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Abstract

Protein expression of major hepatic uptake and efflux drug transporters in human pediatric (n=69) 

and adult (n=41) livers was quantified by LC-MS/MS. Transporter protein expression of OCT1, 

OATP1B3, P-gp and MRP3 was age-dependent. Particularly, significant differences were observed 

in transporter expression (p <0.05) between the following age-groups: neonates vs. adults (OCT1, 

OATP1B3, P-gp), neonates or infants vs. adolescents and/or adults (OCT1, OATP1B3 and P-gp), 

infants vs. children (OATP1B3 and P-gp) and adolescents vs. adults (MRP3). OCT1 showed the 

largest increase, of almost 5-fold, in protein expression with age. Ontogenic expression of 

OATP1B1 was confounded by genotype and was revealed only in livers harboring SLCO1B1*1A/
*1A. In livers > 1 year, tissues harboring SLCO1B1*14/*1A showed 2.5-fold higher (P<0.05) 

protein expression than SLCO1B1*15/*1A. Integration of these ontogeny data in physiologically 

based pharmacokinetic (PBPK) models will be a crucial step in predicting hepatic drug disposition 

in children.
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Keys

Transporter ontogeny; developmental expression of transporters; transporter protein quantification; 
hepatic transporters; pharmacogenetics; transporter proteomics

INTRODUCTION

Drug transporters are important in drug disposition and response. The International 

Transporter Consortium (ITC) and regulatory agencies (e.g., FDA, EMEA, PMDA) now 

recommend assessment of a new drug as a substrate or inhibitor of multiple drug 

transporters, including organic anion-transporting polypeptide transporters (OATPs; 

SLCOs), P-glycoprotein (P-gp, MDR1; ABCB1) and breast cancer resistant protein (BCRP 

or ABCG2) (1–3). Many drugs that are substrates of transporters, such as ondansetron, 

morphine, methotrexate, valsartan, pravastatin and irinotecan, are administered to children. 

Age-dependent or ontogeny data for the hepatic and intestinal transporters are limited, and 

primarily confined to mRNA expression of these transporters. However, the poor correlation 

between mRNA and ex-vivo protein expression (4) does not allow translation of such data to 

predict transporter-related differences in drug disposition in children vs. adults. Moreover, 

most of these human transporter mRNA expression data are limited to fetal livers (5–8). 

Proteomics quantification of 10 drug transporters (excluding OCT1 and OATP1B3) in 

human liver is recently reported (9). However, because this study was primarily based on the 

limited number of fetal and infant samples, the developmental patterns are not conclusive.

Due to the lack of data on the ontogeny of the expression of transporters, it is not feasible to 

predict transporter-mediated disposition in children based on adult clinical data. Unlike 

adults, where hepatocytes are available for conducting functional assays for drug 

transporters, such resources are not routinely available from pediatric donors (10). 

Moreover, changes in transporter expression in cultured hepatocytes over time are highly 

dependent on the culture conditions used (11, 12). For example, BSEP and MRP2 protein 

expression decreases while that of BCRP increases with time in sandwich cultured human 

hepatocytes (12). A recent whitepaper by the Pediatric Transporter Working Group critically 

highlighted the knowledge gap with respect to human ontogeny of drug transporters (10). To 

fill this crucial knowledge gap, we describe in this paper the expression of drug transporters 

in pediatric and adult liver tissues using LC-MS/MS. In addition, because OATP1B1, BCRP 

and MRP2 are polymorphic, we also studied the effect of genotype on protein expression of 

these transporters.

RESULTS

Effect of ontogeny on hepatic uptake transporter protein expression

The expression of OCT1 and OATP1B3 was significantly lower (Table 1, Figs. 1 and 2 and 

Supplementary Fig. 1S) in neonates or infants compared to adolescents and adults. For 

example, a 5- and 3-fold difference in the mean OCT1 and OATP1B3 expression was 

observed between neonates and adults, respectively. OATP1B3 expression was also 

significantly lower in infants vs. children. When all the samples were considered in the 
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analysis, OATP1B1 expression was found to be independent of age. However, age-

dependent OATP1B1 expression became clearly evident in the carriers of the 

SLCO1B1*1A/*1A reference allele (Fig. 3A). Expression of OATP2B1 and NTCP was not 

different across age (Figs. 2 and 4 and Supplementary Figs. 1S and 2S). Interestingly, the 

relative protein expression of Na+K+ATPase was lower (almost 2-fold) in neonates and 

infants vs. adults (Fig. 2). Sex did not affect protein expression of the uptake drug 

transporters or Na+K+ATPase. Transporter abundance data in individual livers are presented 

in Supplementary Figs. 1S and 2S.

