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Introduction: For a large variety of liver pathologies, the plasma unconjugated (UB) and conjugated (CB) bilirubin concentrations 
appear to be coupled. For example, in alcoholic cirrhosis, UB and CB are roughly the same over a large range of total bilirubin, 
requiring an initial massive increase (about 40-fold) in plasma CB to reach the level of UB and then similar increases in UB and CB as 
the disease progresses. This coupling has been either unrecognized or ignored and this paper is the first attempt to try to explain it 
quantitatively in terms of known hepatic cell metabolic and membrane transport properties.
Methods: A simplified pharmacokinetic model is developed and applied to a variety of hyperbilirubinemic pathologies. A central 
feature of the model is based on the recent observation that double knockout of the rat OATP1A and OATP1B hepatic transporters 
produces a roughly 400-fold increase in plasma CB, indicating that there is a normal rapid recycling of CB from the cell to the plasma 
with reuptake via OATP. We use the experimental rat Km of OATP CB transport to show that OATP uptake becomes saturated at 
relatively low plasma CB concentrations, decreasing uptake, and producing massive (up to 1000-fold) increases in CB in some 
pathologies. It is assumed that UB and CB are competing for the OATP transporter, producing the increased plasma UB that is 
observed in “pure” CB pathologies.
Results: The model accurately describes the clinically observed UB and CB for pure UB (Gilbert’s, hemolytic anemia) and CB 
(Dubin-Johnson, Rotor syndrome, biliary atresia) pathologies as well as in cirrhosis.
Conclusion: This model is a preliminary, first attempt to quantitatively describe UB and CB pharmacokinetics. It is hoped that it will 
stimulate more detailed measurements and analysis.
Keywords: bilirubin, Dubin-Johnson, Rotor, Gilbert’s, OATP

Introduction
One hundred years have elapsed since van den Bergh1 described a technique using a diazo reagent to quantitate the plasma 
concentrations of two species of bilirubin that he named “direct” and “indirect” (the indirect type measurable only in the 
presence of an accelerant). While it was immediately apparent that direct bilirubin predominated when there was obstruction 
to bile flow, 40 years elapsed before it was demonstrated that conjugation to glucuronide(s) converted indirect bilirubin to the 
direct reacting form. While present-day measurements continue to use the basics of van den Bergh’s methodology, it is not 
commonly recognized that chemical measurements (HPLC) show that the true normal plasma conjugated bilirubin (CB) is 
only about 0.01 mg/dl, roughly 10% of the 0.1–0.2 mg/dl that is commonly measured as direct reacting bilirubin (see Table 1).2 

The other 90% consists of a variety of cross-reacting compounds, including unconjugated bilirubin (UB). However, most of 
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the increase in direct bilirubin observed in disease states is chemical CB, ie, the artifactual cross-reacting contribution remains 
relatively constant as CB increases in pathological conditions.2 This means that the increase in plasma CB observed in various 
disease states is enormous, ie, a direct bilirubin of 1.0 mg/dl represents a roughly 100-fold increase over the normal value of 
about 0.01 mg/dl, a magnitude of increase in plasma concentration not observed for other plasma analytes. Despite immense 
research effort devoted to bilirubin over the past century, the physiological explanation for such common clinical observations 
as this massive increase in CB observed in seemingly minor hepatic disease states is not well understood. In this paper, we 
describe the formulation of a novel pharmacokinetic model that can account for the alterations in CB and UB encountered in 
a variety of hepatic diseases.

We previously published a comprehensive review that discussed the multiple processes responsible for bilirubin 
homeostasis in health and disease.2 Table 1 summarizes the typical values of the plasma unconjugated (UB) and 
conjugated (CB) bilirubin in normal and in a variety of pathological conditions. There is a remarkable aspect to these 
values that we did not comment on in our review and, as far as we are aware, has not been previously discussed. For 
a “pure” UB pathology such as hemolytic anemia, there is about a 4-fold increase in both UB and CB. This is what is 
expected for an increase in the total UB production rate since all the UB is converted to CB, and there should be similar 
increases in cellular UB and CB. (Note: these calculations utilize the true CB normal values measured by HPLC). 
Similarly, in “pure” UB conjugation pathologies, such as Gilbert’s disease or Crigler-Najjar syndrome, there is, as 
expected, marked increase in plasma UB and, since there is decreased CB production, minimal change in plasma CB. In 
contrast, in what would appear to be “pure” CB pathologies due to defects in the biliary excretion of CB where there 
should be minimal changes in cellular UB (eg, Dubin-Johnson, biliary atresia, biliary obstruction) not only are there 
massive increases in plasma CB (up to 1000-fold) but, in the chronic, steady-state phase, there are also associated large 
increases in plasma UB (15-fold). In more non-specific pathologies such as chronic hepatitis or alcoholic cirrhosis, there 
are again large (250-fold) increases in CB along with smaller increases in UB (8-fold).

