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Abstract

As explained by the free drug theory, the unbound fraction of drug has long been 
thought to drive the efficacy of a molecule.  Thus, the fraction unbound term, or fu, appears in 
equations for fundamental pharmacokinetic parameters such as clearance, and is used when 
attempting in vitro to in vivo extrapolation (IVIVE).  In recent years though, it has been noted 
that IVIVE does not always yield accurate predictions, and that some highly protein bound 
ligands have more efficient uptake than can be explained by their unbound fractions.  This 
review explores the evolution of fu terms included when implementing IVIVE, the concept of 
protein-facilitated uptake, and the mechanisms that have been proposed to account for 
facilitated uptake.

Graphical Abstract
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1. Introduction

Beginning as early as 1949 with Goldstein’s review of the interactions between drugs 
and proteins, pharmaceutical scientists have recognized the importance of plasma protein 
binding (PPB) in pharmacokinetics and pharmacodynamics.  Appearing in equations for several 
parameters including clearance and volume of distribution, it is one of the most fundamental 
properties in the field (Schmidt et al., 2010).  The widely accepted free drug theory (FDT) (Fig. 1)
explains that plasma protein binding is a rapid equilibrium process allowing a constant 
concentration of free drug, and in the absence of energy-dependent processes, this free drug 
concentration is the same on both sides of a membrane at steady state (Trainor, 2007).  The 
other main principle of FDT is that only free drug can reach the site of action (or metabolism), 
and therefore the free drug concentration is what drives the pharmacological effect of a 
molecule (Smith et al., 2010).  

While PPB is one of the most fundamental properties, it is often misinterpreted and 
compounds are wrongfully “optimized” based on protein binding measurements (Smith et al., 
2010; Liu et al., 2014).   Hueberger, Schmidt, and Derendorf (2013) nicely summarize the answer
to the question they pose in their paper entitled, “When Is Protein Binding Important?”.  In the 
final section they discuss the use of fu, the unbound fraction of drug, in the in vitro-in vitro 
extrapolation (IVIVE) of hepatic clearance.  In honor of Dr. Derendorf’s retirement in this 
dedicatory issue, this review expands upon the questions surrounding protein binding, protein-
facilitated uptake, and IVIVE. 

1.1 Plasma Protein Binding

1.1.1 Major drug binding proteins

While there are several drug-binding components in plasma including lipoproteins and 
globulins, human serum albumin (HSA) and α-1-acid glycoprotein (AAG) have been the most 
extensively studied and are present in large enough amounts to have an effect on drug action.  

HSA, a 66 kDa globular protein containing 585 amino acids including a large amount of 
charged residues, is present in the body at a relatively constant concentration of 600 μM 
(Quinlan et al., 2005).  It is the most abundant protein in human plasma and accounts for 50% 
of total plasma protein content (Farrugia, 2010).  Physiologically HSA cmbhelps maintain colloid 
osmotic pressure, and is capable of binding both endogenous ligands (such as fatty acids and 
bilirubin) as well as xenobiotics  (Quinlan et al., 2005).  Composed of 3 homologous domains (I-
III) each with two sub-domains (A and B) (Quinlan et al., 2005), HSA has several low affinity 
binding sites and at least two high affinity drug binding sites (Sudlow site I and Sudlow site II) 
with a bias for binding acidic drugs (Sudlow et al., 1975).  The protein undergoes different 
transitions depending on pH:  the neutral-fast (N-F) transition between pH 5.0-3.5 that causes 
elongation, the fast-elongated (F-E) or acid expansion transition below pH 3.5 that causes 
further expansion, and the neutral-base (N-B) transition between pH 7.0-9.0 that causes 
enhanced binding at site I  (Wanwimolruk and Birkett, 1982; Dockal et al., 2000).

AAG, a 38-48 kDa acidic protein containing 204 amino acids, can have more variable 
concentrations in the body.  In healthy subjects it is typically present at 12-31 μM, however as 
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an acute-phase protein synthesized in the liver, it can be as high as 60 μM in some disease 
states (Trainor, 2007).  In other disease states, while levels of AAG are unchanged, its binding 
capacity is reduced (Israili and Dayton, 2001).  AAG binding has also been shown to be 
dependent on age, gender, ethnicity, obesity, pregnancy, and diurnal changes (Bohnert and Gan,
2013).  While multiple binding sites have been reported, only one appears to be important for 
drug binding, and it has a preference for basic and neutral drugs (Israili and Dayton, 2001).  The 
lower baseline levels of AAG as well as its possibility to fluctuate can readily cause drug-binding 
effects.

The association and dissociation of the drug-protein complex is rapid (Schmidt et al., 
2010) and at equilibrium can be described as:

[D ]+ [P ]
kon

⇌
koff

[DP]

where kon  and koff  are the association and dissociation rate constants, and the affinity of 
the drug for binding to the protein can be described by the association constant, Ka , or its 
inverse, the dissociation constant, K d  

K a=
[DP ]

[ D ] ∙[P]
=
1
Kd

        (1)

1.1.2 Methods to measure plasma protein binding

While there are several methods used to measure protein binding and in depth reviews 
comparing them (Bohnert and Gan, 2013; Howard et al., 2010), the three most widespread 
methods measuring equilibrium binding in vitro will be briefly summarized here (Fig. 2).

The most commonly used technique to measure protein binding in the pharmaceutical 
industry is equilibrium dialysis (Fig. 2A).  Using a device with two chambers separated by a 
semipermeable membrane, the protein-drug solution is added on one side, while buffer is 
added on the opposing side.  When equilibrium is reached, the free fraction can be determined 
by measuring the total drug concentration in the protein chamber and the free drug 
concentration in the buffer chamber.  Despite its ease of use, equilibrium dialysis still has 
disadvantages that must be considered including nonspecific binding to the membrane and the 
apparatus, volume shifts due to colloidal osmotic pressure, Gibbs-Donnan effects where 
charged particles near the membrane do not distribute evenly on both sides of the membrane, 
protein leakage across the membrane if the integrity of the membrane is compromised, and the
need to determine the time required to reach equilibrium (Howard et al., 2010).

Other commonly used methods are ultrafiltration and ultracentrifugation.  Ultrafiltration
uses centrifugal force and a semipermeable membrane to separate a protein-free phase from a 
drug-protein solution (Fig. 2B).  With this method the drug-protein solution is placed in the 
upper chamber of the two-chambered device and centrifugation (~2,000g) is used to move the 
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unbound drug into the lower chamber (Bohnert and Gan, 2013).  Here the total drug 
concentration is measured before centrifugation, and the free drug concentration is measured 
in the lower chamber at the end of the process.  Similar to equilibrium dialysis, nonspecific 
binding to the membrane and the apparatus, Gibbs-Donnan effects, and protein leakage must 
be considered.  In addition, more rigorous temperature and pH control are needed, and 
molecular sieving, where plasma water passes though the membrane faster than drug 
molecules, must be recognized (Howard et al., 2010).

Ultracentrifugation separates a drug-protein solution into several phases by using a high 
centrifugal force (~500,000g) for a long period of time (10-24hr) (Bohnert and Gan, 2013) (Fig. 
2C).  While this method avoids the membrane issues encountered with equilibrium dialysis and 
ultrafiltration, it has its own challenges.  After centrifugation, three distinct layers are formed:  a
top layer containing very low-density lipoproteins and chylomicrons, a middle layer of free drug,
and a bottom layer containing high-density molecules including albumin, AAG, and lipoproteins. 
To determine the free fraction, total drug concentration is measured before centrifugation and 
free drug concentration is measured from the middle layer at the end of the process.  By having 
distinct layers, binding to specific proteins such as low-density lipoproteins vs. albumin can be 
determined (Brockman et al., 2015).  The three layers can lead to the experimental difficulties 
since the top lipid layer must not be disrupted during sampling, and it is necessary to use the 
correct centrifugation parameters to ensure a truly protein-free middle layer (Nakai et al., 
2004).  Additionally, free drug can sediment depending on its shape, size, and the run 
temperature, while back diffusion of drugs from the protein-free layer is possible (Bohnert and 
Gan, 2013).