Because we used a modified methodology of sample preparation, OATP1B1 and OATP1B3 

expression values reported in this study are ~1.5-2 fold higher than our previously reported 

data (13, 14). This modification consisted of an additional step of methanol-chloroform-

water extraction of the membrane extraction buffer and inclusion of 1% sodium 

deoxycholate as solubilizer (15). This difference in OATP1B1 and OATP1B3 protein 

expression between the two methods was likely due to the interference of trypsin digestion 

by membrane extraction buffers. Therefore, our expression values presented here are more 

reliable as the refined method decreased the potential matrix effect by the methanol-

chloroform-water desalting procedure.

Effect of ontogeny on hepatic efflux transporter protein expression

Age-dependent expression was observed for P-gp and MRP3 (Fig. 4). For example, P-gp 

expression was significantly lower in neonates or infants vs. children, adolescents and adults 

(Figs.1 and 4). Similarly, MRP3 was significantly lower in infants and adolescents when 

compared to adults. While Age50 could not be estimated with confidence for MRP3 due to 

significant interindividual variability, P-gp reached 50% of adult expression from baseline at 

the 2.9 years of age (Table 1). The expression of BCRP, MRP2, BSEP and MATE1 was not 

affected by age. Similar to uptake transporters, the expression of the efflux transporters was 

independent of sex.

Effect of genotype on hepatic transporter protein expression in children

We have previously reported the effect of genotype on protein expression of hepatic drug 

transporters in the adult livers (13–16). Therefore, we determined if genetic polymorphism 

was a confounding factor in revealing the age-dependent effect on transporter expression of 

OATP1B1, BCRP and MRP2. The frequency (n) of SLCO1B1, ABCG2 and ABCC2 SNPs 

detected in the pediatric livers investigated is shown in Table 2. Since the most dramatic 

developmental changes in transporter expression occurred in neonates and infants, these 

samples were pooled in one pediatric category (<1 yr age) while children and adolescents 

were grouped into another pediatric category (>1 yr). This categorization allowed us to 

achieve power in each genotype category for statistical analysis. Individual SNPs of 

SLCO1B1 show significant linkage disequilibrium with each other (14). For this reason, our 

analysis focused only on the diplotypes, *1A, *14 and *15. Interestingly, in carriers of 

reference allele, SLCO1B1*1A/*1A, we observed a statistically significant age-dependent 

increase (p <0.05) in OATP1B1 protein expression in children >0 to 1 year of age (Figs. 3A 

and 3B). However, this effect of age (individuals with age <1 yr vs. >1 yr) was eliminated 

when all the samples were analyzed without considering the genotype. The sample number 
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was too small to analyze effect of age expression of OATP1B1 in *14/*1A and *15/*1A 

diplotypes. However, in individuals >1 year of age (a category where age did not affect 

OATP1B1 expression) the influence of genotype on protein expression was observed, where 

carriers of SLCO1B1*14/*1A had significantly higher (2.5-fold) protein expression than 

those with SLCO1B1*15/*1A (Fig. 3B). In this limited number of pediatric samples, BCRP 

and MRP2 protein expression was not associated with genotype even when neonatal and 

infant data were excluded (Fig. 5).

DISCUSSION

We present here for the first time a comprehensive analysis of the ontogeny of protein 

expression of hepatic transporters in a unique resource of pediatric and adult livers. While 

the total membrane yield (37.3±11.3 mg/gram of liver tissue, Supplementary Fig. 3S) was 

consistent across all ages (13, 16), when analyzed in a categorical manner, protein 

expression of OCT1, OATP1B3, P-gp, and MRP3 was found to be age-dependent (Fig. 2 

and 4).

