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Abstract 

 Accurately predicting hepatic clearance is an integral part of the drug development 

process, and yet current in vitro to in vivo extrapolation methods yield poor predictions, 

particularly for highly protein bound transporter substrates.  Explanations for error include 

inaccuracies in protein binding measurements and the lack of recognition of protein-facilitated 

uptake, where both unbound and bound drug may be cleared, violating the principles of the 

widely accepted free drug theory.  A new explanation for protein-facilitated uptake is proposed 

here, called a transporter-induced protein binding shift.  High affinity binding to cell membrane 

proteins may change the equilibrium of the nonspecific binding between drugs and plasma 

proteins, leading to greater cellular uptake and clearance than currently predicted.  The uptake of 

two lower protein binding OATP substrates (pravastatin and rosuvastatin) and two higher 

binding substrates (atorvastatin and pitavastatin) were measured in rat hepatocytes in incubations 

with protein-free buffer vs. 100% plasma.  Decreased Km,u values and increased CLint values were 

seen in the plasma incubations for the highly bound compounds, supporting the new hypothesis 

and mitigating the IVIVE underprediction previously seen for highly bound transporter 

substrates. 
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Introduction 

Accurately predicting fundamental pharmacokinetic properties such as clearance is 

crucial when trying to improve the lengthy and expensive drug discovery and development 

process (Thomas et al., 2016).  Hepatic clearance, which is associated with hepatic 

bioavailability after oral dosing, and elimination from the systemic circulation, is used both early 

in discovery for rank ordering compounds and later in development for determining first-in-

human doses.  While in vitro-in vivo extrapolation (IVIVE) for clearance predictions is 

commonly utilized, large errors have been found when using human or rat microsomes or 

hepatocytes (Bowman and Benet, 2016; Wood et al., 2017).  Furthermore, predictions are 

thought to be poorest for compounds that are highly protein-bound and substrates of transporters 

(Soars et al., 2007). 

 Traditionally intrinsic clearance (CLint) is measured in protein-free buffer, and after 

applying physiologically based scaling factors, a model of hepatic disposition such as the well-

stirred model is used to predict hepatic clearance (CLH).  In vitro methods such as equilibrium 

dialysis, ultrafiltration, and ultracentrifugation (Bohnert and Gan, 2013) are separately used to 

determine the equilibrium fraction of unbound drug (fu), which according to free drug theory 

(FDT) is what is available for metabolism (Trainor, 2007) and a parameter also included in the 

well-stirred model.  However, there is still a lack of confidence in measured fu values as is 

reflected in recent drug-drug interaction guidelines stating that the lower limit should be 0.01 

regardless of actual measured values (Di et al., 2017).  To try to reduce the uncertainty 

introduced with separately measuring fu, groups started using plasma in incubations (Shibata et 

al., 2000; 2002). 
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 These investigations with plasma led to decreased Km,u and increased CLint values 

compared to those generated in protein-free buffer (Blanchard et al., 2004; 2006), supporting the 

concept of protein-facilitated uptake, where highly bound ligands have more efficient hepatic 

uptake than can be accounted for by solely their unbound concentrations (Forker and Luxon, 

1981; 1983; Weisiger and Ma, 1987; Tsao et al., 1988).  The hypotheses proposed to explain 

how bound concentrations may also be involved were recently reviewed (Poulin et al., 2016; 

Bowman and Benet, 2018) and include the presence of a specific albumin receptor on the 

hepatocyte cell surface, the rate-limiting dissociation of ligand from the protein-ligand complex, 

the rate-limiting diffusion of ligand through the unstirred water layer, and interactions with the 

hepatocyte cell surface.  Many of these previous hypotheses were suggested before hepatic 

transporters were recognized, and here a new hypothesis is proposed called a transporter-induced 

protein binding shift (TIPBS), a term and concept first suggested by Baik and Huang (2015). 