Table 1 Representative Human Plasma Bilirubin Values in Normal and Pathological Conditions. Concentrations 
are in μmole/Liter and (in Parenthesis) mg/dl. Analytic Chromatographic (HPLC) Values Were Used When They 
Were Available; Otherwise, the Standard Diazo Assay Values are Used

Total Unconjugated Conjugated % Conjugated

Healthy (HPLC)3 6.2 (0.36) 6.0 (0.35) 0.2 (0.012) 3.2

Reference Range (HPLC)3 2.0 (0.1) −13 (0.7) 2.0(0.1) –13 (0.7) 0.06(0.003)- 0.5(03)

Reference Range (Diazo)4 3.5 (0.2) - 20 (1.2) 3(0.15) – 15(0.9) 0.35(0.02) - 4.8(0.28)

Gilbert’s (HPLC)3 32 (1.8) 31.5 (1.84) 0.29 (0.017) 0.9

Crigler-Najjar I (HPLC)3 316 (18.5) 316 (18.4) 0.7 (0.04) 0.2

Hemolytic (HPLC)3 26 (1.52) 25 (1.46) 1 (0.058) 3.8

Chronic alcoholic cirrhosis (Diazo)5 101 (5.9) 49.6 (2.9) 51.4(3.0) 51

Chronic viral hepatitis (Diazo)6 75 (4.4) 27 (1.6) 48 (2.8) 64

Dubin-Johnson (Diazo)7 69 (4.0) 28 (1.64) 40 (2.34) 59

Rotor syndrome (Diazo)8 102 (6.0) 34.2 (2.0) 68 (4.0) 66

Common duct stone (HPLC)9 150 (8.8) 10 (0.58) 140 (8.18) 93

Biliary Atresia (Diazo)10 340 (20) 85 (5) 260 (15) 75

Cholestasis of pregnancy (Diazo)11 14.2 (0.83) 7.4 (0.43) 6.8 (0.4) 48

Primary biliary cirrhosis (Diazo)12 170 (10) 51 (3.0) 120 (7) 70
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These results prompt several interesting questions: 1) What is the pathophysiological process that allows for the 
enormous (up to 1000-fold) increases in plasma CB, a highly water-soluble, cell membrane impermeable compound that 
is synthesized only in the liver cell and is normally efficiently excreted in the bile? Such a fractional increase in plasma 
concentration of any other excretory product is not compatible with life. 2) Why does the plasma UB increase in the pure 
CB pathologies? 3) The elevated plasma bilirubin in cirrhosis and hepatocellular disease tends to be roughly 50% 
conjugated and 50% unconjugated. What pathophysiology accounts for the roughly 40-fold more rapid increase in 
plasma CB versus UB required for CB to reach the UB plasma value (that normally is about 40-fold greater than that of 
CB), at which point, as liver function deteriorates, plasma CB and UB accumulate in the plasma at roughly the same rate 
to maintain the similar concentrations of the two types of bilirubin? Seemingly, there must be some process that links the 
plasma accumulation rates of the two types of bilirubin.

We believe that the answer to these questions is in part provided by the recent observations of Van de Steeg et al13 and 
Iusuf et al14 that double knockout of the sinusoidal transmembrane organic anion-transporting polypeptides OATP1A and 
OATP1B produces a roughly 400-fold increase in plasma CB. This finding almost certainly indicates that there is 
a normal recycling of hepatic CB to the plasma (possibly mediated by MRP3) with reuptake by the hepatocyte cell 
mediated by OATP.2 We assume that pathological increases in intracellular hepatic CB concentration produce an 
increased rate of efflux from the cell, increasing plasma CB. As shown by measurements in the rat,15 this OATP 
mediated cell uptake becomes saturated at relatively low plasma CB, resulting in the huge increases in plasma CB 
observed in various pathologies. In addition, to explain the increase in plasma UB associated with increases in plasma 
CB, it is necessary to make the additional assumption that both UB and CB compete for OATP transport into the cell.