However, when analyzed in a continuous manner (Fig. 1S and 2S), only the expression of 

OCT1, OATP1B3, P-gp showed distinct ontogeny. This difference is not surprising as the 

continuous analysis is weighted towards the older age group due the larger number of data 

points in this category. As a result, although the Sigmoid Emax model (Table 1) best 

described the trend in the data, the 95% CI for some of the parameters were wide indicating 

low confidence in their estimates (e.g., Age50 and h). Given the variability in protein 

expression and that the ontogeny of transporters is most pronounced at the younger age, a 

larger number of subjects in these groups will be needed to estimate these parameters with 

greater confidence (Fig 2). Irrespective of the method of analysis, OCT1 expression showed 

the most dramatic age-dependent change, where approximately 5-fold increase in protein 

expression was observed between neonates vs. adults. Interestingly we also observed age-

dependent expression of NaKATPase, which implies that Na+K+ATPase cannot be used as 

housekeeping protein. While there are no historical data on age-dependent expression of 

Na+K+ATPase in human liver, age-dependent expression of Na+K+ATPase has been reported 

in other tissues in both humans (28) and rodents (29, 30).

When compared with the published human mRNA data (8, 9, 17, 18), our results show 

similar directional change in OATP1B3 and P-gp protein expression but of smaller 

magnitude. Similarly, our data are in good agreement with preliminary observations reported 

in a review article by Klaassen et al., where mRNA data indicated developmental patterns 

for OCT1, OATP1B1, OATP1B3, P-gp and MRP3. However, our protein expression data do 

not agree with the ontogenic mRNA expression reported for NTCP, BCRP and MATE1 in 

individuals 0–4 yr vs. >7 yr (8). This discrepancy could be a result of difference in the 

mRNA and protein expression patterns or/and difference in the quality and number of 

samples used. The only published proteomics data do not conclusively show the effect of 

age on transporter expression due to the limited sample size (9). Interestingly in this study, 

OCT1 and OATP1B3, which showed developmental patterns in our study, were not studied.
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In contrast to human data, considerably more data are available on ontogeny of mRNA 

expression of selected transporters in rat and mice. In the rat, P-gp expression increases from 

virtually zero before birth to ~50–60% of the adult level in the first week post birth followed 

by 1.5–2 times the adult level between the 3rd and 4th week of age, with a subsequent 

decrease to adult levels at 7th week of age (31). Oct1 mRNA levels in the rat increase from 

~30% of the adult level around birth to a plateau at about one to two times the adult level 

between the 3rd and 4th week of age. Oatp1a4 mRNA expression increases from negligible at 

day 1 to ~1.5 times the adult level in week 3, followed by a decrease to adult levels at week 

7. In mice, Oct1 mRNA levels at 45th day of age were ~6 times higher than the level 

immediately after birth (32). Both rat and mouse data are generally consistent with our data. 

Rat Bcrp and Bsep are known to be expressed in high abundance before or at birth and then 

decrease gradually (31). Although, compared with other ages, we also observed a small 

decrease in mean BCRP expression in adult human livers (Fig. 4), this did not reach 

statistical significance.

Consistent with our OCT1 protein expression data, clearance of ondansetron, an OCT1 

substrate (19), increases with age in children aged 1–48 months (20). Other substrates of 

OCT1, such as tramadol (21) and morphine (22, 23), also show age-related changes in 

hepatic clearance in neonates but this effect can be partly explained by maturation of drug 

metabolizing enzymes. Consistent with our data, in older children, no change is observed in 

age-dependent pharmacokinetics of typical OATP and OCT1 substrates such as atorvastatin, 

pravastatin and metformin (24–26). With respect to ontogeny, P-gp is the best-studied 

transporter where mRNA expression of P-gp in fetuses, neonates, and infants increases until 

1 year of age with no difference between children > 1 year and adults (6, 27). However, 

clinical studies in younger children, where we found a clear trend, are needed to elucidate 

the impact of age-dependent expression of OATPs and P-gp in the disposition of drugs that 

are substrates of these transporters. Clinical data on drugs that are substrates of other 

transporters are, as yet, not available.