 As the transporter field has evolved, exceptions to the FDT have emerged and it is now 

known that uptake transporters such as organic anion transporting polypeptides (OATPs) are able 

to control a drug’s access to hepatocytes and can increase the intracellular free concentration 

significantly above that in plasma (Giacomini et al., 2010).  With the TIPBS hypothesis, high 

affinity binding to such transporters may be able to change the equilibrium of the nonspecific 

binding between a drug and plasma protein.  If a highly protein bound drug has a higher affinity 

for a transporter than for the plasma protein, the transporter may be able to strip the drug directly 

from the protein before the drug dissociates itself and is at binding equilibrium (Fig. 1B).  In this 

case, protein binding would not be limiting the access of these compounds and utilizing fu values 

measured at equilibrium in vitro would be inaccurate.  Using rat hepatocytes and statins, known 

OATP1B1 transporter substrates, we show that there is an increase in measured affinity 
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(decrease in unbound Km (Km,u)) for uptake in 100% human plasma vs. protein-free buffer 

incubations with highly bound drugs, and smaller changes in Km,u values for drugs with low 

binding for which the transporter-induced shift would not occur. 

 The TIPBS hypothesis proposed here and alternative previous hypotheses as we recently 

reviewed (Bowman and Benet, 2018) have been promulgated in an attempt to explain the 

observed discordance of protein binding effects from the FDT.  These hypotheses are proposed 

despite the recognition that for a simple donor compartment-receiver compartment diffusion 

model the permeability surface product for passive diffusion of unbound drug across the 

membrane should be independent of the presence or absence of plasma protein. 
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Materials and Methods 

 

Materials 

Atorvastatin was purchased from TCI America (Portland, OR), pitavastatin was 

purchased from ApexBio (Houston, TX), rosuvastatin was purchased from Toronto Research 

Chemicals (Ontario, Canada), and [3H(G)] pravastatin sodium salt (specific activity, 5 Ci/mmol) 

was purchased from American Radiolabeled Compounds (St. Louis, MO).  Mixed gender pooled 

human plasma was purchased from Biological Specialty Corporation.  Male Sprague-Dawley 

rats (250-270 g) were purchased from Charles River Laboratories (Wilmington, MA). 

 

Hepatocyte Isolation 

Rat hepatocytes were isolated using a modified collagenase perfusion method as 

previously described (Lam & Benet, 2004; Lam et al., 2006).  Briefly, the rats were given an 

intraperitoneal injection of 1 ml/kg ketamine/xylazine (91 mg/ml; 9 mg/ml) before surgery.  The 

portal vein was cannulated with an i.v. catheter (BD Biosciences, San Jose, CA) and perfused 

with oxygenated liver perfusion medium (Gibco/Thermo Fisher, Waltham, MA) for 10 minutes 

followed by perfusion with oxygenated liver perfusion medium supplemented with 1.2 U/ml 

collagenase (Sigma-Aldrich, St. Louis, MO) for 10 min at 20 ml/min.  The digested livers were 

excised and broken down by gentle tapping with a glass stirring rod.  Cells were washed with 

ice-cold hepatocyte wash medium (Gibco/Thermo Fisher), and centrifuged at 50 x g for 3 

minutes.  Hepatocytes were separated by 44% percoll (Sigma-Aldrich) in hepatocyte wash 

medium and centrifuged at 250 x g for 10 minutes at 4oC.  Cell viability was determined with the 

trypan blue exclusion method and cells with viability >90% were used for uptake studies. 
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Hepatocyte Uptake Studies 

 Hepatocyte suspensions of either protein-free Krebs-Henseleit buffer (pH 7.4) or 100% 

plasma were pre-incubated at 37oC in 24 well plates for 10 minutes.  Uptake studies were done 

once for each substrate and condition in triplicate and were initiated by adding various 

concentrations of drug solutions (1.0-100 μM for atorvastatin; 0.05-100 μM for pitavastatin; 0.1-

300 μM for pravastatin; and 0.05-100 μM for rosuvastatin) to the hepatocyte suspensions.  After 