While these three methods are among the most commonly used, reviews summarize 
additional methods including gel filtration, chromatography, capillary electrophoresis, 
erythrocyte partitioning, surface plasmon resonance, and microdialysis (Howard et al., 2010; 
Bohnert and Gan, 2013).  Despite advances in technology, there is still uncertainty in the fu 
values generated using these standard methodologies for highly bound drugs.  Recent DDI 
guidelines reflect the low confidence in measured fu values as regulatory agencies decided that 
the lower limit should be 0.01, regardless of the actual measured value, to avoid false negative 
DDI predictions (Di et al., 2017).  However, approximately one third of experimental drugs have 
high protein binding (≥ 99%), and using warfarin and itraconazole as examples, Di et al. (2017) 
show that fu ≤ 0.01 may be accurately measured using appropriate methods.

2. IVIVE and Protein Binding

Given that the current drug development process is expensive and time-consuming, 
(Parasrampuria et al., 2018), it is important to identify failures as early in the pipeline as 
possible to reduce inefficiency.  When deciding which new chemical entities (NCE) to move 
forward, one of the most important pharmacokinetic parameters to consider is clearance as it is
linked to drug exposure, half life, and dosing interval (Benet, 2010).  Allometric scaling has been 
shown to be useful for drugs that are primarily cleared renally, however it is less useful for 
compounds cleared hepatically (Huh et al., 2011).  Instead, in vitro - in vivo extrapolation is 
commonly used to predict the hepatic clearance of compounds and accurately understanding fu 
is crucial for these predictions.
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The typical IVIVE process involves determining the intrinsic clearance (CLint) of a 
compound in vitro using microsomes or hepatocytes, which can then be scaled to an in vivo 
prediction using physiologically based scaling factors as well as a model of hepatic disposition 
such as the well-stirred model (Table 1).  CLint is a measure of the body’s ability to remove drug 
in the absence of protein binding or blood flow limitations (Rowland et al., 1973; Wilkinson and 
Shand, 1975), and in vitro CLint is commonly measured by either uptake or substrate depletion 
assays (Houston, 1994; Chao et al., 2010).  Rane et al. (1977) first suggested the use of in vitro 
uptake assays for hepatic clearance prediction and determined CLint under low substrate 
concentrations ([S] <<Km) using Eq. (2)

CL
∫ ,∈vitro=

V max

Km
            (2)

where V max  represents the maximum velocity of metabolism and the Michaelis-Menten 
constant, Km , is the concentration of drug at half V max  (Rane et al., 1977).  For substrate 
depletion assays, the metabolic rate parameter, k , can be determined from the slope of the 
linear regression of the log percentage of drug remaining versus time, and CLint can then be 
determined using Eq. (3)

CL
∫ ,∈vitro

=k ∙V inc            (3)

where V inc  is the volume of the in vitro incubation (Obach et al., 1997; Obach, 1999).  

CL
∫ ,∈vitro  can then be scaled to CL

∫ ,∈vivo  (Eq. 4) using scaling factors ( SF ) that typically
include 40 mg microsomal protein/g liver (Hakooz et al., 2006) or 120 million hepatocytes/g 
liver (Hallifax et al., 2010) as well as 21.4 g liver/kg bodyweight (Hallifax et al., 2010).  

CL
∫ ,∈vivo

=SF ∙CL
∫ ,∈vitro              (4)

Following this scale-up, a model of hepatic disposition such as the well-stirred model (Rowland 
et al., 1973; Wilkinson and Shand, 1975) shown as Eq. (5),

CLH=
QH ∙ f u , B∙CL∫ ,∈vivo

QH+ f u , B∙CL∫ ,∈vivo

   

        (5)

(where QH  is hepatic blood flow and f u ,B  is the fraction unbound in blood), the parallel 
tube model (Winkler et al., 1973), or the dispersion model (Roberts and Rowland, 1986) is 
commonly applied.  It has been shown that clearance predictions are similar among the three 
models except for high clearance drugs, where the well-stirred model will cause 
underprediction (Chiba et al., 2009).  However, our lab recently derived the theoretical basis for 
the extraction ratio and found that when organ clearance is calculated as the product of the 
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extraction ratio ( ER ) and blood flow ( Q ) to the organ, it is only consistent with the well-
stirred model (Benet et al. 2018).  The paper goes on to explain why comparisons of the 
different models are not possible and IVIVE can only potentially work for the well-stirred model.
Within the well-stirred model, it is important to note that total drug concentrations must be 
measured in blood and the fraction unbound is in reference to blood since the liver is capable of
removing drug from both plasma and blood cells (Yang et al., 2007).

Despite the common use of IVIVE, it is surprising that in vitro measures from human liver
tissue cannot adequately predict in vivo human hepatic clearance (Bowman and Benet, 2016), 
and in vitro measures from rat liver tissue cannot adequately predict in vivo rat hepatic 
clearance (Wood et al., 2017).  Looking at data from both human microsomes and hepatocytes, 
66.5% of predictions fell more than 2-fold outside measured in vivo values, and prediction 
accuracy was comparable for both human microsome and hepatocyte data (Bowman and 
Benet, 2016).  Wood et al. (2017) also saw similar results with approximately 75.0% of human 
microsome and hepatocyte data falling more than 2-fold outside measured in vivo values.  
Wood et al. (2017) summarize, “ultimately, the in vitro causes of under prediction are likely to 
be multifactorial,” some of which may include preparation process issues, cofactor depletion, 
and the possibility of extra-hepatic metabolism (Chiba et al., 2009).

We recently introduced a new term Rss, the ratio of the volume of distribution of drug in 
the whole liver to the volume of distribution of drug in the hepatocyte water at steady state 
(Sodhi and Benet, 2017).  We suggest that poor IVIVE predictions may result in part from the 
use of a chemical approach, where the liver is considered to be homogenous organ, to predict a 
pharmacokinetic parameter.  In pharmacokinetics the liver is a heterogeneous organ containing 
both aqueous and lipid components into which the drug can distribute, and this difference 
needs to be accounted for in the scale up of IVIVE by including Rss.  However, for drugs that have
an Rss value of close to 1.0, current metabolic IVIVE predictions may work.

Heuberger et al. (2013) discuss that one of the other major questions regarding IVIVE 
scale-up is which fu terms to include, which we elaborate on here.

2.1 Nonspecific Binding & fu,inc

As mentioned earlier, the widely accepted free drug theory says that only unbound drug 
can exert pharmacological effects, and thus when doing IVIVE the unbound drug concentrations 
in plasma, tissue, and assays should be considered (Faed, 1981).  It has been well recognized 
that when inputting data into the well-stirred model, the fraction unbound in blood (fu,B) must 
be used, or the fraction unbound in plasma (fu,p) divided by the blood to plasma ratio (RB) (Yang 
et al., 2007).  More recently the idea that the fraction unbound in the in vitro assay may need to
be incorporated as well has begun to be implemented (Obach, 1996; Ito and Houston, 2005; 
Venkatakrishan et al., 2000; Ring et al., 2011).

Since nonspecific binding may occur in the in vitro system if drug binds to the incubation
plate, to proteins in the assay media, or to proteins and lipids of microsomes or cells, another 
binding term, fu,inc, or the fraction of drug unbound in the incubation, can be included as shown 
in Eq. 6.  As Obach (1996) explained, “Thus, most Km and Ki values reported in the literature that 
use impure in vitro systems are artifactual overestimates, because they are based on total 
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substrate or inhibitor concentration added to the incubation (i.e., the nominal concentration) 
and not the free substrate or inhibitor available to bind to the enzyme.”

CLH=

QH ∙( f u , Bf u ,inc )∙CL∫ ,∈vivo

QH+( f u , Bf u ,inc )∙CL∫ ,∈vivo

   

        (6)

2.1.1 fuinc measured   in vitro

The same assays for measuring PPB as mentioned previously (see section 1.1.2) can also 
be used for measuring fu,mic, the fraction unbound in a microsomal incubation, and fu,hep, the 
fraction unbound in a hepatocyte incubation.  Equilibrium dialysis is again commonly used and 
to measure binding to microsomes, drug and microsomes without cofactors (NADPH/UDPGA) 
are added to one chamber, and buffer is added to the other (Obach, 1997).  The value of fu,mic 
can be determined as the ratio of the concentration on the buffer side to the concentration on 
the microsome plus drug side.  Unlike PPB measurements, volume shifts due to osmotic forces 
are not observed (Obach, 1997).