Although these assumptions are consistent with clinical observations, we wanted to determine if a kinetic model could 
be designed that quantitatively mimics the results of Table 1. In section II, we describe a kinetic model that describes the 
main features of hepatic UB and CB metabolism and transport. In Section III, we apply the model to the conditions in 
Table 1 that represent relatively “pure” CB or UB pathologies. In section IV, we discuss what pathological changes in the 
model are required to describe the UB and CB changes seen in conditions such as alcoholic cirrhosis. Finally, in Section 
V, we discuss the experimental basis for the main assumptions of the model.

Kinetic Model of Hepatic Transport and Metabolism of Unconjugated (UB) 
and Conjugated (CB) Bilirubin
Figure 1 shows a schematic diagram of our highly simplified model. The crucial component is the recycling of hepatic 
cell CB with cell efflux via the MRP transporter and reuptake mediated by OATP. OATP is an active transport protein, 
and it is assumed that the uptake rate is not dependent on the intracellular concentration. Both UB and CB are competing 
for OATP transport, and we have assumed the simplest possible kinetic description for the two mutually competing 
substrates:

where UBp, UBc, CBp, CBc are the plasma and cell UB and CB concentrations, KUB and KCB are the Michaelis-Menton 
binding constants for UB and CB respectively and VM is the corresponding Vmax, assumed to be the same value for UB 
and CB. In addition to the protein mediated OATP uptake, it is assumed that there is also a passive diffusive UB transport 
(JP) described by:

where P is the UB permeability constant. The plasma renal clearance (JR) of CB is described by:

where ClR is the CB renal clearance. It is assumed that the CB efflux from the cell to the plasma is linear and does not 
saturate as the cellular CB concentration (CBc) increases:
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The rate of glucuronidation of UB and the rate of bile secretion of CB are also assumed to be linear and non-saturable:

where RMRP, RGlu and RBile are the corresponding rate constants.
It is assumed that the UB and CB concentrations are in a steady state. The steady state equation for plasma UB 

(=UBp) is:

The plasma CB (=CBp) steady state equation is described by:

The steady state equation for intracellular UB (=UBc) is:

Figure 1 Kinetic model of hepatic bilirubin transport and metabolism. M=rate of bilirubin production. UBp, UBc = Unconjugated plasma and cell concentration, respectively. 
CBp, CBc = Conjugated plasma and cell concentration, respectively. JUB, JCB = OATP mediated influx rate of UB and CB, respectively. Concentrations (UB, CB) are in units 
of mg/dl and fluxes (M, J) are in units of mg/day. 
Abbreviations: JP, diffusive bidirectional flux rate of UB; JMRP, protein-mediated efflux rate of CB; JR, renal excretion of CB; JGlu, rate of glucuronidation of UB; JBile, rate of 
biliary secretion of CB.
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The steady state equation for intracellular CB (=CBc) is:

For completeness, we should also include a term for reflux directly from the bile to the plasma as may occur, eg, in 
biliary obstruction. However, for the model in Figure 1, this flux is kinetically identical to an equivalent decrease in JBile, 
and, therefore, is not necessary.

Although the physiologically important concentration is the free (not total) concentration, because the bilirubin 
albumin (plasma) and ligandin (intracellular) binding is poorly characterized, all concentrations in these equations are the 
total concentration, and it is assumed that the binding constants have been incorporated as part of the transport 
coefficients and binding constants. All concentrations are in units of mg/dl (see Table 1), fluxes (J, M, VM) are in 
units of mg/day, and the flux clearances (P, R, and ClR) are in units of dl/day.

Table 2 summarizes all the parameters in the model and the human quantitative numerical values assigned to them. The 
experimentally known rates are the total rate of bilirubin production (M = 250 mg/day) and the renal clearance of CB (ClR = 12 
dL/day).2 Also known are the normal plasma UB (UBpo = 0.35 mg/dl) and CB (CBpo = 0.012 mg/dl). We have also used the 
average clinical Rotor syndrome plasma concentrations reported for a large series of cases by Namihisa and Yamaguchi8 for 
UB (UBpr = 2 mg/dl) and CB (CBpr = 4 mg/dl). The normal intracellular UB and CB are not known and, as a first 
approximation, we have assumed that the normal cell UB is equal to the normal plasma UB, and the normal cell CB 
concentration is 10 times the normal plasma CB (see Table 2). The primary effect of these intracellular assumptions is to scale 
the values of the rate constants RGln, RBile and RMRP in Table 2 (so that only their relative values are meaningful) and these 
assumptions do not significantly change the results shown in the following figures and tables.