1 minute for atorvastatin, pitavastatin, and rosuvastatin, and 2 minutes for pravastatin (based on 

time course results not shown here), reactions were terminated by transferring 0.5 million 

hepatocytes (1 mL of the shaken mixture of 800 μL of 1 million cells/mL and 800 μL of drug 

solution) into a centrifuge tube containing 300 μL of a mixture of mineral and silicone oil 

(density = 1.015) and centrifuging at 13,000g for 10 seconds.  After removing the drug solutions 

and oil layers by pipetting, the pravastatin cell pellets were resuspended in 200 μL of scintillation 

cocktail and sonicated to ensure complete cell lysis.  Intracellular concentration was measured 

using a scintillation counter (LS6000TA; Beckman Coulter, Fullerton, CA).  For atorvastatin, 

pitavastatin, and rosuvastatin, cell pellets were resuspended in 200 μL of water and sonicated.  

Methanol and acetonitrile (ACN) containing internal standard and 3% formic acid were 

subsequently added to samples (1:1:2; sample:methanol:ACN) to precipitate the protein.  After 

centrifuging at 13,000g for 10 minutes, the supernatants were transferred into HPLC vials for 

LC-MS/MS analysis.  Measuring cold pravastatin uptake with LC-MS/MS was attempted, 

however two inseparable peaks appeared with the methods. 
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LC-MS/MS Analysis 

 All samples were analyzed with a Shimadzu (Carlsbad, CA) HPLC binary pump system 

coupled to a Sciex (Foster City, CA) API 4000 triple quadrupole tandem mass spectrometer.  

The TurboIonSpray voltage was set at 5500 V and operated in positive ESI mode.  The LC 

separations were done using a Zorbax (Agilent, Santa Clara, CA) C8 column (3.5 μm, 4.6 x 50 

mm) and the mobile phases consisted of water with 10 mM ammonium acetate (mobile phase A) 

and ACN with 10 mM ammonium acetate (mobile phase B).  A gradient elution with a flow rate 

of 0.7 ml/min was used where 35% B increased linearly to 80% at 3 minutes, at which point it 

was increased to 95% until 3.75 minutes, and then decreased to 35% and equilibrated until the 

end of the run at 5 minutes.  The following transitions were measured (Q1>Q3):  atorvastatin 

(559.0 > 440.2), pitavastatin (422.4 > 290.3), rosuvastatin (482.3 > 258.3), and the internal 

standard tolbutamide (271.1 > 172.1). 

 To test for potential matrix effects with atorvastatin, pitavastatin, and rosuvastatin, 

calibration curves were created using stock solutions spiked into protein-free buffer, and spiked 

into sonicated hepatocytes that had been incubated in protein-free buffer and 100% plasma.  

Process efficiency (comparison between spiked samples vs. neat solutions) were 95.9-107% for 

atorvastatin, 101-111% for pitavastatin, and 88.6-108% for rosuvastatin.  The matrix effect was 

considered to be minimal.  The lower limits of quantitation were 50 nM, 0.5 nM, and 5 nM for 

atorvastatin, pitavastatin, and rosuvastatin, respectively, and the average recoveries were 

102±7%, 100±3%, and 98.2±7.7%, for atorvastatin, pitavastatin, and rosuvastatin, respectively. 

 For the calibration curves utilized, stock solutions (minimum six concentrations) were 

added to protein-free buffer and the same calibration curve was used for the buffer and plasma 

samples of each compound.  The concentration range for atorvastatin was 50-4000 nM (1/x2 
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weighting, r2=0.99), for pitavastatin was 0.5-1500 nM (1/x2 weighting, r2=0.99), and for 

rosuvastatin was 5-1500 nM (1/x weighting, r2=0.99).  Inter-day precision values (percent 

coefficient variation) were between 5.31% and 10.7% for atorvastatin, between 3.4% and 10.0% 

for pitavastatin and between 2.41% and 15.3% for rosuvastatin, and inter-day accuracies (percent 

relative error) were between -4.00% and 2.00% for atorvastatin, between -2.90% and 2.40% for 

pitavastatin and between -1.20% and 0.67% for rosuvastatin. 