Measuring fu,hep is not quite as simple as excluding cofactors.  Hepatocytes that have 
been deactivated at room temperature and subject to freeze/thaw cycles are commonly used to
minimize the complication of simultaneous metabolism (Di et al., 2012).  An alternative method 
is to use live hepatocytes preincubated with metabolic inhibitors such as 1-amino-benzotriazole 
and salicylamide for the assay, however equilibrium dialysis time vs. half-life of metabolism of 
the compounds must be considered (Austin et al., 2005).  Furthermore, although the presence 
of specific, saturable binding sites did not appear to fit microsomal binding data (Austin et al., 
2002), the test compound binding to hepatocytes could potentially be displaced by the 
inhibitors.  Using only metabolic inhibitors also does not provide direct information about 
whether the measured binding is truly binding to the cell wall, or is actually intracellular 
accumulation from uptake.  Despite the potential disadvantages, when comparing the use of 
live hepatocytes with inhibitors vs. dead hepatocytes for fu,hep measurements, overall there was 
no statistically significantly difference for a dataset of 17 compounds (Austin et al., 2005).  

When running assays for both fuinc and CLint determinations, it is important to note that 
nonspecific binding increases as phospholipid concentration, microsomal protein concentration,
or cell density increases (Kalvass et al., 2001; Margolis and Obach, 2003; Di et al., 2012).  This is 
particularly relevant as microsomal protein concentrations can vary as much as 200-fold among 
laboratories (Kalvass et al., 2001).  To try to avoid nonspecific binding, very low microsomal 
concentrations can be used; however under certain conditions such as investigating phase II 
metabolic reactions or intestinal metabolism, higher concentrations are needed (Gertz et al., 
2008).

After proposing the incorporation of a fu,inc term for IVIVE (Obach, 1996), Obach (1999) 
tested the idea on data collected from 29 drugs in human microsomes.  IVIVE prediction 
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accuracy was examined when when only fu,B was included in the scale up (Fig. 3A), when both 
fu,B and fu,inc terms were used (Fig. 3B), and when no binding terms were used (under the 
assumption the values of fu,B and fu,inc would cancel) (Fig. 3C).  However, as Kalvass et al. (2001) 
mention, “Since the free fraction in microsomes is determined, in part, by the choice of 
microsomal concentration in the incubation, equivalent free fractions between plasma and 
microsomes should be considered coincidental.”  Obach (1999) reports that predictions were 
best for acidic compounds when both the fu,B and fu,inc binding terms were included and basic 
compounds when no fu terms were included, with which we agree.  Obach (1999) also states 
that for neutral compounds, no binding terms gave better predictions, but we believe both 
methods were comparable in accuracy although no binding terms overpredicts and both 
binding terms underpredicts.  Note in Fig. 3 that since AFE values on the y-axis are represented 
on a log scale, visual comparisons must be validated with numerical values.  Riley et al. (2005) 
also saw similar trends with hepatocytes.  Overall, predictions were best when both binding 
terms were included for acidic, basic, and neutral compounds.  The worst accuracy occurred if 
no fu terms were included and in this scenario, predictions were very poor for acidic drugs and 
better for basic and neutral drugs where fu,inc may be large and cancel with fu,B.

2.1.2 fu,inc estimated   in silico

Given that the experimental methods for measuring fu,inc are not high-throughput, in 
silico models for predicting the value have been proposed (Gao et al., 2010).  Since it is believed 
that the phospholipid component is the primary contributor to nonspecific binding (Margolis 
and Obach, 2003), it makes sense that the extent of binding would increase with increasing 
lipophilicy as proposed by Austin et al. (2002).  

Noting that basic compounds have enhanced binding over neutral and acidic compounds
of similar lipophilicity (thought to be due to favorable electrostatic interactions between the 
protonated base and the phosphate groups), Austin et al. (2002) suggested using logP for basic 
compounds and logD7.4 for acidic and neutral compounds.  Based on data from 37 compounds 
with fu,mic values of <0.9, Eq. (7) was developed to predict fu,inc based only on ionization and 
lipophilicy (r2 = 0.82).  The equation was created based on both rat and human in vitro 
microsome binding data, but as Austin et al. (2002) mention, it has been shown that fu,mic is 
generally independent of species (Obach, 1997; Zhang et al., 2010)

f u ,mic=
1

1+C ∙100.56 logP /D−1.41              (7)

where C  is the microsomal protein concentration in mg/mL.

Other groups have built on this relationship and Hallifax and Houston (2006) proposed a 
quadratic equation, Eq. (8), (n=92, r2 = 0.75) for determining fu,mic.  Using an expanded dataset of 
127 compounds, no major differences were seen between the two equations for fu,mic 
predictions for low and high lipophilicity drugs.  However, for intermediate drugs (logP/D values 
between 2.5 – 5.0) the Hallifax equation was more accurate (Gertz et al., 2008).  For compounds
with logP/D <0, where there is expected to be negligible interaction with microsomal protein, 
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predictions from the Austin et al. (2002) equation are expected to be accurate, and it would be 
inappropriate to use the Hallifax and Houston (2006) equation due to the nonlinear nature 
(Gertz et al., 2008). 

f u ,mic=
1

1+C ∙100.072 l ogP/D2
+0.067 logP /D−1.126            (8)

While these in silico predictions can be useful, Gertz et al. (2008) saw that minor 
variation in logP predictions could lead to high variations in fu,mic predictions, and in certain cases
fu,mic should still be determined experimentally.  However, they did find good agreement 
between using predicted logP values from software packages and experimental determinations. 
A similar equation, Eq. (9), was later proposed for fu,hep prediction (Austin et al., 2005; Kilford et 
al., 2008)

fuhep=
1

1+125 ∙V R ∙10
0.072l ogP /D2

+0.067 logP /D−1.126            (9)

where V R  is the ratio of cell volume to incubation volume and is 0.005 at a cell 
concentration of 106 cells/mL.

Groups continue to try to improve fu,inc predictions (Gao et al., 2008) and there are 
reviews that discuss the nuances of the methods more in detail (Poulin and Haddad, 2001; 
Gertz et al., 2008; Emoto et al., 2009; Gao et al., 2010).  However, while many studies support 
the incorporation of fu,inc, there are still some that question its utility (Fagerholm, 2007).  Even 
when both fu,inc and fu,B terms are incorporated in IVIVE, it is clear that there are still 
inconsistencies that need to be solved.

2.2 pH Difference and F1

Berezhkovskiy (2011) proposed adding an ionization factor, F1, to account for the 
difference in pH of extra- and intracellular water in hepatocytes (pH 7.4 vs. 7.0).  F1 is defined as
the ratio of the unbound, unionized (neutral) drug fractions in plasma and intracellular tissue 
water, and is added into the well-stirred model as a product of CLint as in Eq. (10).  If the pH were
the same or if the compound were neutral then F1 equals 1.  For basic drugs where F1 >1, CL 
predictions will be higher (up to 6.3 fold for diprotic acids, 15 fold for triprotic acids) helping 
with IVIVE underprediction, and conversely for acidic drugs where F1 <1, CL predictions will be 
lower, helping with IVIVE overprediction.  The largest difference in predictions is expected for 
low extraction ratio drugs where the prediction is directly proportional to F1.

QH+ f u, p ∙RB ∙CL∫¿ ∙F 1

QH ∙ f u , p ∙ RB

∙CL
∫¿ ∙F 1

¿
CLH=¿

                       (10)
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where F1=
f p
n

f IW
n  

and f p
n  is the neutral drug fraction in plasma (or the concentration of unbound neutral drug 

in plasma divided by the concentration of unbound drug in plasma) and f IW
n  is the neutral 

drug fraction in intracellular water.  These ratios can be calculated as:

f❑
n  = 1 for neutral compounds

f❑
n  = 1/[1+(10pH-pKa)] for monoprotic acids

f❑
n  = 1/[1+(10 pKa-pH)] for monoprotic bases

When measuring CLint with hepatocytes, if buffer with a pH of 7.4 is utilized, and 
assuming the intracellular pH is maintained at 7.0, there would be no need to account for F1 in 
doing IVIVE.  However, the pH gradient appears to be disrupted as the fraction of buffer in the 
incubation is larger than the fraction of extracellular water in the liver (Berezhkovskiy et al., 
2012).  When measuring CLint with microsomes, it would always be necessary to account for F1 
since the cellular integrity does not exist.  A preliminary test of the method with microsomal 
data from 25 highly bound drugs did not completely cancel the underprediction seen, but 
showed improvement (Poulin et al. 2012b).

