin 

secretion is first order, the 80% increase requires that at 

least 45% of the secreted bilirubin be recirculated. Thus, the 

hypothesis that fasting hyperbilirubinemia is attributable to 

an increased enterohepatic circulation requires an enormous 

alteration in the gut metabolism of CB, with a shift from the 

normal, near-complete bacterial conversion to urobilinoids 

to a situation where there is at least 45% deconjugation (and 

absorption) of CB in the gut. This seems unlikely, since only 

25% of ingested 14C-labeled UB was absorbed by healthy 

subjects.137

Recirculation has also been postulated to explain other 

observations, such as a nearly twofold increase in total 

biliary secretion of bilirubin produced by ileal resection 

in the rat,148 requiring an unlikely scenario in which about 

50% of secreted CB was recirculated. Similarly, a statisti-

cally significant 30% increase in serum UB observed with 

oral chenodeoxycholic acid in humans was attributed to 

a solubilizing effect that allowed increased enterohepatic 

circulation of UB.149 If increased absorption of bilirubin can 

truly reach 30%–50% of the secreted bilirubin, this process 

would have important implications for the interpretation of 

serum bilirubin measurements.

Summary and clinical implications
The regulation of serum bilirubin concentration is far more 

complex than that of other serum analytes used to assess 

organ function. For example, serum creatinine concentra-

tion is determined by glomerular filtration rate and serum 

amino transferases by the rate of hepatocellular release of 

the enzymes. In contrast, bilirubin homeostasis is a complex 

process involving multiple organs, enzyme reactions, and 

membrane transport systems. Total serum bilirubin represents 

the sum of the concentrations of UB and CB, each of which 

has its own homeostatic regulation (Figure 1). The steady-

state concentration of each form of bilirubin is established 

when its plasma concentration reaches a level that permits 

plasma removal at a rate equal to its delivery to the plasma. 

A variety of factors limit both the sensitivity and the speci-

ficity of bilirubin measurements to detect the abnormalities 

illustrated in Figure 1 and listed in Table 1.

Serum bilirubin is commonly assessed as part of routine 

physical examinations as well in the evaluation of virtually all 

sick patients. The primary purpose of these measurements is 

to determine if: 1) the total serum bilirubin is elevated, which 

(in the absence of an increased bilirubin load) is indicative of 

liver malfunction; 2) the bilirubin elevation results from an 

isolated increase of UB, which is indicative of an increased 

bilirubin load (hemolysis or increased enterohepatic circula-

tion), or from a genetically acquired conjugating defect; 3) 

the bilirubin elevation reflects a predominance (.70%) of 

CB, which suggests cholestatic (as opposed to hepatocel-

lular) liver disease; or 4) the UB and CB are roughly equal, 

a finding suggestive of hepatocellular disease.

What constitutes a normal diazo total serum bilirubin con-

centration varies by laboratory, with normal values commonly 
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considered to range from a low of 0.1 mg/dL to a high of 

1–1.2 mg/dL (Table 1). In the very large Third National 

Health and Nutrition Examination Survey (NHANES III) 

study of 16,865 randomly selected US adults, the 2.5 and 

97.5 percentile values for TB using the standard diazo assay 

were 0.2 mg/dL and 1.4 mg/dL, respectively.150 While the 

modal value was 0.4 mg/dL, there was a marked skewing 

toward higher values, with the mean value being 0.62 mg/

dL. The authors attributed this relatively high normal range 

to their subjects’ fasting state, a confounding factor known 

to increase serum UB in both normal subjects and subjects 

with Gilbert’s syndrome (see “Bilirubin enterohepatic cir-

culation”). While the TB was not fractionated in this study, 

UB commonly represents the vast majority of the bilirubin 

of healthy subjects. The tendency of the data to skew toward 

higher values is commonly attributed to subjects with reduced 

activity of UGT1A1, ie, subjects with Gilbert’s syndrome. 

The frequency of Gilbert’s in the healthy population has been 

variously cited to range from 5% to 15% of the population. 

However, the possible role of an increased bilirubin load due 

to decreases in RBC survival, increased cytochrome turn-

over, or increased UB absorption from the gut has not been 

excluded as a contributory factor toward the unusually high 

UB observed in some apparently healthy subjects. 

