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Abstract

Using positron emission tomography (PET) imaging, we determined the hepatic concentrations 

and hepatobiliary transport of [11C]rosuvastatin (IV injection) in the absence (n=6) and presence 

(n=4 of 6) of cyclosporine A (CsA, IV infusion) following a therapeutic dose of unlabeled 

rosuvastatin (RSV) (5 mg, PO) in healthy human volunteers. The sinusoidal uptake, sinusoidal 

efflux and biliary efflux clearance (mL/min) of [11C]rosuvastatin, estimated through compartment 

modeling were 1205.6±384.8, 16.2±11.2 and 5.1±1.8, respectively (n=6). CsA (blood 

concentration: 2.77±0.24 μM), an organic-anion-transporting polypeptide (OATP), Na+-

taurocholate cotransporting polypeptide (NTCP) and breast cancer resistance protein (BCRP) 

inhibitor increased [11C]rosuvastatin systemic blood exposure (45%; p<0.05), reduced its biliary 

efflux clearance (52%; p<0.05) and hepatic uptake (25%; p>0.05) but didn’t affect its distribution 

into the kidneys. CsA increased plasma concentrations of coproporphyrin I and III and total 

bilirubin by 297±69%, 384±102% and 81±39%, respectively (p<0.05). These data can be used in 

the future to verify predictions of hepatic concentrations and hepatobiliary transport of 

rosuvastatin.
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INTRODUCTION

Success in drug approval significantly decreased from 11.2 to 5.2% between 2005–2013 (1). 

The main causes were lack of efficacy (~57%) and safety (~24%) of the candidate drugs (2). 

One contributing factor to this lack of efficacy and safety for drugs that are transported is our 

inability to routinely quantify (or predict) tissue concentration at the site of efficacy/toxicity. 

While imaging techniques such as positron emission tomography (PET) can be used to 

determine tissue concentrations of drugs in humans (3–5); these techniques are too costly 

and time-consuming for routine application during drug development (6). Therefore, there is 

an urgent need to develop methods to predict tissue concentration of drugs when transporters 

are present at the tissue: blood barrier, such as the interface between the liver, kidney, 

intestine, brain and blood (7).

One approach to predict drug concentration in tissues is to characterize the influx and efflux 

clearance (CL) of the drug of interest in primary cells derived from these tissues. However, 

except for hepatocytes, primary cells from other tissues (e.g. blood-brain barrier, kidney 

epithelial proximal tubule cells) are either not routinely available or validated. Moreover, 

even where available (e.g. hepatocytes), they may not be predictive of the in-vivo CL of the 

drug of interest (8–10). The reason for this lack of prediction isn’t well known but could be 

that the abundance and/or activity of the transporters in the cells may not represent that in-
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vivo (9). While the relative activity factor (RAF) approach can be used to surmount this 

shortcoming, it requires that in-vivo data on tissue CL (influx and efflux) be available for the 

probe substrate (11). Often such data are not available. In addition, as we have delineated, 

the systemic plasma CL of a drug is a complex function of the influx and efflux CL of drugs 

(12). Therefore, even if systemic CL is predicted, it cannot, by itself, be used to predict the 

tissue concentrations of a drug.

To address the shortcomings of the above approaches, our laboratory has hypothesized that 

drug concentration in tissues can be predicted from in-vitro CL studies in cells that 

individually express the transporters of interest. Then, these CL values can be scaled to that 

in-vivo (IVIVE) using the proteomics-informed bottom-up approach (9). However, such 

predictions must be verified to determine their accuracy. This cannot be done for every drug 

under development. Therefore, we propose here that such verification be conducted for 

selected “probe” substrates that interrogate the major transporters present in the tissue of 

interest. We have shown the proof-of-principle of this approach by successfully predicting 

the hepatic concentrations of rosuvastatin (RSV) in the rat (obtained by PET imaging (4)) by 

predicting the sinusoidal influx (organic-anion-transporting polypeptide (OATP)-mediated) 

and sinusoidal efflux CL and biliary efflux CL of RSV in cells expressing the relevant 

transporters (9). As a first step towards replicating this proof-of-principle in humans, we 

conducted for the first time [11C]RSV PET imaging in humans. The primary goal was to 

determine the [11C]RSV sinusoidal uptake CL (CLs,uptake; mediated by OATPs and Na+-

taurocholate cotransporting polypeptide (NTCP) (13, 14)), sinusoidal efflux CL (CLs,efflux; 

likely mediated by multidrug resistance-associated protein (MRP)¾ (15, 16)), biliary CL 

(CLbile; likely mediated by breast cancer resistance protein (BCRP) (17)), as well as liver 

concentrations of [11C]RSV (administered IV injection) following a therapeutic (PO) dose 

of unlabeled RSV. Our secondary goals were: i) to determine the magnitude of inhibition of 

the sinusoidal influx and sinusoidal/biliary efflux of RSV by an OATP/NTCP and BCRP 

inhibitor, cyclosporine A (CsA, administered IV infusion); and ii) to determine if the plasma 

biomarkers of OATP inhibition, namely coproporphyrin isomers I and III (CPI and CPIII) 

and total and direct bilirubin (TBILI and DBILI), are responsive to OATP inhibition by CsA.