3. Protein Facilitated Uptake

Baker and Bradley (1966) were first to suggest violations of the free drug theory and that
hepatic uptake may occur directly from the albumin-drug complex, not just from free drug.  
Later studies also noted that highly protein bound ligands had more efficient hepatic uptake 
than could be accounted for by just their unbound concentrations.  This phenomenon became 
known as albumin-mediated uptake.  The idea gained traction in the 1980’s when single-pass 
liver perfusion studies with various ligands including taurocholate (Forker and Luxon, 1981), 
rose bengal (Forker and Luxon, 1983), oleate (Weisiger and Ma, 1987), and warfarin (Tsao et al., 
1988) demonstrated the facilitated uptake.  More recently it has been noted that as fu,p 
decreases, underprediction with traditional IVIVE increases (Baker and Parton, 2007).  This trend
may also be seen with data from human hepatocytes compiled by Wood et al. (2017) (Fig. 4).  
While only 9 drugs with fu,p values ranging from 0.001-0.01 were included, the AFE may be 
higher in this range.  Accordingly, some have tried using total rather than free drug 
concentrations in clearance equations to eliminate the underprediction (Obach, 1999; Riley et 
al., 2005), which conceptually supports the idea of albumin-mediated uptake.  When 
conducting in vitro studies, groups have also found that adding HSA or plasma to microsome 
and hepatocyte incubations can cause decreases in Km values and improved IVIVE results (Blitzer
and Lyons, 1985; Ludden et al., 1997; Shibata et al., 2002; Blanchard et al., 2004; Blanchard et 
al., 2006; Skaggs et al., 2006; Baker and Parton, 2007; Rowland et al., 2008; Wattanachai et al., 
2011; Gill et al., 2012; Wattanachai et al., 2015; Mao et al., 2018).  Poulin et al. (2016) have 
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nicely summarized several of these studies.  When proteins are added to the incubations, the 
drug uptake rates decrease less than would be expected with the decrease in unbound drug 
concentrations.

While there are now several examples suggesting that perhaps total drug, not unbound 
drug, can drive hepatic uptake and clearance and should be considered when doing IVIVE, the 
mechanism explaining why has not yet been agreed upon.  We review here the state of past and
present hypotheses (Fig. 5).

3.1 Specific Albumin Receptor on Hepatocyte Surface

The earliest hypothesis to explain albumin-mediated uptake was that there is an 
albumin-receptor on the hepatocyte cell surface (Fig. 5A).  Oleate was one of the first ligands 
used to suggest this (Weisiger et al., 1981).  When increasing [14C]oleate concentration but 
keeping bovine albumin concentration constant, oleate uptake increased linearly relative to 
concentration in the perfused rat liver.  However, when increasing both oleate and albumin 
concentration (1:1 so the unbound oleate concentration is constant), there was a saturable 
process, where albumin appeared to be acting as a competitive inhibitor resulting in a plot 
similar to Fig. 6.  125I-albumin was then used to evaluate the possibility of albumin binding to 
hepatocytes and there appeared to be a single high-affinity binding site specific for albumin.  Of 
the wide variety of potential displacement proteins tested, including several known to have 
hepatocyte surface receptors, only other albumin molecules (human and rat) significantly 
displaced the bovine albumin (Ockner et al., 1983).  It was later further shown that there 
appears to be no species specificity for the potential hepatocyte-albumin interaction (Reed and 
Burrington, 1989).  Based on the Stokes radius of albumin and assuming that all sites are 
occupied, it was estimated that somewhere between 1 to 8% of the total hepatocyte surface is 
occupied by the albumin-receptor complex (Ockner et al., 1983), and a dissociation constant of 
albumin binding to hepatocytes was estimated (Table 2).  Weisiger et al. (1981) justified their 
hepatocyte receptor hypothesis by explaining that if only the 0.1% of free oleate accounted for 
uptake, the dissociation from the oleate-albumin complex would need to be extremely rapid to 
explain the higher extraction, but the half-time for the dissociation of oleate from albumin is 
actually significantly longer than the time required for blood to pass through the liver.

An even earlier paper also suggested the potential role of an albumin receptor on the 
hepatocyte cell surface, but through a different mechanism.  Bloomer et al. (1973) saw that 
when the IgG fraction of goat anti-human albumin was added to a solution of [14C]bilirubin and 
human albumin, [14C]bilirubin was completely recovered in the supernatant.  This suggested 
that bilirubin can be easily separated from albumin if albumin reacts with another 
macromolecule, and led to their hypothesis that if albumin receptors in the membrane interact 
with albumin at bilirubin binding sites, more bilirubin could be separated from albumin as it 
passes the hepatocyte surface, leading to higher unbound bilirubin diffusion.

While early studies suggested the possibility of a membrane protein with high affinity for
albumin, others collected data that were not consistent with the hypothesis.  Stremmel et al. 
(1983) examined the binding of 125I-labeled rat albumin to rat liver plasma membranes 
attempting to characterize the proposed hepatocyte albumin receptor.  Running incubations for 
30 minutes at various temperatures and various plasma membrane and albumin 
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concentrations, there was no evidence of specific binding to the membrane.  For instance, using
5 pmol of albumin and 10 mg of membrane protein, only 2.3% of the incubated albumin was 
recovered in the membrane pellet, and after two washes, only 0.09% remained, indicating that 
most of the albumin was trapped within the pellet, or loosely associated as it was easily 
removed with washing.  Adding excess unlabeled albumin did not cause inhibition of binding, 
heat denaturation of the membranes caused no binding changes, and the amount of albumin 
binding to rat erythrocyte ghosts was the same as to the liver plasma membrane.  These 
investigators employed additional methodologies and used ultraviolet irradiation to prove that 
the failure to observe binding was not due to a rapid dissociation rate, and ran affinity 
chromatography with solubilized membrane proteins over albumin-agarose gels and did not 
find one with high albumin affinity.  Stremmel et al. (1983) went on to suggest that perhaps 
there are less specific interactions between the liver cell surface and albumin-ligand complex 
instead of a specific hepatocytic albumin receptor.

Similar to Stremmel et al. (1983), Stollman et al. (1983) did not find evidence for the 
interaction of albumin with a hepatocyte receptor.  Perfusing rat livers with a protein-free 
fluorocarbon medium, Stollman et al. (1983) measured the uptake of [3H]bilirubin with either 
125I-albumin, 125I-ligandin (an intracellular protein known to bind bilirubin with high affinity), or 
free with a [14C]sucrose reference and found the same uptake across the three conditions.  
Furthermore, after injecting [3H]bilirubin with 125I-albumin and with [14C]sucrose and seeing no 
delay in 125I-albumin transit compared to that of [14C]sucrose, they concluded that the off-rate of
albumin from a receptor would have to be very rapid, which would be unusual. 

The specific albumin receptor theory would also not be able to account for the 
enhanced clearance seen for ligands bound to other proteins such as β-lactoglobulin, (Nunes et 
al., 1988; Burczynski et al., 1990).  Finally, Reed and Burrington (1989) examined the 
interactions of two fragments of albumin with rat hepatocytes, and calculating similar 
dissociation constants in both cases, they concluded that since there does not seem to be a 
specific site on albumin that interacts with hepatocytes, receptor recognition seems unlikely.