All the other model parameters can be directly calculated from these parameters as described below and are summarized in 
Table 2. The rate constants RGlu and RBile are determined from eqs. (9) and (10), respectively, using the normal plasma UB 

Table 2 Summary of the Normal Human Quantitative Model Parameters and 
Rate Constants

Symbol Description Value Source

M Rate of UB synthesis 250 mg/day Measurement

ClR CB renal clearance 12 dL/day Measurement

UBpo Normal plasma UB 0.35 mg/dl Measurement

CBpo Normal plasma CB 0.012 mg/dl Measurement

UBco Normal cell UB = Upo Assumption

CBco Normal cell CB = 10 x Cpo Assumption

UBpr Rotor plasma UB 2 mg/dl Measurement

CBpr Rotor plasma CB 4 mg/dl Measurement

RGlu Normal UB glucuronidation 714 dL/day Calculation

RBile Normal CB bile excretion 2082 dL/day Calculation

P Passive UB permeability 151 dL/day Calculation

RMRP CB MRP efflux rate 495 dL/day Calculation

KCB OATP Km for CB 0.2 mg/dl Estimate

KUB OATP Km for UB 1.382 mg/dl Calculation

VM OATP Vmax 1296 mg/day Calculation
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(UBpo) and CB (CBpo) concentrations. Of crucial importance for calculating the model parameters are measurements of the 
plasma UB (UBpr) and CB (CBpr) in subjects with Rotor syndrome. It has been shown that these individuals have defective 
OATP hepatic transport, and we have assumed that it corresponds to the model in Figure 1 with OATP absent. Thus, in Rotor 
syndrome, eqs. (7) and (8) reduce to:

where UBpr and UBcr are the plasma and cell UB concentration, respectively, and CBpr and CBcr and plasma and cell 
CB concentrations in Rotor syndrome. We assume that the defect in OATP in these patients does not alter other cellular 
functions so that RMRP and the other rate constants and the intracellular UB concentration are normal (ie, UBcr = UBco). 
Thus, P can be determined from eq. 11:

The intracellular CB (= CBcr) concentration in Rotor’s syndrome can be determined from eq. (10) using the previously 
determined parameters from Table 2 (CBcr = 0.097 mg/dl). Substituting this CBcr into eq. (12) yields the normal value 
for RMRP = 494.7 dL/day

The Km of the mouse OATP1B1 for bilirubin monoglucuronide is 0.005 mg/dl.15 This measurement is in the absence 
of albumin and thus corresponds to the free CB binding Km. Assuming that plasma CB is from 1 to 2% free,16 this would 
correspond to a Km (=KCB) in the range of 0.2 to 0.5 mg/dl for the total CB concentration, which is the parameter 
utilized in the above equations. We have assumed a value of KCB = 0.2 mg/dl (Table 2). The normal plasma UB (UBpo) 
and CB (CBpo) concentrations were utilized in eq. (7) to find the dependence of VM on KUB:

Finally, substituting this VM into eq. (8), we can solve for the normal value of KUB = 1.382 mg/dl and VM = 1296 mg/ 
day. This completes the derivation of the model parameters.

Model Fits for Pure UB and CB Pathologies
This model will now be tested for its ability to roughly reproduce the plasma UB and CB concentrations for the 
pathologies listed in Table 1. We will first consider the case of “pure CB” pathologies (eg, Dubin-Johnson, primary 
biliary cirrhosis) that result from a defect in CB biliary excretion (JBile, Figure 1), defects represented in the kinetic model 
equations by a pathological decrease of the rate constant RBile (eq. (6)). Table 3 lists the plasma UB and CB for a range of 
fractional decreases in RBile. To produce the 195-fold increase in plasma CB (2.34 mg/dl) seen in Dubin-Johnson 
(Table 1) requires that RBile is decreased to 0.046 of its normal value (a 22-fold reduction). This RBile decrease also 
produces a 4-fold increase in the model plasma UB to 1.39 mg/dl, similar to what is observed clinically in Dubin-Johnson 
(Table 1). This plasma UB increase results from the competitive inhibition of OATP UB uptake by the increased plasma 
CB concentration. In order to get the plasma CB increase to 13 mg/dl seen in biliary atresia, it is necessary to reduce 
RBile to 0.02 of its normal value. Figure 2 shows a plot of plasma UB and CB versus the fractional reduction in RBile. 
The model predicts that, for pure CB pathologies, the increase in plasma UB levels off at about 2 mg/dl as RBile goes to 
zero. This is because we have assumed that the plasma UB in rotor syndrome of 2 mg/dl corresponds to the case where 
OATP is completely knocked out and since the only effect of the increased CB on UB in the model is the competitive 
inhibition of OATP, this is the maximum predicted UB for CB pathologies. As discussed below, to reach UB concentra-
tions greater than 2 mg/dl, there must also be some UB pathology.