RESULTS

Six healthy human volunteers were studied (see Table S1 for demographics) but two subjects 

didn’t complete the CsA arm of the study either due to a delay in the first [11C]RSV 

synthesis or an anaphylactic reaction to the CsA formulation. All subjects had 

haematological and chemistry values within the normal range. Except for nausea (n=3), no 

other side effects were reported by the subjects.

Non-compartmental analyses (NCA):

After injection, the majority of [11C]RSV was rapidly distributed into the liver/gallbladder 

and kidneys with very little present in the rest of the body. For example, in the absence of 

CsA, at 30 min after [11C]RSV dosing, 51.02, 2.88, 2.59 and 1.22% of the injected dose was 

present in the liver, gallbladder, kidneys and blood respectively with very little radioactivity 

present in the rest of the body (data not shown). The arterial blood and plasma area under the 
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concentration-time curve (AUC0–30min) was significantly increased in the presence of CsA 

(Table 1, Fig. 1). The calculated mean blood-to-plasma partition ratio (BPP) was 0.64±0.06. 

CsA slightly reduced the distribution of [11C]RSV into the liver, as measured by the 

maximum drug concentration in the liver (Cmax), liver AU0–30min and liver-to-blood 

[11C]RSV AUC0–30min ratio (Fig 1–2, Table 1). The radioactivity in the small and large 

intestines was equivalent to background (0–30 min), therefore, all the radioactivity in the 

gallbladder represented the cumulative biliary excretion of [11C]RSV over 0–30min 

(gallbladder A30min). Both gallbladder A30min and biliary CL (gallbladder A30min/liver 

AUC0–30min) were significantly decreased by CsA (Fig. 1–2, Table 1). [11C]RSV 

distribution into kidneys (Cmax, time of maximal kidney drug concentration (Tmax), and 

AUC0–30min and kidney-to-blood AUC0–30min ratio) was on average not significantly 

affected by CsA (Table 1). In the total body scans, the concentrations [11C]RSV 

radioactivity in the brain and muscle were equivalent to background.

Compartmental analyses (CA):

CLs,uptake was reduced in the presence of CsA (Table 1, Fig. 3A), but this difference was 

found not to be statistically significant, likely due to one subject which didn’t show a 

decrease in the presence of CsA. CLs,efflux was not significantly different in the presence of 

CsA (Table 1, Fig. 3B). CsA significantly reduced CLbile of [11C]RSV radioactivity (Table 

1, Fig. 3C). The hepatic plasma CL (CLh) of RSV (calculated using Eq. 4) in the absence 

and presence of CsA was estimated to be 25.03±5.41 L/hr and 21.22±4.27 L/hr (Fig. 3D). 

The confidence in the estimation of CLs,uptake and CLbile was higher (%CV: 0.9–18.5%; 

Table 1) than in the estimation of CLs,efflux (%CV: 6.1–42.7 except for subject #1, where the 

%CV was 669%).

For each subject, the CsA blood concentrations during imaging were relatively constant with 

a mean±SD of 2.77±0.24 μM (range: 2.50–3.04 μM, %CV: <12%; Fig. S1). The plasma 

concentrations of unlabeled RSV in the absence of CsA (5.59±1.96 nM, n=6) were in the 

range of clinically observed concentrations (18). Plasma concentrations of the unlabeled 

RSV-lactone were below the lower limit of quantification (<4 nM).

CsA significantly increased the plasma concentrations of CPI, CPIII and TBILI (Fig. 4A–C) 

but not of DBILI (Fig. 4D). The largest percent change was in plasma CPIII concentrations 

(384±102%), followed by CPI (297±69%), TBILI (80.5±39.4%), and DBILI (75.0±50.0%). 

As expected, oral administration of RSV didn’t affect the plasma concentrations of CPI, 

CPIII, TBILI or DBILI (Fig. 4A–D).

DISCUSSION

The primary goal of this human PET imaging study was to obtain estimates of hepatobiliary 

CL and hepatic concentrations of [11C]RSV in healthy human volunteers. Once these values 

are available, future studies can determine if these values can be predicted by IVIVE, such 

as the proteomics-informed bottom-up approach. Thus, a power analysis, prior to the 

conduct of the study, was unnecessary. The effect of CsA on CLs,uptake, CLs,efflux and 

hepatic concentrations of [C]RSV was secondary and therefore the study was not powered 

for this goal.
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We deliberately chose [11C]RSV to study because it has many features that make it an ideal 

probe for the above purpose. First, RSV is transported into the liver by OATP1B1, 1B3, 2B1 

and NTCP, located on the sinusoidal membrane of hepatocytes. Second, RSV is 

recommended by the FDA as a clinical probe substrate for OATP1B and BCRP (19). Third, 

it is mostly eliminated from the body by excretion of the unchanged drug into the bile by the 

hepatic canalicular transporter BCRP and possibly MRP2/P-glycoprotein (P-gp) (20). 