Data Analysis 

Data analyses were done using GraphPad Prism version 7 (GraphPad Software, La Jolla, 

CA).  The total drug dosing concentrations were corrected to unbound drug concentrations.  For 

the protein-free buffer incubations, the fraction unbound (fup) was assumed to be 1 so the 

unbound concentration was the same as total dosing concentration.  For the plasma incubations, 

fup values in the FDA labels were used that were 0.020 for atorvastatin (Lipitor FDA label, 

1996); 0.010 for pitavastatin (Livalo FDA label, 2009); 0.50 for pravastatin (Pravachol FDA 

label, 1991); 0.12 for rosuvastatin (Crestor FDA label, 2003). 

The kinetic parameters for uptake were estimated by fitting the intracellular 

concentrations to following equation:  v = (Vmax x S)/(Km + S)  + Pdif x S, where v is the rate of 

uptake (pmol/min/106 cells), Vmax is the maximum uptake rate (pmol/min/106 cells), S is the 

substrate concentration (μM), Km is the Michaelis-Menten constant (μM), and Pdif is the 

nonsaturable diffusion constant (μl/min/106 cells).  The linear portion of the total uptake curve 

represents the passive diffusion, and the difference between the total uptake and passive 

diffusion represents the active transport. 
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Results 

 The uptake curves for the four known OATP substrates in both incubation conditions are 

shown in Figure 2.  As expected, all compounds exhibited both passive diffusion and active 

uptake.  The calculated Km,u, Vmax, Pdif,u , and CLint values are reported in Table 1.  The Km,u 

values generated in the protein-free buffer aligned well with previously reported values in the 

literature.  The values generated in the plasma incubations were similar to those in the buffer for 

the lower protein binding compounds (9.66 vs. 16.5 μM for pravastatin and 0.995 vs. 4.00 for 

rosuvastatin).  There were much larger Km,u differences for the highly bound compounds where 

the apparent values were 31.4 and 107 fold lower in the plasma incubations for atorvastatin and 

pitavastatin, respectively (Fig. 3A). 

 The Vmax values showed a similar, but less marked trend (Fig. 3B).  Values generated in 

the two incubations were similar for pravastatin (2.12 fold different) and rosuvastatin (0.953 fold 

different), while there were larger decreases in apparent Vmax in the plasma for atorvastatin (6.07 

fold lower) and pitavastatin (15.0 fold lower).  These decreases in Vmax were less than the 

decreases in Km,u, so when CLint (Vmax/Km,u) was examined, there were increases for the higher 

binding compounds.  Figure 3C depicts that as the fraction unbound decreases, the difference in 

CLint (plasma/buffer) increases. 
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Discussion 

 Obtaining accurate in vitro data is crucial for CLH predictions; however there are often 

larger errors for compounds that are substrates of transporters (Soars et al., 2007).  A previous 

study examining the active uptake of seven OATP substrates with sandwich culture human 

hepatocytes in protein-free incubations found that predictions were poorest for highly protein-

bound substrates, while pravastatin and rosuvastatin, compounds with the lowest protein-

binding, gave more accurate predictions (Jones et al., 2012). 

 Considering this trend, we propose the idea of a transporter-induced protein binding shift, 

where high affinity binding to transporters may strip ligands directly from plasma proteins before 

they dissociate.  For OATP substrates with lower protein binding such as pravastatin and 

rosuvastatin, where there is already free drug near the uptake transporters, such a shift may not 

occur, and current methodologies may yield accurate IVIVE predictions.  However for 

transporter substrates with high binding such as pitavastatin and atorvastatin where TIPBS would 

occur, current equilibrium protein binding measurements may be driving the high IVIVE error. 