The high frequency of Gilbert’s in the general population 

appreciably reduces the sensitivity of TB as an indicator of 

liver malfunction. For example, if a patient with a baseline 

modal TB value of 0.4 mg/dL developed a cholestatic 

problem, CB must increase from the true, chromatographic 

(HPLC) normal value of about 0.012 mg/dL to 1.0 mg/dL 

simply to reach the TB upper limit of normal of 1.4 mg/dL, 

roughly an 80-fold increase in CB. While routine HPLC mea-

surement of CB could be a more sensitive indicator of liver 

dysfunction than the presently employed diazo technique, 

minor increases in CB might be so nonspecific as to confuse 

rather than enhance clinical management of patients.

The wide normal variability of UB concentration also 

limits the value of this measurement as a means of identify-

ing the presence of low-to-moderately severe hemolysis. 

Roughly 75% of the bilirubin load (about 0.3 mg/dL of the 

modal 0.4 mg/dL in normal serum) is derived from break-

down of circulating erythrocytes. Thus, in a non-anemic 

subject, the survival of RBCs (normally 120 days) would 

have to be reduced by about 3.7-fold, to 32 days, to elevate the 

CB concentration to 1.4 mg/dL. When employed to identify 

hemolysis in a subject with anemia, RBC survival has to be 

even more deranged to elevate CB above the upper limit of 

normal, eg, in a subject with a hemoglobin of 7 g/dL (50% 

reduction from the normal 14 g/dL), RBC survival would 

have to be reduced by roughly 7.4-fold (to 16 days) in order 

to produce a detectable increase in UB.

Hyperbilirubinemia results from disorders of one or more 

of the metabolic steps outlined in Figure 1. Measurements 

of CB and UB in hyperbilirubinemia provide direction for 

additional diagnostic tests but almost never provide sufficient 

information with which to identify the specific disorder(s) 

causing the problem. A marked predominance (.80%) of 

UB in hyperbilirubinemia is indicative of a major increase in 

the bilirubin load (eg, hemolysis), a conjugating defect (eg, 

Gilbert’s or Crigler–Najjar syndromes), or, possibly, increased 

enterohepatic circulation of UB. While bilirubin production 

could be estimated via measurements of CO excretion, such 

testing is not clinically available. Thus, an increased bilirubin 

load is commonly imputed from results of indirect indicators 

of hemolysis (blood smear, haptoglobin, reticulocyte count, 

and lactate dehydrogenase) in the anemic patient. UB derived 

from liver enzymes or absorption following deconjugation of 

CB in the gut remain potential sources of UB that cannot be 

quantitated using available tests. With an increased bilirubin 

load (eg, hemolysis), both UB and CB (measured via HPLC) 

increase in direct proportion to the total load. However, as 

discussed in the section “CB transport from hepatocyte to 

blood”, this relatively small CB increase from normal (eg, 

up to eightfold) is not detectable with the diazo CB assay 

because of background contaminants. If patients also have an 

increased CB concentration due to underlying liver disease, 

then this superimposed increased bilirubin load would pro-

duce appreciable increases in CB that are measurable with the 

diazo reaction. In the absence of hemolysis, UB-predominant 

hyperbilirubinemia is assumed to reflect decreased CB conju-

gation (ie UGT1A1 deficiency): Gilbert’s when the UB is ,3 

mg/dL and Crigler–Najjar when the UB is .3 mg/dL.

A marked predominance (.70%) of CB in hyperbili-

rubinemia is strongly suggestive of cholestasis secondary 

to extrahepatic or intrahepatic disease (Table 1 [last six 

entries]). Extrahepatic obstruction to bile flow is usually 

caused by gallstones, malignancy, or benign strictures. The 

resultant increased pressure in the biliary system produces 

reflux of CB into the plasma. Intrahepatic cholestasis can 

be caused by obstruction to bile flow in the liver (primary 

biliary cirrhosis or hepatic mass lesions), lack of integrity 

of the biliary canaliculi, or decreased bulk secretion of bile 

secondary to drugs or other conditions (possibly sepsis) 

that diminish the bile acid secretion that drives bile flow. 

In addition, rare congenital defects that reduce transport of 

CB into the canaliculus (Dubin–Johnson) or reduce uptake 
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of CB from the blood (Rotor) can produce CB-predominant 

hyperbilirubinemia. Measurements of bilirubin or other liver 

function tests seldom identify the etiology of predominant 

conjugated hyperbilirubinemia, and evaluation with endo-

scopic, radiographic, serology, or biopsy procedures are 

required to pinpoint the specific problem.