Several other PET tracers have been developed to investigate hepatic transporters such as 

[11C]telmisartan, 15-R-[11C]TIC-Me, [11C]dehydropravastatin, [11C]glyburide, 

[11C]erlotinib, [11C]cholylsarcosine and [11C]metformin (21). However, the transporters 

involved in the hepatic clearance of many of these compounds are either are not known or 

involve only a single transporter, and other tracers undergo extensive metabolism 

confounding interpretation of the data.

We also deliberately incorporated the following elements in our study design (Fig. 5). First, 

a therapeutic dose of unlabeled RSV was administered orally, on average 160±78 min 

(range: 65–293 min), prior to the first IV administration of [11C]RSV to ensure that 

pharmacokinetics of [11C]RSV were reflective of that of a therapeutic RSV dose (Fig. 1). 

Second, to prevent emptying of the gallbladder during imaging, morphine (0.04 mg/kg, IV) 

was given immediately prior to each IV dose of [11C]RSV. Morphine causes contraction of 

the sphincter of Oddi (22, 23) and is a substrate of organic cation transporter (OCT) 1 (24), 

but its ability to be transported by or inhibit OATPs, NTCP, or BCRP has not been 

determined. Third, we measured plasma concentrations of [11C]RSV-lactone and [11C]polar 

metabolites in real-time by solid phase extraction (SPE) to confirm that [11C]metabolites 

were not confounding our interpretation of plasma or tissue [11C]radioactivity 

concentrations. Fourth, the tissue distribution of [11C]RSV was studied in the absence and 

presence of CsA. CsA was administered as an IV infusion about 45 min prior to the 2nd IV 

dose of [11C]RSV to allow blood CsA concentrations to reach relatively constant 

concentrations (Fig. S1) when dynamic images were obtained after the 2nd dose of 

[11C]RSV as we have done before with CsA-[11C]verapamil P-gp based drug-drug 

interaction (DDI) (3, 5, 25). CsA was chosen because at its clinically relevant plasma 

concentrations, in addition to OATPs, it is an inhibitor of NTCP (IC50:0.37μM (14)) but 

rifampin (RIF) is not (IC50:277 M (26)). Fifth, since OATP1B1 and BCRP are polymorphic 

transporters, only subjects who were not carriers of the reduced function genotypes were 

enrolled in the study. Sixth, after dynamic imaging (0–30 min), we conducted a head-to-

thigh body scan of each subject to determine if CsA affected the distribution of [11C]RSV 

into tissues other than the liver, gallbladder and the kidneys (e.g. muscles, the site of 

myotoxicity of statins). Seventh, since the impact of CsA on the more sensitive (plasma CPI, 

CPIII) and less sensitive OATP1B biomarkers (TBILI and TBILI) has never been studied in 

humans, we determined this impact.

We analysed our [11C]RSV blood and tissue radioactivity data using both a 

noncompartmental (NCA) and compartmental (CA) approach. For CA, we used the hepatic 

blood [11C]RSV concentration (calculated using Eq. 3) as a forcing function to obviate the 

need to model the disposition of [11C]RSV in the blood compartment. A limitation of our 

study design was that we were unable to identify the hepatic artery and portal vein in the CT 

scans to estimate image-based input function. Therefore, peripheral arterial and venous 
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[11C]RSV blood concentrations were used as surrogates. Our use of the peripheral venous 

concentration to represent portal vein concentration is reasonable unless there is significant 

extraction of the drug by the splanchnic bed. We assumed that such extraction was minimal 

given that [11C]RSV was administered IV (and not orally). Distinguishing tissue 

concentrations of [11C]RSV and [11C]RSV metabolites is not possible, therefore plasma 

concentrations were measured as a surrogate. During the imaging period, the presence of 

[11C]RSV-lactone in the plasma was negligible (Figure S2C). Therefore, in our NCA and 

CA, we assumed that the blood and tissue radioactivity measured was entirely due to 

[11C]RSV. Use of plasma as a surrogate of liver metabolite concentration was deemed 

suitable, as it has been previously shown that RSV-lactone can permeate across the 

sinusoidal membrane (27, 28).