For the mild “pure” UB pathologies in Table 1 such as Gilbert’s syndrome, the plasma UB increases 5.2-fold to 
1.84 mg/dl, with no significant increase in plasma CB. This is simulated in the model (Figure 1) by a decrease in the rate 
of glucuronidation of UB, characterized by a decrease in the rate constant RGlu (eq. (5)). Table 4 lists the model values of 
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UB and CB for a range of reductions in RGlu. The plasma UB seen in Gilbert’s is reproduced by 0.072 (14-fold) fractional 
reduction. There is only a very small corresponding model increase in CB, in agreement with the clinical observations 
(Table 1). Reproducing the 53-fold increase of UB to 18.4 mg/dl seen in Crigler-Najjar (Table 1) requires a 0.014 (71- 
fold) fractional reduction in RGlu.

The increased plasma bilirubin associated with hemolytic anemia (Table 1) also represents a pure UB pathology. It 
represents, presumably, simply an increase in the rate of total UB production, characterized by the rate constant M in Figure 1. 
Table 5 lists the plasma UB and CB concentrations for a range of increases of M. The hemolytic anemia UB value in Table 1 of 
1.46 mg/dl is produced in the model by a 2.7-fold increase in M, with a corresponding increase of plasma CB to 0.058 mg/dl, 
identical to what is observed clinically (Table 1). This 2.7-fold increase in bilirubin production (= M) is similar to the directly 
measured increased values of bilirubin production in chronic hemolytic anemia reported by Berk et al17

Model Description of Alcoholic Cirrhosis
The above discussions for the “pure” UB or CB pathologies focus on the relatively rare genetic defects in specific 
bilirubin metabolic pathways that can be easily related to a single model rate constant (eg, RGlu, RBile, M). However, the 

Table 3 Model Plasma UB and CB Concentrations for Different 
Pathological Fractional Decreases in the Biliary Secretion Rate 
Constant (RBile)

Fractional Decrease 
in RBile

Plasma UB 
(mg/dl)

Plasma CB 
(mg/dl)

1.0 (Normal) 0.35 0.012

0.1 0.59 0.23

0.05 1.27 1.77

0.046 1.39 2.42

0.04 1.58 3.82

0.03 1.72 7.1

0.02 1.81 12.9

Figure 2 Plasma UB (black) and CB (red) concentration as function of the relative decrease in biliary secretion rate (RBile, green). The normal condition is for x=1 fold 
reduction, and x = 50 corresponds to a RBile of 1/50th of normal. The fractional reduction of the biliary secretion rate (green) is indicated on the right side of the graph.
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much more common clinical cause of increased plasma bilirubin is non-specific generalized liver disease, represented in 
Table 1 by alcoholic cirrhosis. One of the questions posed in the Introduction is what mechanism in cirrhosis can produce 
the roughly equal plasma UB and CB concentrations (≈ 3 mg/dl), requiring a 250 increase in CB, versus only an 8.4-fold 
increase in UB. One possibility is that cirrhosis simply represents bulk hepatic cell dysfunction, reducing all 5 of the 
model cellular rate constants (VM, P, RMRP, RBile, RGlu) by the same fraction, equal to the remaining fraction of living 
cells. However, this reduction is clearly not representative of what is seen clinically in cirrhosis. For example, a five-fold 
reduction in all the rate constants (80% cell death) results in a model plasma UB of 4.79 mg/dl and CB of 0.244 mg/dl, 
far different than the roughly equal UB and CB values that are characteristic of cirrhosis. In order to match the CB and 
UB values observed in cirrhosis, it is necessary to selectively decrease some rate constants more than others. In the 
following, we will discuss one set of values that accomplishes this.