 Here, the uptake of four statins, known to be OATP substrates (Kalliokoski and Niemi, 

2009), were measured in rat hepatocytes with protein-free buffer and 100% human plasma.  

Given the well-known human fup values for these compounds, 100% human plasma was utilized.  

With the frequent similarity between human and rat fup values (Hosea et al., 2009; Colclough et 

al., 2014), similar results would be expected if 100% rat plasma were utilized.  For the low 

binding compounds, pravastatin and rosuvastatin, Km,u values were similar between the two 

incubations (1.71 and 4.02 fold different, respectively), while the difference in the values 

increased with increased protein binding for atorvastatin and pitavastatin (31.4 and 107 fold 

different, respectively).  If protein-binding is not limiting the uptake of atorvastatin and 
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pitavastatin, a lower apparent Km,u value (or increased affinity) would be expected when adding 

plasma to hepatocyte incubations as compared to using protein-free buffer. TIPBS can be viewed 

mechanistically, perhaps considering the competing processes as competitive inhibition (Fig. 4).  

The traditional enzyme, substrate, and inhibitor (Fig. 4A) are swapped out for drug, transporter, 

and protein (Fig. 4B), where according to FDT, the protein would be “inhibiting” the access of 

the drug to the transporter.  With TIPBS and the non-inhibitory protein, a larger k1 is expected, 

resulting in decreased Km,u values. 

 This study also noted greater decreases in Vmax values for the highly bound compounds.  

Pravastatin and rosuvastatin had 2.12 and 0.953 fold differences in plasma compared to buffer, 

while atorvastatin and pitavastatin had 6.07 and 15.0 differences.  Despite these larger decreases, 

Km,u decreases were larger, leading to increased CLint values for atorvastatin and pitavastatin.  

The TIPBS hypothesis and these larger generated CLint values can explain and mitigate the 

IVIVE underprediction seen for highly bound transporter substrates.  A larger CLint increase 

would have been expected for atorvastatin given that the 5.16 fold increase is only marginally 

larger than the 4.22 fold increase seen with the lower binding rosuvastatin.  However, since 

atorvastatin is the most lipophilic of the four compounds, perhaps the active uptake process is not 

as crucial and TIPBS should have less of an impact. 

 Similar protein-facilitated uptake has been previously noted, however alternative 

hypotheses are frequently cited.  The potential role of the hepatocyte cell surface is often 

considered, in contrast to the role of high affinity transporters described here.  One such previous 

proposal was that ionic interactions between the albumin-drug complex and the hepatocyte 

plasma membrane may decrease the diffusional distance for unbound ligand (Burczynski et al., 

1997); another proposal stated that binding of the albumin-drug complex to the cell surface may 
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lead to a conformational change in albumin enhancing drug dissociation (Tsao et al., 1988).  

However despite citing these alternative hypotheses, recent data in the literature agree with the 

TIPBS concept. 

Miyauchi et al. (2018) examined the uptake of 1-anilino-8-naphthalene sufonate (ANS) in 

rat hepatocytes with bovine serum albumin and the uptake of pitavastatin in human hepatocytes 

with HSA.  While the addition of protein led to increases in unbound uptake clearances for both 

compounds, the difference was greater for pitavastatin, which is known to have high affinity for 

OATP, while ANS has a relatively lower affinity for Oatp.  Kim et al. (2019) examined the 

uptake of 11 OATP substrates with varying concentrations of HSA.  Similar to our results, there 

was no change in pravastatin uptake with the addition of HSA, and using their previously 

proposed facilitated-dissociation kinetic model, the uptake of rosuvastatin with 5% HSA was 

estimated to increase 2.48 fold.  The uptake of the remaining compounds, all with high protein 

binding, was estimated to increase to a greater extent, up to 63.8 fold with valsartan, with the 

exception of pitavastatin (a 2.44 fold increase was predicted).  Their model predicts the 

contribution of albumin-mediated uptake to be similar for both pitavastatin and rosuvastatin 

(56.9 and 54.4% respectively). 