When there is not a predominance of either UB or CB, 

hyperbilirubinemia is usually the result of what is termed a 

“hepatocellular” problem, such as various forms of hepatitis 

or cirrhosis (Table 1). The seemingly simple observation 

that UB and CB maintain roughly comparable serum con-

centrations in hepatocellular disease actually requires the 

interplay of several unusual phenomena that have received 

little or no attention in the literature. First, CB must rise 

by about 30-fold simply to reach the normal serum con-

centration of UB (0.4 mg/dL). What mechanism could be 

so disordered in relatively mild hepatocellular dysfunction 

that normal CB clearance is diminished by 30-fold? Such 

an alteration from normal function is virtually unknown 

with any other organ system. Second, some linkage between 

CB and UB clearance would be necessary to maintain these 

compounds at relatively similar concentrations over wide 

ranges of bilirubin concentrations in a variety of hepatocel-

lular disease.

As discussed in the section “CB transport from hepato-

cyte to blood”, the implications of the recent observation of 

a large OATP-mediated CB recirculation and clearance of 

about 0.36 L/minute profoundly alters the interpretation 

of the increased serum CB observed in these diseases. If 

this OATP clearance remains at its normal value, then just a 

moderate increase in serum CB (eg, 0.36 mg/dL [Figure 6]) 

implies that there would have to be an enormous CB leak of 

1,870 mg (seven times the total daily UB production). Thus, 

it is seemingly impossible for CB to rise to the concentra-

tions observed in hepatocellular disease if OATP function 

remains largely intact. While totally speculative, it seems 

necessary to postulate that defects in OATP function occur 

early in the course of hepatocellular disease. Such defects 

would permit relatively enormous increases in serum CB due 

simply to the failure to recycle the normal leak of bilirubin 

from hepatocyte to plasma (which would be aggravated by 

additional leakage in liver disease). The primary role of 

bilirubin recycling in the maintenance of serum CB concen-

tration has not been previously recognized and obviously 

requires further study.

The second “mystery” of serum bilirubin concentrations 

in hepatocellular disease is the maintenance of roughly simi-

lar serum concentrations of CB and UB, despite the fact that 

these compounds are controlled by very different homeostatic 

mechanisms. It should be stressed that when CB and UB 

have similar serum concentrations, there has been a 30-fold 

increase over normal for CB relative to the increase for UB. 

Thus, the similar serum levels of the two forms of bilirubin 

in hepatocellular diseases requires that CB:UB clearances be 

reduced in a constant ratio of roughly 30:1. It seems highly 

unlikely that tissue damage would be consistently around 

30-fold more injurious to the normal CB excretory mecha-

nism than it is to UB excretion; rather, it seems likely that 

the clearance of the two types of bilirubin is linked by some 

factor wherein the rise of one bilirubin species feeds back 

on the clearance of the other. There is no evidence that an 

elevated UB concentration inhibits the excretion of CB, 

since CB remains normal in hemolytic states or Gilbert’s 

syndrome. In contrast, an elevated CB seems to inhibit UB 

conjugation, since, in the conjugated hyperbilirubinemias 

in Table 1 (last six entries), UB rises, albeit not in propor-

tion to CB. One possible explanation for this CB inhibition 

of conjugation is competitive inhibition of the UGT1A1 

enzyme by increased hepatocyte CB. As discussed in the 

section “Bilirubin glucuronidation and UB excretion”, both 

the mono- and diglucuronides of bilirubin are competitive 

inhibitors of UGT1A1. The hepatocyte influx and efflux 

transporters should maintain a proportional cell/plasma 

concentration ratio (see “CB transport from hepatocyte to 

blood”) and, for example, in Dubin–Johnson syndrome, the 

200-fold increase in serum CB would correspond to a 200-

fold increase in hepatocyte CB, which could competitively 

decrease the glucuronidation rate and produce the observed 

fourfold increase in serum UB.

There are two other factors that could contribute to the 

concomitant elevation of serum UB and CB in hepatocellu-

lar diseases. The first is the superimposition of an increased 

bilirubin load. For example, about one-third of the tenfold UB 

increase observed in alcoholic cirrhosis (Table 1) could be 

explained by the two- to threefold increase in bilirubin load 

secondary to diminished RBC survival in cirrhosis.151 The 

second is a reduction in the mass of functioning liver as a 

result of scarring and cell death. It would be valuable to be 

able to determine what component of the increase in TB is 

due simply to a loss of general liver function, since it would 

provide a quantitative measure of the extent of liver damage 

(for example, a tenfold increase in TB would indicate a 90% 

loss of liver function). One approach to quantitating liver 

function is to measure the hepatic clearance of drugs such as 

indocyanine green,152 sulfobromophthalein,152 antipyrine,153 

or aminopyrine.154 The clearance of all four of these com-
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pounds is reduced by an average factor of three or more in 

alcoholic cirrhosis,152–154 which, if they are an indication of 

liver cell loss, should produce a threefold increase of TB. 