Hur and Park18 have published a scatter plot of more than 4000 measurements of UB and CB, along with 
regression equations for CB versus total bilirubin (= UB + CB) for various cholestatic conditions, including 
alcoholic cirrhosis. We used the fit of our model to their regression equation for alcoholic cirrhosis as the criterion 
for the quality of the model fit. Through trial-and-error adjustments of the 5 model rate constants, we found an 

Table 4 Model Plasma UB and CB Concentrations for 
Different Pathological Fractional Decreases in the Rate 
of UB Glucuronidation (RGlu)

Fraction Decrease 
in RGlu

Plasma UB 
(mg/dl)

Plasma CB 
(mg/dl)

1.0 (Normal) 0.35 0.012

0.2 0.69 0.014

0.1 1.25 0.018

0.072 1.84 0.022

0.05 3.03 0.03

0.03 6.57 0.054

0.014 19.0 0.137

Table 5 Model Plasma UB and CB Concentration for 
Pathological Increases in the Rate of Bilirubin Production (M)

Fraction Increase 
in M

Plasma UB 
(mg/dl)

Plasma CB 
(mg/dl)

1.0 (Normal) 0.35 0.012

1.50 0.60 0.021

2.0 0.91 0.033

2.7 1.49 0.058

3.0 1.81 0.07

4.0 3.13 0.145

5.0 4.85 0.26

6.0 6.81 0.44
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approximate fit to this regression using the following functional decreases in the 5 rate coefficients as a function of 
the “fractional impairment parameter” FR:

where RBile0, VM0, RGlu0, RMRP0, and P0 are the normal values listed in Table 2. The rate constants whose decreases 
directly produce an increase in CB (VM, RBile) decrease by the factor FR, while the other rate constants decrease by 
a smaller amount determined by the parameter κ (eq. (16)). For example, for an FR of 0.1, VM and RBile are decreased by 
a factor 10, while the other rate constants are only decreased by a factor of 2.125. Figure 3 shows a plot of the plasma UB 
and CB as a function of 1/FR and Table 6 lists some specific values. Over a wide range of pathological plasma UB and 
CB concentrations (3 to 12 mg/dl), UB and CB are roughly equal with CB somewhat greater than UB at high bilirubin 
levels, as is characteristic of alcoholic cirrhosis.

Figure 4 is a plot of the model values of CB versus Total (CB + UB) plasma bilirubin for the model alcoholic cirrhosis 
values plotted in Figure 3. The dashed red line is the clinical regression relation for alcoholic cirrhosis reported by Hur and 
Park.18 The agreement between the model prediction and clinical values is quite good, except at the highest total bilirubin 
values. This deviation at high values could possibly be explained by the presence δ-bilirubin, which results from the covalent 
linkage of CB with albumin. δ-bilirubin is cleared at a much slower rate than CB so that, in long-standing CB hyperbilir-
ubinemia, it can account for as much as 40% of the CB.2 The fit could also certainly be improved with further adjustment of the 
relative variation of the 5 model rate constants, in place of the relatively simple relations we used in eqs. (15) and (16).

Considerations of the Experimental Bases for the Model Assumptions
Although there has been an enormous research effort devoted to understanding the regulation of plasma bilirubin 
concentrations, we believe that we are presenting the first proposal of a detailed kinetic model that can quantitatively 
account for the main observations of the changes in plasma UB and CB in hepatic pathologies. In this section, we will 
briefly discuss what, if any, are the experimental bases for the model’s assumptions. There are five major assumptions: 1) 
Normally, there must be a high rate of efflux of CB from the hepatocyte to the plasma; 2) This efflux must be balanced by 

Figure 3 Model simulation of alcoholic cirrhosis. The plasma unconjugated (black) or conjugated (red) bilirubin (mg/dl) is plotted as a function of the inverse of the 
functional impairment parameter (FR). The value of FR =1 corresponds to the normal state.
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a rapid rate of cell uptake (presumably by OATP) to maintain the very low plasma CB of healthy subjects; 3) This uptake 
must saturate as CB rises, blocking CB uptake and producing the huge plasma CB increases observed in a variety of 
conditions; 4) UB must also be competitively transported by this transporter (OATP) so that CB saturation also inhibits 
the rate of UB uptake, explaining the plasma UB increases that are observed in pure CB pathologies; And, finally, 5) 
There must be an alternative UB uptake pathway (eg, JP, Figure 1) to account for the limited increase in plasma UB that 
is observed in Rotor syndrome when OATP is, presumably, completely knocked out.