At first sight the protein expression of OATP1B1 appeared to be independent of age, but this 

was found not to be true when the effect of age on OATP1B1 protein expression was 

analyzed in only carriers of the reference allele SLCO1B1*1A/*1A. This highlights the 

importance of genotyping prior to assessing the influence of other factors (e.g. age, disease) 

on protein expression. Protein expression of all the hepatic transporters was independent of 

sex.

The diplotypes associated with changes in protein expression in adults have been well 

characterized by us and others (14, 33). In agreement with the reported data on the effect of 

genotype on in vivo OATP1B1 activity and expression (34–39), we observed that OATP1B1 

protein expression was diplotype-dependent. For example, carriers of the SLCO1B1*14/*1A 
diplotype had significantly higher OATP1B1 protein levels compared to those with the 

SLCO1B1*15/*1A diplotype (Fig. 3). While BCRP expression decreases in adults harboring 

ABCG2 c.421C>A (rs2231142) (13), we did not see this effect in children perhaps due to 

increased variability in this population. However, we observed that the 50% of donors 

harboring a variant allele of this SNP showed BCRP expression below the lower limit of 

Prasad et al. Page 5

Clin Pharmacol Ther. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



quantification (LLOQ), while only 16% of the samples harboring the reference allele 

showed BCRP expression below LLOQ.

Our study has some limitations. Our pediatric liver samples are autopsy tissues while the 

majority of our adult liver tissues were obtained from breathing organ donors. Thus, it is 

possible that the lower expression observed in pediatric livers may be due to degradation of 

the proteins. For some transporters, the absolute expression of surrogate peptides of hepatic 

drug transporters in adult livers in our study was lower than that reported by others (40–42). 

Such inter-laboratory differences could be due to differences in subject demographics or 

sample characteristics (ethnicity, genotype or quality of tissue), membrane isolation method, 

sample enrichment method, proteomics method (MRM vs. global) and/or use of different 

surrogate peptides. However, these inter-laboratory differences do not detract from our 

conclusions because we controlled for all the above factors by processing and analyzing all 

the samples in-house using exactly the same protocol. Therefore, the relative changes in the 

protein expression due to age hold true. While we studied the transporters in pediatric livers 

that are known to be expressed in adults, pediatric liver may also express other (unknown) 

transporters poorly expressed in adult livers. We did not observe a significant impact of 

OCT1 genotype on its expression in our adult livers (15). However, because OCT1 is a 

highly polymorphic (43), whether OCT1 genotype/haplotype affects its protein expression in 

pediatric livers can be tested once a larger set of pediatric samples are available. The 

expression of some transporters (especially BCRP) was below LLOQ in some of the livers. 

The use of the LLOQ value in analyzing the impact of genetic polymorphism on protein 

expression, when the peptide for the protein was detectable but not quantifiable, is a 

conservative approach. That is, such an approach can result in concluding no impact of 

genetic polymorphism on protein expression even when one exists.

The hepatic transporter protein expression data presented here, together with ontogeny data 

on drug metabolizing enzymes and PBPK models, will be invaluable to predict age-

dependent hepatic clearance of drugs. While impact of other factors such as posttranslational 

modification (e.g., glycosylation) affecting transporter activity in children are yet to be 

characterized, the protein expression based PBPK modeling approach could be a first step 

towards prediction of first-in-children dosing of drugs and the potential for drug-drug 

interactions.

METHODS

Chemicals and reagents

The ProteoExtract native membrane protein extraction kit was procured from Calbiochem 

(Temecula, CA). The protein quantification bicinchoninic acid (BCA) assay kit, sequencing 

grade trypsin, iodoacetamide and dithiothreitol were purchased from Pierce Biotechnology 

(Rockford, IL). Synthetic surrogate peptide (Supplementary Table 1S) for each protein that 

were observed to be the most reproducible and sensitive in our previous studies (13–16) 

were obtained from New England Peptides (Boston, MA), while the corresponding stable 

isotope labeled internal standards were obtained from Thermo Fisher Scientific (Rockford, 

IL). Chloroform, HPLC-grade acetonitrile/methanol and formic acid were purchased from 

Fischer Scientific (Fair Lawn, NJ). Ammonium bicarbonate (98% purity) and sodium 
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deoxycholate (98% purity) were obtained from Thermo Fisher Scientific (Rockford, IL) and 

MP Biomedicals (Santa Ana, CA), respectively.