CsA increased (~45%) the [11C]RSV blood AUC0–30min (Table 1) and based on the 

extended CL model, this suggests that CsA decreased either the CLs,uptake or the CLbile of 

[11C]RSV or both. Indeed CsA decreased CLbile by ~52%. However if this was the only 

cause for the increase in [11C]RSV blood AUC0–30min, because RSV is transported into the 

liver by OATPs/NTCP, the liver AUC0–30min should increase rather than decrease in the 

presence of CsA (12). On the contrary, the liver AUC0–30min slightly decreased indicating 

that CsA likely inhibited CLs,uptake of [11C]RSV as well. This conclusion was supported by 

our CA of the data, where we observed that CsA inhibited CLs,uptake in 3 of the 4 subjects by 

35–48% (Fig 3B) but didn’t do so in one subject, resulting in no significant change when the 

data were analysed using a paired t-test. The effect of CsA on CLs,uptake was significant 

(p<0.01) if this subject is excluded. The changes in plasma concentrations of CPI, CPIII and 

TBILI were also lowest in this subject, despite blood CsA concentrations being the highest. 

On average CsA didn’t affect CLs,efflux, though it showed a dramatic increase in two 

subjects and a modest decrease in the other two. The reason for this is not known but such 

increase in CLs,efflux has been observed with other OATP substrates (29, 30). CLh (in the 

absence of CsA; see Eq. 4) was 25.03±5.41 L/hr (range 14.65–30.17 L/hr), which is similar 

to the previously published value (35.3 L/h; total plasma clearance (48.9 L/h) – renal plasma 

clearance (13.6 L/h) (31).

Uptake studies in transfected cells and hepatocytes show that OATP1B1 and NTCP are the 

major contributors (~49 and ~35% respectively) and OATP1B3 and OATP2B1 are lesser 

contributors (~16% and ~0% respectively) to the total sinusoidal RSV uptake (13, 14). 

Efflux studies in transfected cell lines and membrane vesicles have shown that RSV is a 

substrate of the biliary efflux transporters BCRP, P-gp and MRP2 (17) and sinusoidal efflux 

transporters MRP3 and MRP4 (15, 16).

Pre-incubation can potentiate the inhibitory effect of CsA on OATP1B1 (32), therefore, in 

our study CsA IV infusion was designed to begin 45 min prior to [11C]RSV injection. The 

reported concentration of CsA required to reduce uptake CL by half (IC50) for the two major 

CLs,uptake transporters of RSV are 0.21 (OATP1B1) and 0.37 μM (NTCP) (14, 33). 

Therefore, it was not surprising that an unbound blood CsA concentration of 0.28 μM (34) 

caused only a 45% reduction in liver distribution of [11C]RSV (Fig. 1, 6, Table 1) and 

increased CPI, CPIII, and TBILI plasma concentrations (Fig. 4A–C). The 45% increase in 

systemic [11C]RSV exposure is lower than the RSVRIF (RSV: PO; RIF: 600mg, IV) DDI 
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studies (230%; (26)). This difference could be because we administered [11C]RSV IV while 

in the RSV-RIF study, RSV was administered orally. Therefore, in the RSV-RIF study, RIF 

likely affected the first-pass hepatic extraction of RSV resulting in a bigger increase in RSV 

plasma concentration. The percent change in plasma concentrations of CPI, CPIII, TBILI 

and DBILI in our study are comparable to those observed in humans following RIF 

administration (35–37) and cynomologus monkeys after CsA administration (100 mg/kg, 

PO) (38). These percent changes are greater for the biomarkers than those for blood 

[11C]RSV AUC0–30 min because the biomarkers likely have greater fraction transported (ft) 

via OATPs than RSV (which is a substrate of both OATPs and NTCP). This makes RSV a 

less sensitive indicator of inhibition of OATP1Bs after IV administration, but not necessarily 

after oral administration. CsA decreased CLbile (Fig. 3C), suggesting that BCRP and 

possibly P-gp and MRP2 were inhibited (Fig. 6). Reported IC50 values for CsA of biliary 

efflux transporters of RSV range from 1.5 (P-gp) to 3.2 (BCRP) to 5.6 μM (MRP2) (39–41). 

These values cannot be directly compared with unbound blood CsA concentration as it is the 

intracellular (or canalicular membrane) concentrations of CsA (unknown) that should be 

used as a reference.