The key experimental result supporting the model is the observation that double knock-out of OATP1A and OATP1B 
in the mouse produces a 400-fold increase in plasma CB along with a smaller (2.5-fold) increase in plasma UB.13 The 
obvious explanation for the CB elevations is that there is a normal large rate of recycling of CB with plasma CB normally 
kept at very low plasma levels by OATP transport. The recognition that subjects with Rotor syndrome have simultaneous 

Table 6 Increase in Plasma UB and CB (mg/dl) Concentration as the Functional 
Impairment Parameter FR Decreases from 1 (Normal) to 0.025, Simulating Alcoholic 
Cirrhosis. The Corresponding Reductions in the 5 Model Rate Constants (VM, RBile, 
P, RGlu, RMRP) are Listed in the Second and Third Columns

Functional 
Impairment 
(FR)

Fractional 
Reduction of 
VM and RBile

Fractional 
Reduction of P, 
RGlu, and RMRP

Plasma UB 
(mg/dl)

Plasma CB 
(mg/dl)

1.0 (Normal) 1.0 1.0 0.35 0.02

0.5 0.5 0.89 0.79 0.060

0.2 0.2 0.67 2.45 1.125

0.15 0.1 0.58 3.15 3.08

0.1 0.1 0.47 4.1 6.45

0.05 0.05 0.30 6.62 10.17

0.025 0.025 0.17 11.6 12.0

Figure 4 Plot of the conjugated bilirubin versus total bilirubin for increasing severity of alcoholic cirrhosis. The black line is the model prediction, and the red dashed line is 
the clinical regression relation of Hur and Park.
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complete deficiencies in the analogous human genes OATP1B1 and OATP1B319 provides an experimental tool for 
quantitating this normal rate of CB recycling. As shown in eq. (12), in the absence of OATP, the CB efflux must be 
balanced by the known renal clearance, allowing quantitation of this efflux rate (= RMRPCBc, eq. (12)). The rapid rate of 
CB uptake determined by this modeling approach is quantitatively similar to that obtained from direct measurements of 
the human liver clearance of both labeled and unlabeled CB.20,21

The identity of the hepatic efflux CB pathway is less certain. It is probably a protein-mediated active transport system since 
the efflux occurs in the presence of relatively high plasma CB concentrations. The observation that in mice with a double 
knock-out of OATP1A and OATP1B, the additional knockout of MRP3 reduced plasma CB by 50%13 indicates that MRP3 is, 
at least, a contributor to this pathway. Although we have arbitrarily identified this CB efflux pathway with MRP3 in our model 
(Figure 1), the validity of the model does not depend on the molecular identification of this efflux pathway.

The value of the CB Km of OATP is a critical parameter in the model because it determines the plasma CB 
concentration range where OATP uptake becomes saturated. The Km of mouse OATP1B1 for the monoglucuronide is 
0.0058 mg/dl. Since this Km is measured in the absence of albumin binding, to convert it to the KCB of the model 
requires correcting for albumin binding and extrapolating from the mouse to the analogous human proteins, which is 
uncertain. We assumed a KCB = 0.2 mg/dl.

An essential aspect of the model is that UB and CB are competing for OATP transport, accounting for the increased plasma 
UB in pure CB pathologies (Table 1). The experimental evidence for this is equivocal. Although Cui et al15 reported that UB was 
transported by OATP in an in vitro cell system, Wang et al22 could not confirm this. There is less direct evidence supporting UB 
transport by OATP. In an older paper, Shupeck et al21 report that a high concentration of plasma UB markedly inhibits the hepatic 
uptake of CB in the rat. Campbell et al23 provide evidence that inhibition of OATP by drugs such as indinavir and rifamycin is 
a likely explanation for clinical drug-induced unconjugated hyperbilirubinemia. In a more recent comprehensive review, 
Keppler24 summarizes a large set of observations that “… support the conclusion that the uptake of UB in human hepatocytes 
is mediated by members of the OATP family”. The model value of the OATP Km for UB (KUB = 1.38 mg/dl) is directly 
calculated from the assumed value of KCB and the other model parameters (see eq. (14)).