3.2 Rate-Limiting Dissociation of Ligand from the Albumin-Ligand Complex

To further explore the determinants of hepatic uptake and the possibility of an albumin 
receptor, Weisiger et al. (1984) evaluated the role of bovine albumin on sulfobromophthalein 
(BSP) uptake in skates.  Believing that since skates naturally lack albumin they would not have 
evolved an albumin receptor, the goal was to see if a different kinetic behavior occurred.  Using 
a single-pass perfused liver model, two different steps in the uptake process were determined.  
For fixed albumin concentrations, as total BSP concentration increased, linear saturation kinetics
were present suggesting that the rate-limiting step in these situations does not involve albumin.
This was called the “intrinsic” uptake step.  When the concentration of albumin and BSP were 
varied at a fixed molar ratio, the uptake rates did not correlate with the estimated equilibrium 
concentrations in the perfusate, and the saturation kinetics seen occurred at uptake velocities 
too small to saturate the intrinsic uptake step.  The data collected from skates were similar to 
that from rats with oleate (Weisiger et al., 1981), however since skates have no reason to have 
an albumin receptor, an alternate explanation for the results was needed.  In this case, the rate-
limiting step was hypothesized to be the spontaneous dissociation of BSP from albumin, going 
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back to the traditional assumption that clearance only occurs for free ligand (Fig. 5B).  If free 
BSP clearance is faster than BSP can be replenished by dissociation from albumin, equilibrium 
would not actually be present in the sinusoid, and the dependence of clearance on the bound 
ligand concentration is explained.  As the albumin concentration increases, reassociation of free 
BSP to albumin can start to occur instead of only BSP clearance, and when binding equilibrium is
established the uptake then becomes limited by the intrinsic uptake step.

Weisiger et al. (1984) explain that although similar kinetics were seen in rats, this 
dissociation limited model would not explain the findings since the BSP uptake rate is more 
rapid in rats and exceeds the rate of spontaneous dissociation.  Weisiger and Ma (1987) saw 
that the removal rate for oleate in perfused rat liver with dilute albumin solutions is similar to 
the spontaneous dissociation rate measured in vitro, supporting the dissociation-limited model 
in rats for this ligand.  If the albumin receptor model were to hold true, the removal rate could 
be much higher since it is not limited by the rate of spontaneous dissociation. 

To further explore this, van der Sluijs et al. (1987) measured dibromosulfophthalein 
(DBSP) uptake in rat liver perfused with native albumin vs. lactosylated albumin.  After 
demonstrating that DBSP had similar protein binding to the lactosylated albumin as to native 
albumin, a 40% decrease in the hepatic uptake rate constant for the lactosylated albumin was 
found.  These investigators also conducted rapid filtration experiments and saw that the 
dissociation rate constant of DBSP from lactosylated albumin was half that from albumin and 
concluded that the decreased off-rate could explain the decreased hepatic uptake, providing 
further evidence for the idea of dissociation-limited uptake.

It should be noted that these early in vitro measures of the dissociation rate constant 
have limitations (Burczynski and Luxon, 1995).  If a solid-phase acceptor is used, where it is 
assumed that the free ligand is diffusing and binding to the acceptor, there could be direct 
collisional exchange between albumin and the acceptor causing ligand transfer as well, 
overestimating the spontaneous dissociation rate constant.  If stop-flow fluorescence is used, 
where the conformation change in albumin is measured, if the change is slower than the 
dissociation rate, the rate constant could be underestimated. 

3.3 Rate-Limiting Diffusion of Ligand Through the Unstirred Water Layer

Another explanation for albumin-facilitated uptake is related to the idea of an unstirred 
water layer (UWL) in the space of Disse, or the space that separates sinusoidal lining cells from 
hepatocytes.  The idea of an UWL is common with intestinal absorption where rates of highly 
permeable compounds are known to have an upper limit (Komiya et al., 1980).  Given that the 
space of Disse contains a matrix of fibrillar material and hepatocytes have microvilli and 
adherent water film (Ichikawa et al., 1992), groups began exploring the potential role that an 
UWL may play in the liver.

Bass and Pond (1988) created a “pseudofacilitation” model, returning to the idea that 
uptake occurs only from the unbound fraction of ligand.  This model is reviewed in detail by 
Burczynski and Luxon (1995).  The hypothesis is that ligands undergoing cellular uptake can be 
rate limited by the UWL adjacent to the cell surface or can be rate limited by permeability 
through the membrane itself (Weisiger et al., 1989b).  For ligands with high membrane 
permeability that are rate limited by the UWL, a concentration gradient will develop within the 

14



UWL in the absence of protein (Burczynski and Luxon, 1995).  With the addition of protein, 
traditionally binding causes a decrease in the diffusion rate of the protein-ligand complex as 
compared to free ligand (Amidon et al., 1982; Weisiger et al., 1989b).  However, for highly 
lipophilic ligands, which have limited diffusional flux across aqueous barriers, the presence of 
protein promotes aqueous solubility (Weisiger et al., 1989b; Burczynski and Luxon, 1995).  The 
slow diffusion of unbound ligand is therefore supplemented with the diffusion of more soluble 
bound ligand.  The albumin-ligand complex will try to replenish the depleted unbound ligand 
near the cell surface and restore equilibrium.  As a result there is decreased diffusional distance 
for the unbound ligand and the unbound concentration driving uptake is increased (Burczynski 
and Luxon, 1995).  When the bound ligand concentration is much higher than that of the free 
ligand, the average diffusional flux of the bound ligand can be greater than that of the free, 
making the flux appear to only depend on the bound concentration (Weisiger et al., 1989b) (Fig.
5C).

Ichikawa et al. (1992) explored the uptake of ligands with various permeabilites in 
perfused rat liver and isolated rat hepatocytes.  Using highly-permeable diazepam and 
taurocholate in the perfusion study, as BSA concentrations increased and free fraction 
decreased, the extraction ratio did not greatly change, showing albumin-mediated transport of 
the compounds.  Tolbutamide and salicylate, intermediate permeability compounds, also 
exhibited some albumin-mediated transport as their extraction ratios decreased to one-third 
when the free fractions were decreased to one-tenth.  With cefodizime, a compound with low 
permeability, the extraction ratio decreased as the free fraction decreased, leading to the 
conclusion that albumin-mediated transport was not observed, and supporting the hypothesis.

Ichikawa et al. (1992) point out that it is possible that slow dissociation from albumin 
(see section 3.2) could also play a role.  However when investigating perfused livers vs. 
hepatocytes, the highly permeable compounds had a lower influx clearance in the perfused 
livers.  It is argued that if the dissociation-limited transport were to play a large role, the influx 
clearances should be similar, since koff should be the same in both systems.  The rate-limiting 
diffusion theory can explain the saturation kinetics seen in earlier studies (Weisiger et al., 1981) 
as the increase in unbound clearance reaches a maximum, which is determined by the product 
of the effective membrane permeability and total surface area (Pond et al., 1992).

However, others believe that the UWL cannot fully explain albumin-facilitated uptake.  
Although the use of polyethylene sheeting has been questioned (Schwab and Goresky, 1991), 
Burczynski et al. (1989) found that while palmitate clearance with hepatocytes was about 7 fold 
faster than with polyethylene, the codiffusion of bound and free palmitate to the cell surface 
could only account for about 20% of the facilitated clearance observed.  Furthermore, Pond et 
al. (1992) tested the pseudofacilitation model (Bass and Pond, 1988) on [3H]palmitic acid uptake
data generated in hepatocytes finding a high dependence on parameter estimate selection.  
Their experimental results agree with the theoretical model predictions if a reported low 
equilibrium association constant was used (15 μM-1); however if higher values also reported 
were used (62 and 94 μM-1), the measured unbound clearance exceeded the model predictions.

Comparing the uptake of oleate and BSP with albumin in isolated perfused rat liver vs. 
hepatocyte suspensions, Nunes et al. (1988) measured the same kinetics in both experiments, 
concluding that the facilitated uptake observed was not dependent on the intact lobule 
characteristics or diffusion barrier in the space of Disse present only in the perfused livers.  
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Similarly, Blitzer and Lyons (1985) still saw taurocholate facilitated uptake in rat basolateral liver 
plasma membrane vesicles, which were vigorously mixed during the experiments and for which 
the UWL effects were expected to be minimal.

3.4 Interactions with the Hepatocyte Cell Surface (not albumin receptor)

As these alternative hypotheses continued arising, more work was simultaneously 
conducted concerning the putative hepatocyte receptor hypothesis.  As Stremmel et al. (1983) 
suggested, instead of looking for a specific albumin receptor, the focus shifted to more general 
interactions that could be occurring at the liver cell surface with the albumin-ligand complex 
catalyzing ligand dissociation.