Renal clearance accounts for approximately 28% of RSV clearance, with ~90% of the renal 

clearance thought to result from transporter-mediated tubular secretion primarily by organic 

anion transporter (OAT) 3 uptake followed by apical secretion primarily by MRP2/4, BCRP 

and P-gp (31, 42). However, CsA, didn’t affect the net renal distribution of [11C]RSV 

indicating that it didn’t inhibit the above transporters at the blood concentrations achieved 

(IC50 data are not available). Parenthetically, please note Fig. 1E shows a change in the 

kidney exposure in the presence of CsA but that is driven by changes in blood radioactivity; 

therefore the kidney-to-blood AUC0–30min ratio was unchanged. This conclusion was 

supported by no effect of CsA on the renal CL of [11C]RSV (ratio of cumulative 

radioactivity in the bladder at 60 min and the blood AUC0–60min; data not shown). The 

distribution of [11C]RSV into other organs, such as the brain and muscle, was no different 

from background in the absence or presence of CsA. This suggests that brain penetration of 

[11C]RSV is limited by its relatively low LogP value and/or BCRP/P-gp. Also, as we have 

shown before in our [11C]verpamil-CsA PET imaging DDI study, the unbound blood 

concentrations of CsA achieved are weak inhibitors of cerebral P-gp and therefore likely 

BCRP. Interestingly, CsA appears to inhibit biliary efflux of [11C]RSV, likely by BCRP. 

These observations suggest that unbound hepatic CsA concentrations are higher than those 

in the blood.

In conclusion, we measured for the first time the hepatic concentrations and hepatobiliary 

transport of [11C]RSV in humans using PET imaging. In the future, these data can be used 

by us and others to determine if the hepatobiliary clearance of a drug can be predicted from 

in-vitro data using the proteomics-informed bottom-up approach. Furthermore, we 

recommend that the validity of the proposed proteomics-informed IVIVE approach be tested 

with additional PET imaging substrates that interrogate these and other major human hepatic 

and renal transporters.
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METHODS

Synthesis of [11C]RSV

[11C]RSV was synthesized by bubbling [11C]methyl-triflate ([11C]CH3OTf) into 1.0 mg 

desmethylrosuvastatin dissolved in dimethylsulfoxide (50μL) and acetone (50μL) (43). The 

product, [11C]RSV, was purified on a semi-preparative reversed-phase C8 column (Luna 

C8(2), 250 × 4.6 mm 10μm) by eluting it at 40±10°C with sterile, nonpyrogenic mobile 

phase, 40:60 [v:v] USP ethanol:sterile, 0.1% formic acid solution (3 mL/min). The product 

was sterilized by filtration (0.2μm filter), diluted with USP saline (final ethanol conc. <10%; 

[v/v]) and pH adjusted to 7.0 with USP sodium bicarbonate and sodium phosphate. The 

average decay corrected reaction yield of [11C]RSV was 50–70%, and the final product was 

99.95±0.01% radiochemically pure, apyrogenic with a specific activity of 146.6±33.4 GBq/

μmol (range: 91.4–180.0 GBq/μmol; n=10). Stability was measured out to 40 min post-

synthesis with no significant degradation of the product observed.

Subjects

Six subjects with normal complete blood cell count, hepatic and renal function tests, and 

prothrombin time were enrolled (Table S1). Subjects who were pregnant (re-confirmed 

negative on study day), breast-feeding, had polymorphic SLC01B1/ABCG2 genotypes (i.e. 

SLCO1B1 c.521TC, c.521CC, c.1463CC; ABCG2 c.421AA), with a history of a chronic 

medical condition(s), on chronic medication (except oral contraceptives), smokers, or with a 

history of substance abuse were excluded. No medication (other than acetaminophen), 

caffeinated or alcoholic beverages were allowed for at least 24 hours before the study. Due 

to ethnic differences in disposition of statins, subjects of Chinese, Japanese, Malay, Filipino, 

Korean, Vietnamese or Indian ethnicity (self-reported) were excluded (27, 28). The study 

was approved by the University of Washington’s Human Subjects IRB Review Committee, 

Radiation Safety Committee, and Radioactive Drug Research Committee.

SLCO1B1 and ABCG2 Genotyping

The Gentra Puregene Buccal Cell Kit from Qiagen (Germantown, MD) was used to extract 

genomic DNA from buccal swabs according to the manufacturer’s protocol. Polymorphisms 

in SLCO1B1 (c.388G>A, c.521T>C and c.1463G>C) and ABCG2 (c.421C>A) were 

determined using validated Applied Biosystems TaqMan SNP Genotyping Assays from 

Applied Biosystems (Foster City, CA).

PET-CT Scans

To minimize emptying of the gallbladder, subjects fasted (except water) from 4 hours prior 

to RSV dosing to study completion. On arrival at the PET imaging suite, the subjects were 

equipped with an antecubital venous catheter in each arm (one for [11C]RSV/morphine 

administration/CsA infusion and the other for venous blood sampling) and an arterial 

catheter (radial artery; for arterial blood sampling). After collecting a venous blood sample, 

subjects received a 5 mg RSV tablet (Crestor®) orally. All unlabeled drugs, including RSV, 

were supplied by the UWMC Pharmacy. PET scans were acquired on a GE Discovery STE 

PET/CT scanner (GE Medical, Waukesha, WI) using a low-dose CT transmission scan for 
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attenuation correction (resolution (mm): 4.29 in-plane, 3.27 axial). The study sequence and 

details are provided in Fig. 5.