 Both papers stated, “the higher the affinity for the transporter, the more effective is the 

albumin-mediated enhancement,” agreeing with the concept of TIPBS.  Additional previous 

support for TIPBS was seen when measuring the uptake of a highly bound new chemical entity, 

shown to be an OATP1B3 substrate.  CLint increased with increased HSA concentration in 

transfected HEK293 cells where the mechanisms hypothesized with the hepatocyte cell surface 

may not be present, but overexpression of the OATP transporter is present (Fukuchi et al., 2017). 
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Examining the pitavastatin data, Miyauchi et al. (2018) calculated the dissociation 

constant (Kd) of bound albumin from the hepatocyte cell surface to be 199 ± 61 μM with the 

facilitated-dissociation model (Tsao et al., 1988) and 275 ± 131 μM with a kinetic model 

proposed by Forker and Luxon (1983).  Simultaneously fitting data from 10 OATP substrates 

including pitavastatin, Kim et al. (2019) calculated the value to be 45.2 ± 13.0 μM.  Using 

fluorescence quenching, Shi et al. (2017) measured the binding constant of pitavastatin to bovine 

serum albumin as 0.56 x104 M-1 at 310K and inverting this, the dissociation constant would be 

179 μM.  Although not directly comparable as Kd is a thermodynamic constant while Km is a 

kinetic constant, in this study the measured Km.u values for the interaction between pitavastatin 

and active uptake transporters were 17.3 μM in buffer and 0.0688 μM in plasma, which are 

significantly lower than the Kd values for binding to the hepatocyte surface or to protein.   

The yet to be explained decrease in Vmax values in plasma incubations for highly bound 

compounds has been previously noted.  Based on the idea of competitive inhibition with TIPBS 

(Fig. 4B), the Vmax values were expected to remain the same across incubations and across fu 

ranges.  As described by Poulin et al. (2017) and Bounakta et al. (2018), the clearance of 

bisphenol A and naproxen were measured using isolated perfused rat livers with and without 

albumin.  Bisphenol A, the higher binding compound had an 83.8 fold decrease in its apparent 

Km,u value with albumin addition (compared to the 4.73 fold decrease for the lower binding 

naproxen) and the Vmax value of bisphenol A decreased 6.2 fold with albumin (while decreasing 

1.3 fold for naproxen) (Table 2).  A potential explanation could be that a weaker attraction 

mentioned earlier between the protein-drug complex and the hepatocyte cell surface brings more 

bound drug near the cell, and once the complex is oriented correctly, the transporter with higher 

affinity can strip the drug directly from the protein.  The additional larger protein-drug 
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complexes near the surface may limit access of both bound and free drug to transporters, 

decreasing the maximum velocity of substrate transport compared to protein-free incubations. 

In summary, the Km,u decrease and CLint,increase for the highly protein bound statins 

support the idea of a transporter-induced protein binding shift and suggest that plasma should be 

used in hepatocyte incubations for highly bound transporter substrates. TIPBS can also explain 

some of the large IVIVE error seen for highly bound compounds.  If protein binding is not 

restricting the access of highly bound transporter substrates, perhaps total concentration, not 

unbound concentration should be used in clearance predictions, an idea previously applied for 

alternate reasons (Obach, 1999; Poulin et al., 2012).  To further support this hypothesis, 

additional studies are needed to determine the off rate of drug dissociating from plasma protein 

vs. the on rate of drug associating with the membrane transporters under the two incubation 

conditions, and studies to differentiate transporter-mediated uptake vs. transporter binding. 

It is important to note that the proposed shift may occur with any type of plasma protein, 

and may occur anywhere in the body where there is interplay between plasma proteins, cells, and 

transporters including the intestine and brain.  That is, the shift is not specific to only albumin 

and only hepatocytes.  Previous studies have found facilitated uptake with β-lactoglobulin 

(Nunes et al., 1988; Burczynski et al., 1990) and ligandin (Stollman et al., 1983), as well as with 

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), and brain (Pardridge et al., 1983).   
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Figure Legends: 
 

Figure 1:  The traditional view of drug dissociating from plasma proteins and being at 

equilibrium prior to uptake is depicted in (A).  The concept of a TIPBS is depicted in (B) where 

high affinity binding to transporters may strip the drug directly from the proteins before 

equilibrium is reached. 