3.4.1 Conformational change

Using rose bengal, Forker and Luxon (1983) explained that while the albumin-ligand 
complex may interact with the cell surface, since albumin itself is not removed (Nilsson and 
Berg, 1977), free ligand must ultimately be what is interacting with the transport carrier, and 
must interact without mixing with the pool of free ligand in the extracellular fluid.  They 
suggested that the binding of the complex to the cell surface may lead to a conformational 
change in albumin reducing its binding affinity for the ligand and/or presenting the ligand in a 
favorable location for uptake (Fig. 5D) (Forker et al., 1982).  They also added an important 
corollary that the sites on the cell surface would have a similar affinity for albumin whether or 
not ligand is bound.  This then suggests that the interaction at the cell surface is not ligand 
specific, and the affinity of albumin for the surface is independent of ligand concentration.  
Creating a kinetic model where the total rate of ligand removal is proportional to the mass of 
free ligand plus the mass that is bound to the cell surface as albumin-ligand complexes, they fit 
their perfusion data and compared the calculated values to those obtained by Weisiger et al. 
(1981) with ligand-free albumin and hepatocytes (Table 2).  The similar results supported their 
kinetic model and Forker and Luxon concluded that albumin binding to the cell surface 
explained how bound ligand, in this case rose bengal, in another perfusion study, taurocholate 
(Forker and Luxon, 1981), and in a study using rat liver cell monolayers, palmitate (Fleischer et 
al., 1986) is available for hepatic uptake.

3.4.1.1. Facilitated-dissociation model

Tsao et al. (1988) also suggested this hypothesis with warfarin where the interaction 
between the cell surface and warfarin-BSA complex (Kd = 157 μM, Table 2), would induce a 
conformational change in albumin and decrease the binding affinity of warfarin.  Having 
previously run perfusion studies in normal rats and analbuminemic rats and seeing albumin-
mediated uptake of warfarin in both cases led to the conclusion that a specific albumin receptor
on the cell surface may not be necessary for the uptake (Tsao et al., 1986).  A “facilitated-
dissociation” kinetic model was developed to include both the uptake of unbound drug and the 
uptake of drug from the albumin-drug complex after a conformational change.  Assuming that 
the dissociation of warfarin from albumin is much faster than the perfusion or hepatic uptake 
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rate and thus, warfarin binding to albumin is at equilibrium, and assuming that the uptake of 
unbound warfarin is linear compared to warfarin concentration, the equation for the uptake 
rate ( v ) of drug is:

v=Pm ∙ f u ∙ co+PB ,influx ∙ λ∙(1−f u) ∙ c0                      (11)

where c0  is the total concentration of ligand, Pm  and PB, influx  are the permeability 
clearances for unbound ligand and unbound ligand dissociated from the drug-ligand complex 
respectively, while f u  is the fraction of unbound ligand in the extracellular fluid expressed as

 
f u=

1

1+
n[ Alb]
Kd

 

where n  is the number of binding sites on albumin, K d  is the dissociation constant of 
ligand and λ  is the fraction of albumin bound to the surface of hepatocytes (assuming both 
unbound albumin and ligand-bound albumin compete for the same binding sites on the surface)
expressed as

λ=
Bmax

K d ,m+[Alb ]

where Bmax  is the capacity of albumin binding sites on the surface of hepatocytes and
K d ,m  is the dissociation constant of bound albumin from the hepatocyte surface (Tsao et al., 

1988; Miyauchi et al., 2018).

Based on their model, Tsao et al. (1988) simulated the contributions of the unbound and
bound drug.  At low albumin concentrations, the increase in albumin increases the albumin-
bound warfarin, which facilitates the uptake of bound warfarin, but at high albumin 
concentrations, the increase in albumin leads to competition of free albumin and albumin-
bound warfarin for the liver cell surface binding sites, and warfarin uptake is inhibited.

Twenty years later Miyauchi et al. (2018) revisited the facilitated dissociation model 
finding it could accurately predict the uptake of two organic anion transporting polypeptide 
substrates, 1-anilino-8-napthalene sulfonate (ANS) in primary cultured rat hepatocytes, and 
pitavastatin in isolated human hepatocytes.  They performed a curve-fitting exercise based on 
their experimental data escalating the albumin concentration in the incubation medium and 
upon finding the calculated line fit well, the authors concluded that the enhancement of 
clearance can be accurately predicted by the facilitated-dissociation model.

3.4.1.2 Acidic microenvironment
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Burczynski et al. (1997) and others point out that the acidic microenvironment of the 
hepatocyte may also play a role since it has been shown to decrease the albumin binding of 
anthracyclines and long-chain fatty acids.

At physiological pH, the negatively charged groups on the hepatocyte cell surface attract 
positively charged ions to try to maintain electroneutrality (Burczynski and Luxon, 1995).  The 
presence of H+ ions then lowers the pH of the environment near the hepatocyte that can 
modulate albumin conformation changes through the Neutral-Base and Neutral-Fast transitions 
where ligands can be released from the proteins.  

Using absorption and electron spin resonance spectroscopy, Horie et al. (1988) showed 
albumin undergoes conformational changes through interaction with hepatocellular 
membranes, as well as other membrane types, similar to those seen in the Neutral-Base and 
Neutral-Fast transitions of albumin.  However, Foker and Ghiron (1988) point out that that the 
nitroxide spin label used could react with the 59 free amino groups or the single available SH 
group of albumin, so the labeling may not be site specific and the results cannot be considered 
definitive.   

3.4.2 Ionic interactions between the cell surface and albumin-ligand complex

An alternative theory for the role that the hepatocyte cell surface plays in facilitated 
uptake is that ionic interactions can occur between the hepatocyte plasma membrane and the 
protein-ligand complex.  This would then decrease the diffusional distance for the unbound 
ligand and provide more unbound ligand to the cell surface for uptake (Burczynski et al., 1997) 
(Fig. 5E).  When this hypothesis was suggested, most studies in the field had used albumin as a 
binding protein and although β-lactoglobulin was tested (Burczynski et al., 1990), it has a similar
isoelectric point (pI) to albumin, and no difference in uptake would be expected between the 
two.

Burczynski et al. (1997) investigated the potential of the ionic interaction first by 
measuring [3H]-palmitate clearance for binding proteins with different pIs:  AAG (pI=2.7), 
albumin (pI=4.9), and lysozyme (pI=11.0).  The clearance with the basic lysozyme was 6.3 fold 
greater than with the acidic AAG and 3.2 fold greater than with albumin.  This agrees with the 
hypothesis that the net positive charge of lysozyme would be expected to be attracted to the 
negatively charged groups on the membrane surface.  Burczynski et al. (1997) also examined the
uptake with 0.23 μM albumin vs. 2.3 mM lysozyme plus 0.23 μM albumin where the unbound 
palmitate fraction would be expected to be lower, and found that the clearance was statistically 
higher with the lysozyme plus albumin, further supporting the hypothesis.  In a subsequent 
paper they went on to chemically modify albumin (though maleylation, succinylation, and 
cationization) to have pIs between 2.0-8.6 to exclude the possibility of conformational and 
binding site differences between proteins (Burczynski et al., 2001).   After showing that the 
dissociation rate constants were not statistically significant from each other, and finding that 
[3H]-palmitate clearance significantly increased by 0.27 units with a unit increase in pI, they 
concluded that the ionic interactions hypothesis holds true.

3.4.2.1 fu,p-adjusted
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Specifically citing the ionic interactions hypothesis, Poulin et al. (2012b) hypothesized 
that the whole-liver fu may be larger than fu,p in vivo and an adjusted fu term, fu,p-adjusted should be 
utilized.  The authors proposed using a plasma-to-whole-liver-concentration ratio (PLR) of 
plasma binding proteins to correct for the difference between extracellular protein binding and 
liver protein binding and also built in the ionization factor, F1, mentioned previously (see section
2.2) to create Eq. 12

f u , p−adjusted=
PLR∙ f u , p∙ F1

1+(PLR−1 ) ∙ f u , p ∙F1
                

(12)

Poulin et al. (2012b) reported that Eq. (12) is applicable for HSA-bound drugs.  For drugs bound 
to AAG fu,p-adjusted is not used and only the F1 correction as in Eq. (11) is employed since AAG 
levels are lower than HSA in plasma, and previous studies suggested that facilitated uptake is 
greater with HSA than with AAG (Qin et al., 1994; Bilello et al., 1996).