Procurement of human liver samples

The pediatric tissues were provided from the liver bank at Children’s Mercy Kansas City 

(CMKC), and were grouped based on the FDA classification except that the neonates were 

classified differently: neonates (age 0–28 days, n=4), infants (age 29 days to age ≤1 year 

(365 days), n=19), children (age >1 to 12 years, n=32) and adolescents (age >12 to 16 years, 

n=14) (Supplementary Table 2S). These tissue samples were obtained through the Brain and 

Tissue Bank for Developmental Disorders at the University of Maryland (Baltimore, MD) 

(n=29) and the Liver Tissue Cell Distribution System (LTCDS) (n=34). Some tissue samples 

(n=11) were provided by XenoTech LLC (Lenexa, KS). Thirty-six liver tissue samples from 

the human liver bank of the School of Pharmacy, University of Washington and five adult 

liver samples from CMKC were used as adult controls (age, >16 yrs). While the adult liver 

data have been previously reported by us (13–16), adult samples were reprocessed 

(membrane isolation, trypsin digestion and analysis) in this study to allow direct comparison 

with the pediatric livers. Subject demographics are provided either in Supplementary Table 

2S or published for the UW samples (HL102, HL104, HL105, HL106, HL108, HL109, 

HL111, HL115, HL118, HL121, HL127, HL128, HL129, HL131, HL133, HL135, HL136, 

HL144, HL145, HL147, HL148, HL149, HL150, HL153, HL154, HL157, HL158, HL159, 

HL160, HL162, HL163, HL165, HL166, HL167, HL168 and HL170) (14). Procurement, 

characteristics and storage of the adult liver samples have been previously described (14). 

The use of tissues was classified as nonhuman subject research by the Institutional Review 

Boards of Children’s Mercy Hospital (MO, USA) and the University of Washington (WA, 

USA).

Membrane protein extraction, trypsin digestion and LC-MS sample preparation

The total membrane protein was isolated from ~100 mg of the liver tissue using 

ProteoExtract™ native membrane protein extraction kit (Calbiochem, Temecula, CA) as 

described before (13, 14, 16). Total isolated membrane protein concentration (i.e., the 

supernatant of second centrifugation step) was determined using the BCA protein assay kit. 

2.0 mg/mL (or lower concentration) total membrane protein (100 µL) was denatured, 

reduced, alkylated as per published protocol (15). Similarly, the denatured/alkylated protein 

was then desalted and precipitated using methanol:choloform:water precipitation as 

described before (15). The protein pellet was re-suspended and digested as discussed before 

(15). The digestion reaction was quenched by 20 µL of labeled peptide internal standard 

cocktail containing all the heavy peptides listed in Supplementary Table 1S (prepared in 

50% acetonitrile in water containing 0.1% formic acid) plus 10 µL of blank solvent (50% 

acetonitrile in water containing 0.1% formic acid). The samples were centrifuged at 5000 × 

g for 5 min at 4°C, and 5 µL of the supernatant was injected onto the LC-MS/MS system. 

The calibrators were prepared by spiking peptide standards into extraction buffer II from the 

membrane protein extraction kit. The quality control samples were prepared by spiking 

peptides into extraction buffer II (three concentrations at low, medium, and high level of the 

calibration curve) or pooled liver membrane (at medium and high level of the calibration 

curve).
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LC and MS method parameters

Drug transporters (OCT1, OATP1B1, OATP1B3, OATP2B1, NTCP, P-gp, BCRP, MRP2, 

MRP3, BSEP and MATE1) were quantified using previously reported parameters (13–16) 

using Waters® Xevo TQS tandem mass spectrometer coupled to Waters® Acquity™ UPLC 

system (Waters, Hertfordshire, UK) with few modifications, mainly in the LC parameters. 