To the extent that bilirubin clearance is influenced by the 

same general lack of functional liver that reduces the clear-

ance of these test compounds, there should be a relatively 

linear relationship between the fractional increase in TB 

and the inverse of the fractional decrease in the hepatic drug 

clearance. Figure 8 shows this plot for the clearance of these 

four different compounds in patients with chronic alcoholic 

cirrhosis. Although there is considerable scatter, this relation-

ship is roughly confirmed, with about 50% of the increase 

in TB explained by a general decrease in liver function, 

with the other 50% possibly produced by some other liver 

malfunction that might also account for the 30-fold increase 

in CB relative to UB.

The precise serum bilirubin concentration is one of the 

measurements commonly employed for the calculation of 

“scores” that predict the prognosis and direct therapeutic 

interventions in patients with liver disease (eg, MELD, Child–

Pugh, Maddrey, and FibroTest). The use of and weighting of 

the TB measurement in these calculations is based on empiri-

cal observation that an increase in total serum bilirubin is 

one of the strongest correlates with poor patient outcome in 

hepatocellular disease.155 While it seems intuitively obvious 

that the serum bilirubin level would serve as a marker of 

the degree of liver dysfunction, several factors not directly 

related to liver function may have a sizable effect on the serum 

bilirubin concentration. For example, both UB and CB will 

vary directly with the bilirubin load. Hence, RBC life span 

that is frequently, but variably, reduced in severe liver disease 

could induce several-fold differences in serum bilirubin con-

centrations of patients with equal abilities to clear bilirubin. 

Similarly, variations in enterohepatic circulation of bilirubin 

could influence serum bilirubin concentrations. Lastly, the 

presence of δ-bilirubin influences the serum concentration 

of CB by a mechanism independent of liver function. Thus, 

it seems possible that bilirubin measurements corrected for 

bilirubin load and δ-bilirubin would serve as a more precise 

measure of liver function and, possibly, a more accurate 

indicator of prognosis.

This positive correlation between the degree of hyperbili-

rubinemia and prognosis of liver disease patients is expected. 

More surprising are the repeated observations of an inverse 

correlation between serum bilirubin concentrations and a 

variety of potentially lethal conditions in subjects who do not 

have liver disease. Higher bilirubin levels have been associ-

ated with a decreased incidence of coronary disease, rectal 

cancer, and diabetes.150,156 In a large life insurance study of 

apparently healthy males less than 60 years of age, mortal-

ity over a 10- to 14-year period was about 2.6 times higher 

for subjects with a serum bilirubin of 0.3 mg/dL versus a 

bilirubin of 1.1–1.3 mg/dL.157

It will be important to determine if lower serum bilirubin 

concentrations are a cause or an effect of ill health. As dis-

cussed in the current review, the serum bilirubin of patients 

without liver disease is virtually all UB, and the serum level 

of this compound is a function of the bilirubin load, albumin 

binding, and the activity of UGT1A1. It seems unlikely that 

low bilirubin concentrations are a result of decreased UB 

production, since this would require a substantial increase 

in RBC life span. As discussed in the section “Bilirubin 

glucuronidation and UB excretion”, serum UB is inversely 

proportional to the albumin dissociation constant, as exem-

plified by patients on hemodialysis who have serum UB 

concentrations that are 25% of normal because of decreased 

albumin binding of UB. It seems possible that some yet-to-

be-identified factor associated with ill health could decrease 

the binding of UB to albumin. It is also possible that such an 

unknown factor might enhance UGT1A1 activity. In these 

hypothetical cases, low UB would simply be a marker of the 

propensity to develop disease. More interesting would be the 

situation in which high serum UB is protective against various 

diseases, possibly via its antioxidant effect. Such a protective 

effect would provide a biological rationale for the compli-

cated handling of UB that ensures appreciable (µM) serum 

concentrations of this compound. Research on bilirubin, a 
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relatively dormant area of investigation at present, would be 

greatly invigorated if UB could be shown to protect against 

important diseases and reduce mortality.
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