 

Figure 2:  Uptake curves for pravastatin (A), rosuvastatin (B), atorvastatin (C), and pitavastatin 

(D).  Total uptake is depicted in circles, passive diffusion is depicted in squares, and active 

uptake is depicted in triangles.  The error bars represent the standard deviation of the triplicate. 

 

Figure 3:  The fold difference in Km,u values (buffer/plasma) (A), Vmax values (buffer/plasma) 

(B), and CLint values (plasma/buffer) (C) between the two incubations. 

 

Figure 4:  A traditional schematic of competitive inhibition with enzyme (E), inhibitor (I), 

substrate (S), and product (P) is shown in (A).  A modified version were protein (P) is acting as 

an inhibitor for drug (D) to access the transporter (T) is shown in (B).  With a TIPBS, the 

transporter will strip the drug from the DP complex, leading to a larger k1 and lower Km. 
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Table 1:  Km,u, Vmax, Pdif,u, and CLint values generated for each compound in buffer and plasma 

incubations.  

aNezasa et al., (2003); bYamazaki et al., (1993); cYabe et al., (2011); dShimada et al., (2003) 

Compound Incubation Km,u (μM) 

Vmax 

(pmol/ min/106 

cells) 

Pdif,u 

(μL/min/106 

cells) 

CLint

(μL/min/106 cells) 
Km,u (μM) 

Reported in Lit. 

Pravastatin 
Buffer 16.5 ± 4.43 208 ± 14.3 2.59 ± 0.128 12.6 ± 3.50 16.5a, 29.1b, 30.5c 

Plasma 9.66 ± 3.27 97.9 ± 8.84 3.94 ± 0.180 10.1 ± 3.55 

Fold 

difference 
1.71 2.12 0.657 1.25 

Rosuvastatin 
Buffer 4.00 ± 0.962 323 ± 20.2 13.7 ± 0.620 80.8 ± 20.1 6.05c, 9.17a 

Plasma 0.995 ± 0.148 339 ± 15.6 55.4 ± 6.60 341 ± 53.0 

Fold 

difference 
4.02 0.953 0.265 4.22 

Atorvastatin 
Buffer 3.61 ± 1.96 1650 ± 203 76.5 ± 1.99 458 ± 254 4.03c 

Plasma 0.115 ± 0.116 272 ± 65.5 741 ± 37.1 2370 ± 2450 

Fold 

difference 
31.4 6.07 0.103 5.16 

Pitavastatin 
Buffer 8.71 ± 2.12 600 ± 47.0 132 ± 0.481 68.9 ± 17.6 6.30c, 26.0d 

Plasma 0.0812 ± 0.0157 39.9 ± 2.45 475 ± 1.53 491 ± 99.7 

Fold 

difference 
107 15.0 0.278 7.13 
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Table 2:  Data from Poulin et al. (2017) and Bounakta et al. (2018) also supporting the trends 

seen with a TIPBS. 

Compound fu,p Km (μM) 
[ALB]= 

0 g/L

Km (μM) 
[ALB]= 
30 g/L

Km,u = 
Km · fu,p 
[ALB]= 
30 g/L

Km,u 
Fold Dif 

Vmax 
(nmol/min/mg)

[ALB]=  
0 g/L 

Vmax 
(nmol/min/mg)

[ALB]=  
30 g/L 

Vmax 
Fold Dif 

Bisphenol A 0.045 13.4 3.5 0.16 83.8 8.0 1.3 6.2 

Naproxen 0.12 98.9 174.4 20.9 4.73 2.9 2.2 1.3 
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