Blood sampling and analysis

Arterial (5 of 6 subjects) and venous (4 of 6 subject) blood samples were collected at various 

time-points to measure concentrations of [11C]radioactivity, RSV, RSV-lactone, CPI, CPIII, 

TBILI and DBILI in blood and/or plasma (Fig. 5). To measure blood and plasma 

radioactivity, aliquots of blood (200 μL) and plasma (200 μL; isolated immediately after 

blood collection) were counted using a gamma counter (Cobra Counter; Packard, Meridian, 

CT). Assessment of the [11C]RSV radioactivity arterial-venous blood concentration ratio 

revealed that they differed until 4 min (Fig. S2A–B). Therefore, for subjects that had arterial 

but not venous blood sampled, the arterial-venous concentration ratio was used to estimate 

venous blood concentrations, and vice-versa. In the measurement of plasma unlabeled RSV 

and RSV-lactone concentrations, 0.3M sodium acetate buffer (NaOAc; pH 4.0) was 

immediately added to plasma (1:1) to stabilise rosuvastatin-lactone before LCMS/MS 

analysis with minor modification of an assay published previously (44). Blood 

concentrations of CsA and plasma concentrations of DBILI/TBILI were measured by LC-

MS/MS and spectrophotometry, respectively (Laboratory Medicine at UWMC). Plasma 

concentrations of CPI and CPIII were quantified by LC-MS/MS with minor modification of 

an assay published previously (35, 38).

Quantification of plasma [11C]RSV and [11C]metabolite concentrations

Immediately after isolation, each plasma sample was combined with 0.3M sodium acetate 

(NaOAc) buffer solution [pH 4.0] containing unlabeled RSV and RSV-lactone (10 μg/mL) 

(1:1 [v:v]) and loaded onto a BondElut C18 SPE cartridge (size: 500 mg/3cc; Varian, Inc, 

Lake Forest, Calif) and eluted as follows with a manual pressure pump: (1) 0.1M NaOAc 

buffer [pH 4.0] (6 mL) (2) 0.1M NaOAc buffer: acetonitrile (ACN) (75:25 [v:v]); 10 mL) (3) 

0.1M NaOAc buffer: ACN (65:35 [v:v]; 0.5 mL) (4) 0.1M NaOAc buffer: ACN (55:45 [v:v]; 

2 mL), and (5) 0.1M NaOAc buffer: ACN (30:70 [v:v]; 1.5 mL). Validation studies showed 

that RSV and RSV-lactone eluted only in the 55:45 and 30:70 NaOAc buffer:ACN fractions 

[v:v], respectively. The 100% NaOAc buffer fraction contained polar metabolites. The 

recovery of the unlabeled RSV and RSV-lactone in individual fractions, diluted 5-fold in 

0.1M NaOAc buffer: ACN (40:60 [v:v]), determined by HPLC/UV, was found to be 

96.1±5.9 % and 96.4±10.0 %, respectively. HPLC/UV conditions were: C18, BetaBasic 

column (150 × 2.1 mm, 5 μm); gradient mobile phase consisting of (A) aqueous 0.05% 

formic acid and (B) acetonitrile (15% B hold for 1 min, 15–25% B 1–3 min, 25–40% B 3–

18 min, 40–46% B, 18–30 min, 46–95% B 30–31 min, hold 95% for 2 min; flow rate: 300 

μL/min; UV detection at 244 nm). With the use of these recovery values, the radioactive 

content of each fraction was corrected and expressed as a fraction of that contained in the 

unextracted plasma sample. Plasma concentrations of [11C]rosuvastatin lactone and 

[11C]polar-metabolites was negligible up to 45 min (Figure S2C), therefore, blood, plasma 

and tissue radioactivity was attributed to [11C]RSV.
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Analysis of PET Imaging Data

PET images were reconstructed using a 3D reconstruction algorithm (iterative logarithm 

with 6 subsets and 28 iterations) with correction for scattered and random coincidences. The 

tomograph, dose calibrator, and gamma counter were cross-calibrated to express all 

measurements in common units of radioactivity (kBq/cc). Regions of interest (ROIs) were 

drawn manually across all image planes for the liver, left kidney, gallbladder, and the small 

and large intestines using PMOD (v.3.5;PMOD Technologies LLC, Zürich, Switzerland). 

The ROIs from contiguous slices were combined to create volumes of interest (VOIs) for 

each tissue. The regions were drawn away from vascular bundles, bile ducts and borders of 

the organs to minimise organ-boundary edge artefacts and were viewed in coronal, sagittal, 

and axial directions to ensure that different VOIs didn’t overlap. CT images were used for 

secondary confirmation of the anatomic accuracy of the PET VOIs. VOIs were applied to 

both the dynamic image sets and the static summed standardized uptake value (SUV) images 

for data extraction. Radioactivity in the gallbladder was assumed to correspond to 

radioactivity excreted into bile and data analysis was confined to 0–30 min.