To estimate the PLR value for HSA, they note that the levels of HSA in the intracellular 
liver are negligible compared to the levels in the interstitial space and plasma, so the PLR is 
really a concentration ratio of the proteins in the plasma vs. interstitial space, and they assumed
a homogenized distribution of HSA in accordance with the well-stirred model assumptions.  For 
humans the PLR was estimated to be 13.3.  The same value can be used for rat and monkey, but 
for dog, a value of 8.5 is used due to the greater volume of interstitial fluid (Poulin et al., 2012a).

  

QH+∙CL
∫¿ ∙ RB ∙ f u, p−adjusted/ f u , inc

QH ∙
CL

∫¿∙ R B∙ f u ,p−adjusted /f u, inc

¿
CLH=¿

                      (13)

Adding the new term to the well-stirred model, Eq. (13), and applying it to data generated in 
plasma-free microsomal incubations for 25 highly bound compounds, Poulin et al. (2012b) 
found no systematic over- or underprediction, an AFE close to unity, and the best predictions for
bases.

Hallifax and Houston (2012) conducted a similar evaluation of methods using a larger 
dataset of 107 drugs, finding that the Poulin fu,p-adjusted method was the least biased (AFE for 
hepatocytes =1.3, for microsomes = 1.7) compared to the Berezhokovkiy F1 method or the 
conventional method with fu,B.  They raise some concerns about the method though, showing 
that if a hepatocytosolic pH of 7.2 instead of 7.0 had been used (given the range of 7.0-7.4 
reported in the literature), or if a PLR of 133 instead of 13.3 were used, there would be 
overprediction for acids.  Hallifax and Houston (2012) ultimately conclude that the fu,p-adjusted 

method may not offer significant improvement over a simple empirical correction.  However, 
using a simple empirical correction factor based on AFE, or using one based on a regression 
analysis (Sohlenius-Sternbeck et al., 2012; Yamagata et al., 2017), requires analysis of an in vivo 
dataset and is dependent on compound selection in that dataset.  
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Poulin and coworkers have continued to validate their model showing it performs better 
than using an empirical correction (Poulin et al., 2012a) and performs well for hepatocytes  
(Poulin and Haddad, 2013; 2015), and when combining metabolism with transporter and 
permeability data (Poulin, 2013).

The PLR values mentioned earlier are for protein-free incubations, where it is assumed 
that protein-facilitated uptake is not occurring, and “the CLint determined in vitro should 
represent only a measure of the hepatic uptake of the free drug moiety by contrast to the in 
vivo condition in liver where the bound drug moiety is also assumed to be available for uptake” 
(Da-Silva et al., 2018).  To apply this methodology to different experimental procedures with 
varied albumin concentrations, the PLR value can be changed to the actual concentration ratio 
of HSA in the buffer/plasma/perfusate and the organ material, and if an assay has albumin at a 
similar level to that in vivo, the PLR should be 1 (Poulin and Haddad, 2015).  This has recently 
been confirmed to improve prediction accuracy for naproxen and bisphenol A in isolated 
perfused rat livers with different albumin concentrations (Bounakta et al., 2018; Poulin et al., 
2017) and in the HepatoPac® system with 25 compounds (Da-Silva et al., 2018).  

Recently, the fu,p-adjusted model was compared to the facilitated dissociation model (Poulin 
and Haddad, 2018) by considering the data for ANS and pitavastatin from Miyauchi et al. (2018).
While specific input parameters are required for the facilitated-dissociation as in Eq. 11), such as
the relative interaction capacity, dissociation constant, number of binding sites, and albumin 
concentration, the Poulin fu,p-adjusted model (Eq. 12) requires less input parameters.  The two 
models were shown to both improve IVIVE, and to be conceptually and mathematically 
equivalent, particularly for pitavastatin.  However, for ANS, which had a lower capacity of 
interaction with the membrane, the fu,p-adjusted model overestimated the unbound CLint in albumin 
in vivo since the model assumes each interaction between the albumin-ligand complex and cell 
surface would lead to facilitated uptake.

3.5 Transporter Induced Protein Binding Shif

Most recently, we have proposed a transporter-induced protein-binding shift as a 
mechanism of facilitated uptake (Bowman et al., 2017).  Many of the previous hypotheses were 
developed before the transporter field emerged, and it is now clear that transporters can violate
the principles of free drug theory as uptake transporters can elevate the intracellular free 
concentration significantly above that in plasma (Giacomini et al., 2010).  It has also been noted 
that highly protein bound compounds that are substrates of transporters often have the poorest
IVIVE predictions (Soars et al., 2007).  Our hypothesis is that high affinity binding to cell 
membrane proteins such as OATPs may be able to change the equilibrium of the nonspecific 
binding between drugs and plasma proteins.  If a highly protein bound drug has a higher affinity 
for a transporter than for albumin, or the suggested hepatocyte cell surface (Table 2), the 
transporter may be able to strip the drug from the protein before the drug dissociates itself and 
is at binding equilibrium (Fig. 5F).  This would mean that protein binding is not restricting the 
access of these compounds and using fu values measured at equilibrium in static assays (see 
section 1.1.2) would yield incorrect results.  Using statins, known substrates of the OATP1B1 
transporter, our preliminary results show an expected increase in affinity (decrease in measured
unbound Km) for uptake in serum vs. protein-free buffer incubations with highly bound drugs, 
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and minimal change in unbound Km values for drugs with low binding for which the transporter 
induced shift does not need to occur.

Recent data in the literature also agree with our hypothesis although the authors offer 
different explanations.  Examining the previously mentioned IPRL work by Poulin et al. (2017) 
and Bounakta et al. (2018), for the highly protein bound bisphenol A, the unbound Km value 
decreases dramatically with the addition of albumin, and shows less of a decrease for naproxen 
which has lower protein binding (Table 3).  Miyauchi et al. (2018) tested the uptake of 1-anilino-
8-naphthalene sulfonate (ANS) in rat hepatocytes with bovine serum albumin and pitavastatin in
human hepatocytes with HSA.  A facilitated uptake process was seen for both compounds, but 
there was a more dramatic increase in the unbound uptake for pitavastatin, which has a higher 
affinity for OATP, than for ANS which has a relatively lower affinity for Oatp.  The authors 
hypothesized, “the higher the affinity for the transporter, the more effective is the albumin-
mediated enhancement.”  Furthermore, when examining the uptake of highly bound new 
chemical entity, compound A, which was shown to be an OATP1B3 substrate, the unbound 
clearance increased with increased HSA concentration in HEK293 cells where the mechanisms 
hypothesized in hepatocytes may not be present, but overexpression of the OATP transporters 
is (Fukuchi et al., 2017).  Ongoing work in our laboratory will continue to test to validity of this 
hypothesis.  

3.6 Alternative Explanations, Cells, Proteins

The theories mentioned above have gained the most traction and are frequently cited 
today.  Over the years other possibilities have been mentioned, but often deemed less likely.  
One early suggestion was that there may be direct transfer of ligand from plasma albumin to 
hepatic intracellular binding proteins (Bloomer et al., 1973).  For this to happen, the intracellular
proteins would need to be in close proximity to the plasma albumin and have a high enough 
affinity for the ligand.  A similar hypothesis is direct transfer where collisional exchanges 
(random or from ionic interactions) between the ligand-protein complex and cell membrane 
could cause direct transfer of the ligand to the cell without dissociation in the extracellular fluid 
(Wootan et al., 1993; Zucker et al., 1995; Burczynski and Luxon, 1995).  

Suggesting an alternative explanation for the putative albumin receptor, Reed and 
Burrington (1989) hypothesized that there are two populations of albumin.  One is a “surface” 
population that binds to the container surface and undergoes a conformation change that 
causes the molecules to have higher affinity for the hepatocyte surface, and can then transfer 
directly between the container wall and cell wall.  The other population is the native population,
which binds with lower affinity to the cell surface.