Another model assumption is the existence of a second, lower affinity, UB uptake pathway that can account for the 
UB uptake in Rotor syndrome when OATP is knocked out. We have assumed (Figure 1) that this is a passive diffusive 
pathway, for which there is indirect evidence,25–27 with the uptake rate proportional to the UB concentration difference 
across the cell membrane (eq. (2)). Whatever the mechanism, this uptake must be dependent on the cellular UB (=UBc) 
because the model assumes that the increased UBc in pure UB pathologies (ie, Gilbert’s, Crigler Najjar) decreases the 
rate of hepatic UB uptake, accounting for the observed increase in plasma UB.

The pathological mechanism(s) producing the increased plasma UB and CB in alcoholic cirrhosis is poorly under-
stood and rarely discussed. As noted above, to explain the relatively similar absolute plasma UB and CB values 
(requiring approximately a 250-fold increase in CB versus an 8-fold increase in UB), an essential model requirement 
is that some hepatic processes are more affected than others in cirrhosis. For example, as described in Table 6, for 
moderate cirrhosis (total bilirubin = 3.6 mg/dl, FR = 0.2) the model requires an 80% decrease in the OATP transport rate 
(VM), but only a 37% reduction in both the MRP transport (RMRP) and the glucuronidation rate (RGlu). There is some 
direct experimental quantitative support for this. Wang et al28 measured tissue expression of various hepatic cell 
transporters in cirrhosis and reported that OAT1B3 expression was reduced 80%, while there was actually a 34% 
increase (not decrease) in MRP3 expression. These measurements are per gram of liver, and therefore, the increased 
MRP3 expression represents an increase per surviving cells, not an absolute increase. Similarly, Macgilchrist29 found that 
the clearance of indocyanine green (which is transported by OATP30) was reduced 80% in alcoholic cirrhosis, while the 
clearance of midazolam (which is a function of P450 metabolism) was only reduced by 40%.

Discussion and Conclusions
The clinician commonly attributes an elevated plasma UB concentration to excessive bilirubin production (hemolysis) or 
diminished glucuronidation (Gilbert’s syndrome), while failure to excrete the conjugated product of this reaction 
somehow results in an elevated plasma CB. Since these two processes are seemingly independent of each other, one 
might expect that plasma UB and CB might increase in a totally independent fashion. However, as we have discussed at 
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length, there are multiple conditions in which the plasma concentrations of both CB of UB are elevated in a consistent 
fashion that would be unlikely to occur if these values were determined independently. The best example is the roughly 
comparable CB and UB values observed in hepatocellular disease (eg, alcoholic cirrhosis) – a finding that requires an 
initial massive increase (about 40-fold) in plasma CB to reach the level of UB and then, as liver function further 
deteriorates, there must be similar increases in the two forms of bilirubin to maintain the 50–50 distribution of CB and 
UB in the plasma. Such a relationship of plasma CB and UB seems highly unlikely if their plasma concentrations were 
controlled by independent mechanisms. Despite the enormous research effort directed towards unraveling the pathophy-
siology of plasma CB and UB elevations, we are unaware of previous discussions of the possibility that the plasma 
concentration of one form of bilirubin influences the concentration of its counterpart.

In this manuscript, we attempted to devise a model of bilirubin pharmacokinetics that could explain the observed 
elevations of CB and UB that occur in a wide variety of conditions. An important aspect of this model is that the two 
species of bilirubin share a common uptake mechanism (OATP) that becomes saturated at relatively low plasma CB 
concentrations. Thus, a rising concentration of plasma CB slows the hepatic uptake of UB, accounting for the linkage 
between the plasma concentrations of the two species of bilirubin in hepatocellular disease and other conditions.

Our model (Figure 1) is clearly a very crude simplification of the complex hepatocellular processes. We believe that it 
represents the bare minimum required to describe bilirubin metabolism, characterized by 5 rate constants (VM, P, RMRP, 
RBile, RGlu) and two binding constants (KUB, KCB), most of which are either determined or highly constrained by 
experimental and clinical measurements (see Table 2). Our only test of the model is its ability to describe the clinical 
changes in plasma UB and CB in various pathological conditions. The major limitation in the modeling is the lack of 
quantitative measurements of the intrahepatic CB and UB concentrations both in normal and in various pathologies. It is 
our hope that this discussion will provide a stimulus for additional studies that might provide a more direct measurement 
of these parameters and their pathological changes.
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UB, unconjugated bilirubin; CB, conjugated bilirubin.
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