Non-compartmental Analysis of [11C]RSV Radioactivity Data

Time-radioactivity curves for arterial blood and tissues were constructed from decay-

corrected time radioactivity measurements. Tissue and arterial blood AUC were estimated 

by the trapezoidal rule. CLbile was calculated by gallbladder A,30/AUCliver,0–30. Gallbladder 

A,30, the cumulative amount of radioactivity in the gallbladder at 30 min, is the radioactivity 

concentration in the gallbladder at 30 min (kBq/cc) multiplied by the (weight-adjusted) 

fasted gallbladder volume.

Compartmental Analysis of [11C]RSV Radioactivity Data

A two compartment model (Fig. 3F, Eq. 1 and 2) was fitted, using SAAM II and the relative 

data-weighting scheme, to the [11C]RSV liver and gallbladder radioactivity concentration-

versus-time data.

dAL
dt = CLs, uptake ⋅ CB − CLs, e f f lux + CLbile ⋅ CL (Equation 1)

dAGB
dt = CLbile ⋅ CL (Equation 2)

Where A, C, B, L, GB, CLs,uptake, CLs,efflux, CLbile represent amount, concentration, blood, 

liver, gallbladder, sinusoidal uptake clearance, sinusoidal efflux clearance and biliary efflux 

clearance, respectively. Since the portal vein and hepatic artery contribute 80% and 20% of 

the total liver blood supply (45), the hepatic input blood concentrations of [11C]RSV (CB) 

(used as the forcing function in the model (Fig. 1)), were estimated using equation 3. Cvenous 

and Carterial represent the radioactivity concentrations in peripheral arterial and venous blood 

samples.
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CB = CVenous ⋅ 0.8 + CArterial ⋅ 0.2 (Equation 3)

The volume of blood, liver, gallbladder and the volume of blood within the liver were fixed 

to weight adjusted physiological values (46). Lag times from blood to liver (~0.3 min) and 

liver to gallbladder (~3.1 min) were incorporated into the model based on visual inspection 

of the data. Goodness of fit of the model to the data was evaluated by visual inspection, 

confidence in the estimates of the parameters, weighted residual plots and Q-Q plots. The fit 

of the model to data for all subjects can be seen in Figure S3.

Estimation of Plasma Hepatic Clearance

The extended CL model (47) can be used to estimate plasma CLh (Eq. 4) using our estimates 

of CLs,uptake, CLs,efflux, CLbile, BPP) and values of hepatic blood flow (Qh;1500 mL/min) 

and hepatic metabolic clearance of RSV (CLmet). Note, CLmet referred to here is that based 

on the unbound hepatic RSV concentration. For this reason, we do not have an estimate of 

CLmet nor is it available in the literature. Literature data supports the notion that hepatic 

uptake is the rate-determining step in the hepatic clearance of the drug (48–50). Therefore, 

assuming that hepatic uptake is the rate-determining step, we estimated RSV CLh using Eq. 

4, where fu.b · CLintrinsic uptake is equal to CLs,uptake.

CLh =
Qh ⋅ f u, b ⋅ CLintrinsic uptake

Qh + f u . b ⋅ CLintrinsic uptake
⋅ BPP (Equation 4)

Statistical Analysis

Statistical difference in pharmacokinetic parameters was determined by both a paired t-test 

(n=4) and unpaired t-test (see Table 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STUDY HIGHLIGHTS

What is the current knowledge on the topic?

Currently, measurement or prediction of tissue concentrations of drugs is not routinely 

possible. We have developed a proteomics-informed approach to predict tissue 

concentrations of drugs.

What question did this study address?

Through positron emission tomography (PET) imaging, for the first time, we measured 

the hepatic concentrations and hepatobiliary clearances of a model organic-anion-

transporting polypeptide (OATP) and breast cancer resistance protein (BCRP) substrate, 

[11C]rosuvastatin in humans.

What does this study add to our knowledge?

Hepatobiliary clearance of [11C]rosuvastatin appears to be rate-determined by its 

sinusoidal uptake clearance and hepatic blood flow. Cyclosporine A, an inhibitor of 

multiple transporters, reduced the biliary efflux and likely sinusoidal uptake clearance of 

[11C]rosuvastatin.

How might this change clinical pharmacology or translational science?

These data can be used to verify proteomics-informed prediction of transporter-mediated 

tissue drug concentrations and disposition in humans. Once verified, this approach can be 

routinely applied to predict tissue drug concentrations during drug development.
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Figure 1: 
Radioactivity concentration-versus-time profiles in the arterial blood (A), arterial plasma 

(B), liver (C), gallbladder (D), and kidney (E) in a representative subject in the absence and 

presence of cyclosporine A (CsA). CsA caused an increase in blood and plasma 

[11C]rosuvastatin (RSV) concentrations and reduction in liver and gallbladder concentrations 

of [11C]RSV. (F) The two-compartment pharmacokinetic model used to fit the liver and 

gallbladder [11C]RSV radioactivity-versus-time profiles in the absence and presence of CsA. 