Another hypothesis is that albumin affects the hepatocyte membrane potential and/or 
fluidity (Tsao et al., 1988; Forker and Luxon, 1995).  Using perfused rat livers and a 
microelectrode, Weisiger et al. (1989a) showed that depolarization of cells decreased oleate 
uptake, while hyperpolarization increased uptake.  This could explain the increase in clearance 
seen in the presence of albumin for the non-protein bound antipyrine (Øie and Fiori, 1985).   
Another idea that has been mentioned proposes the endocytosis of the protein-drug complex 
(Stremmel et al., 1983; Poulin et al., 2012b).
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No matter which is ultimately the correct mechanism, it is clear that the unbound 
clearance of many ligands is enhanced as the concentration of plasma protein is increased.  This
protein-facilitated uptake has been shown to occur in other organs and cell types besides the 
liver/hepatocytes including myocytes (Hütter et al., 1984a,b; Rauch et al., 1987; Sorrentino et 
al., 1989, Elmadhoun et al., 2001), adipocytes (Sorrentino et al., 1989), proximal tubules 
(Besseghir et al., 1989), perfused kidney (Taft and Sweeney, 1995), brain (Pardridge et al., 1983),
and human embryonic kidney cells overexpressing OATP1B1 and 1B3 (Fukuchi et al. 2017), as 
well as inert material including polyethylene (Burczynski, et al. 1989) and n-decane (Weisiger et 
al., 1989b).  Facilitated uptake may also be considered for nanoparticles bound to albumin as 
they are used to deliver drugs to tumor cells more effectively, and perhaps the complex also 
interacts with cells (Saptarshi et al., 2013; Poulin et al., 2016).  Facilitated uptake has been 
shown not only for ligands bound to albumin, but also to proteins such as β-lactoglobulin 
(Nunes et al., 1988; Burczynski et al., 1990) and ligandin (Stollman et al., 1983).  

4. Conclusions

This review explores the use of the fu parameter in IVIVE both in terms of the traditional 
scale up where only unbound drug is believed to undergo uptake, and in terms of protein-
facilitated uptake, where highly protein bound ligands have more efficient uptake than can be 
accounted for by just their unbound concentrations.  While the addition of fu,inc and/or F1 to the 
well-stirred model has sound reasoning and is commonly being implemented now, the 
mechanisms behind protein-facilitated uptake and how to kinetically describe this process have 
yet to be agreed upon.  Two of the popular models, the fu,p-adjusted model (see section 3.4.2.1) and 
the FDM (see section 3.4.1.1) were recently compared and found to be complementary (Poulin 
and Haddad, 2018).  Since fu,p and pKa values can be estimated in silico, the fu,p-adjusted model is 
suitable for early stage drug discovery.  (However, plasma protein binding assays must still be 
conducted to determine the major binding protein, and how to implement fractional binding 
has yet to be determined).  While the FDM provides more specific results, more experimental 
data are needed before making it suitable for use in the later stages of drug discovery.  
Regardless of which mechanism or combination of mechanisms is ultimately correct, it is clear 
that steady state uptake of highly bound ligands is lower in the presence of proteins, but higher 
than predicted by traditional equilibrium binding.  Additional studies and understanding of 
these mechanisms are needed to ultimately improve IVIVE and the drug development process. 
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Figure Legends

Fig. 1:  Free Drug Theory.  According to free drug theory only free drug can reach the site of 
action or metabolism, and at steady state, the unbound drug concentration is the same on both 
sides of the membrane.

Fig. 2:  In vitro methods for measuring fu.  The fraction unbound can be determined with A) 
equilibrium dialysis B) ultrafiltration or C) ultracentrifugation.

Fig. 3:  Accuracy of predictions from Obach (1999) using the well-stirred model.  
 The accuracy is examined using: A) the traditional model with fu,B only; B) both fu,B and fu,inc; and 
C) no binding terms assuming fu,B and fu,inc cancel.  The shaded area highlights predictions falling 
within two fold of observed values.

Fig. 4:  IVIVE prediction error and fu,p.  Examining the accuracy of predictions from human 
hepatocytes taken from Wood et al. (2017), as fu,p decreases to the 0.001-0.01 range, average 
fold error (AFE) may increase.  If AFE <1, the reciprocal is plotted.

Fig. 5:  Hypotheses to explain albumin-facilitated uptake.  A) Presence of an albumin receptor 
where uptake can occur due to direct uptake of unbound ligand or after specific interaction of 
the albumin-ligand complex with its receptor; B) Rate-limiting dissociation where free ligand 
uptake is faster than ligand dissociation from albumin; C) Rate-limiting diffusion of ligand 
through the UWL where the slow diffusion of unbound ligand is supplemented with the 
diffusion of more soluble bound ligand; D) Conformational change where uptake occurs from 
the direct uptake of unbound ligand in plasma or after a conformational change of the albumin-
ligand complex due to cell membrane binding catalyzing the release of drug; E) Ionic 
interactions with the cell membrane where the diffusional distance for unbound ligand is 
decreased; and F) Transporter-induced protein binding shift where a high affinity transporter 
may strip ligand from the ligand-drug complex.

Fig. 6:  Saturation vs. linear results.  An example of a saturation curve (solid line) that is seen in 
several studies when the concentrations of albumin and ligand are varied (at a fixed 1:1 ratio).  
This is in contrast to when the concentration of ligand is varied at a fixed albumin concentration 
and uptake is linear (dashed line).  Saturation is suggested to occur for instance when free 
albumin is competing with the ligand-albumin complex for receptors (section 3.1), or when the 
rate limiting transport step shifts from ligand dissociation to influx or metabolism (section 3.2).
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Table 1:  Equations Commonly Used for IVIVE

Model Clearance Equation

Traditional Well-
Stirred CLH=

QH ∙ f u , B∙CL∫ ,∈vivo

QH+ f u , B∙CL∫ ,∈vivo

(5)

Correction for
binding in the

incubation CLH=

QH ∙( f u , Bf u ,inc )∙CL∫ ,∈vivo

QH+( f u , Bf u ,inc )∙CL∫ ,∈vivo

(6)

Correction for pH
gradient

QH+ f u, p ∙RB ∙CL∫¿ ∙F 1

QH ∙ f u , p ∙ RB

∙CL
∫¿ ∙F 1

¿
CLH=¿

(10)

Correction for pH
gradient and PLR

QH+∙CL
∫¿ ∙ RB ∙ f u, p−adjusted/ f u ,inc

QH ∙
CL

∫¿ ∙ R B∙ f u ,p−adjusted /f u, inc

¿
CLH=¿

(13)
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Table 2:  Estimated dissociation constants (Kd) for albumin binding to hepatocyte cell surface

Kd (μM) # Sites/Cell Methodology Source

25 ± 7 10 (± 3) x 106 125I-labeled bovine albumin
binding to rat hepatocytes
(ligand free), 20oC, 30 min.

Weisiger et al.,
1981

53 ± 13 10.4 (± 1.9) x 106 131I-labeled rose bengal in
perfused rats, various

concentrations of BSA, fit
to their kinetic model

Forker & Luxon,
1983

157 ± 47 Warfarin in perfused rats,
37oC, fit to facilitated

dissociation kinetic model
(Eq. 11)

Tsao et al., 1988

2.5 ± 1.7 2.2 (± 1.3) x 106 125I-labeled monomeric
albumin binding to rat

hepatocytes, 4oC, 30 min.

Wright et al., 1987

4.4 ± 1.8 7.4 (± 2.3) x 106 125I-labeled monomeric
albumin binding to rat

hepatocytes, 37oC, 30 min

Wright et al., 1987

1.9 ± 1.0 3.9 (± 3.0) x 106 125I-bovine albumin binding
to rat hepatocytes, 20oC

Reed and
Burrington, 1989

1.1 ± 0.5 2.0 (± 1.1) x 106 125I-rat albumin binding to
rat hepatocytes, 20oC

Reed and
Burrington, 1989
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Table 3:  Data from Poulin et al. (2017) and Bounakta et al. (2018)

Compound fu,p Km

[ALB]= 0 g/L
Km

[ALB]=30 g/L
Km,u = Km · fu,p

[ALB]=30 g/L
Fold Dif

unbound Km

Bisphenol A 0.045 13.4 3.5 0.16 83.8

Naproxen 0.12 98.9 174.4 20.9 4.73
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