Estimated hepatic input blood concentrations of [11C]RSV (Eq. 3) were used as the forcing 

function (FF). Solid lines represent the model fit to the liver and gallbladder concentrations.
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Figure 2: 
Representative coronal standard uptake value (SUV; tissue radioactivity, KBq/g)/(injected 

radioactivity, KBq x body mass, g)) images of a normal human liver and gallbladder after 

[11C]rosuvastatin (RSV) administration in the absence (A) and presence (B) of cyclosporine 

A (CsA). CsA reduced the uptake of [11C]RSV into the liver and decreased the efflux of 

[11C]RSV into the gallbladder.
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Figure 3: 
Estimates of [11C]rousvastatin (RSV) sinusoidal uptake clearance (CLs,uptake; A), sinusoidal 

efflux clearance (CLs,efflux; B), biliary efflux clearance (CLbile; C) and hepatic plasma 

clearance (CLh; D) in the absence and presence of cyclosporine A (CsA) obtained by 

compartmental modeling. CLh was estimated using the hepatic well-stirred model (Eq. 4). 

CsA caused a significant decrease in CLbile. CLs,uptake, CLs,efflux and CLh were not 

significantly affected by CsA, though CsA did reduce CLs,uptake and CLh in 3 of the 4 

subjects. Statistical significance was determined by the paired t-test. Each symbol represents 

the same individual in each panel, * indicates p<0.05. The percent change in the value of 

each parameter in the presence of CsA is shown.
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Figure 4: 
The percent change in plasma concentrations of coproporphyrin (CP) I (A) and III (B), total 

bilirubin (TBILI; C) and direct bilirubin (DBILI; D) in the presence of rosuvastatin (RSV) 

and cyclosporine A (CsA). Data normalized to plasma concentration of endogenous 

biomarkers before administration of RSV. CsA (in combination with RSV) caused a 

significant increase in plasma concentrations of CPI, CPIII and TBILI. RSV alone (−120 to 

0 min) didn’t affect plasma concentrations of endogenous biomarkers. Statistical 

significance was determined by a one-sample t-test, * and ** indicate p<0.05 and p<0.01, 

respectively.
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Figure 5: 
Timeline for administration of the [11C]rosuvastatin (RSV; IV injection), cyclosporine A 

(CsA; IV infusion), morphine (IV injection) and RSV (PO) to assess hepatic concentrations 

and hepatobiliary transport of [11C]RSV in the absence and presence of CsA (A). A 5 mg 

dose of RSV (PO) was given 160±78 min prior to PET imaging to ensure that [11C]RSV 

pharmacokinetics was comparable to that when clinical doses of RSV are given. Morphine 

was given immediately prior to each dose [11C]RSV to prevent emptying of the gallbladder. 

Dynamic images of the liver and gallbladder were taken over 30 min to measure the hepatic 

concentrations and hepatobiliary clearance of [11C]RSV. Dynamic images of the kidneys 

were taken over 30 min to measure the renal concentrations and renal clearance of 

[11C]RSV. A scan of the body, from head to mid-thigh, was performed after dynamic 

imaging of the abdomen, to measure liver, gallbladder, intestinal, kidney, brain and muscle 

concentrations of [11C]RSV. Blood samples were taken to match the imaging sequence to 

measure concentrations of [11C]radioactivity, unlabeled RSV and RSV-lactone, CsA, 

coproporphyrin I and III, total and direct bilirubin (B).
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Figure 6: 
Proposed mechanism of the transporter-mediated drug-drug interaction between 

[11C]rosuvastatin (RSV) and cyclosporine A (CsA). CsA significantly reduced the 

distribution of [11C]RSV into the liver via inhibition of organic-anion-transporting 

polypeptide (OATP)1B-mediated sinusoidal uptake (CLs,uptake) of [11C]RSV, as evidenced 

by the increase in plasma concentrations of coproporphyrin I and III and total bilirubin. Na+-

taurocholate cotransporting polypeptide (NTCP)-mediated uptake may also be partially 

inhibited based upon published IC50 values (the concentration of CsA required to reduce 

NTCP-mediated uptake CL by half). CsA significantly reduced the biliary clearance (CLbile) 

of [11C]RSV by inhibition of breast cancer resistance protein (BCRP), and possibly p-

glycoprotein (P-gp)/multidrug resistance protein (MRP)2. CsA didn’t affect the sinusoidal 

efflux clearance (CLs,efflux) of [11C]RSV possibly mediated by MRP3/MRP4.
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