Briefly, a UPLC column (Acquity UPLC® HSS T3 1.8 µm, 2.1 × 100 mm, Waters) with a 

Security Guard column (C18, 4 mm × 2.0 mm) from Phenomenex (Torrance, CA) was 

eluted (0.3 mL/min) with a gradient mobile phase consisting of water and acetonitrile (with 

0.1 formic acid; see below). The injection volume was 5 µL (~10 µg of total protein). The 

mobile phase gradient conditions were 97% A (water containing 0.1% v/v formic acid) and 

3% B (acetonitrile containing 0.1% v/v formic acid) held for 3 min, followed by four steps 

of linear gradient of mobile phase B concentration of 3% to 13%, 13% to 25%, 25% to 50% 

and 50% to 80% over 3–10 min, 10–20 min, 20–24 min and 24.1–25 min, respectively. This 

was followed by a washing step using 80% mobile phase B for 0.9 min, and re-equilibration 

for 4.9 min. The parent to product ion transitions for the analyte peptides and their 

respective SIL peptides were monitored using optimized LC-MS/MS parameters 

(Supplementary Table 1S) in ESI positive ionization mode.

DNA Isolation

Genomic DNA (gDNA) was isolated using mini spin kits from various suppliers including 

the Qiagen AllPrep DNA/RNA Mini Kit and DNeasy Blood & Tissue Kit (Qiagen, Valencia, 

CA) and Illustra tissue and cells genomic Prep Mini Spin Kit (GE Healthcare, Piscataway, 

NJ). At the time of isolation, gDNA quality was assessed by agarose gel electrophoresis and 

DNA concentration determined spectrophotometrically with a NanoDrop instrument Thermo 

Scientific (Rockford, IL).

Genotyping

We have previously shown correlation of some high frequency SLCO1B1, ABCG2 and 

ABCC2 SNPs (Table 2) with transporter protein expression in adult liver samples (13, 14, 

16). Therefore, the pediatric samples were genotyped for selected SNPs of these three 

transporters. Sequence variations residing in the SLCO1B1, ABCG2 and ABCC2 transporter 

genes encoding the OATP1B1, BCRP and MRP2 transporters, respectively, were carried out 

on gDNA using commercially available TaqMan genotyping assays from Life Technologies 

(Foster City, CA, USA) and by a high resolution melt (HRM) assay. All assays were 

performed along DNAs obtained from the Coriell Institute (www.coriell.org) 

(Supplementary Table 3S) and a no template control (negative control).

TaqMan genotyping assays were carried out in 5µL reactions containing 10–15 ng gDNA, 

KAPA PROBE FAST qPCR Kit Master Mix (2×) Universal (KAPA Biosystems, Boston, 

MA) and TaqMan assay primers and probes as recommended. Cycling and detection was 

performed on a QuantStudio 12K Flex Real-Time PCR System (Life Technologies). Assay 

IDs and rs numbers are provided in Supplementary Table 3S.

As no TaqMan assay was commercially available, an HRM assay was designed to detect 

rs11045819 defining the SLCO1B1*4 allele. HRM was performed on an Illumina Eco Real-
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Time PCR System (Illumina, San Diego, CA) using the KAPA HRM FAST PCR Kit (KAPA 

Biosciences, Boston, MA) following the manufacturer’s instructions for assay conditions. 

Six µL reactions contained forward (5'-CAAATTTTATCACTCAATAGAGCATC) and 

reverse (5'-CTGTCAATATTAATTCTTACCTTTTCC) primers at 0.3 µM, 1× KAPA reaction 

mix, 2.5 mM MgCl2, and 10 to 20 ng of gDNA. PCR conditions were as following: initial 

denaturation at 95°C for 3 min, 45 cycles at 95°C for 10 sec (denaturing) and a combined 

annealing and extension step of 60°C for 20 sec. Subsequently, the 66 bp long PCR products 

were ‘melted’ over a 55°C to 95°C gradient and fluorescence detected using preset 

parameters of the Eco Real-Time instrument. Genotypes were assigned by comparing 

sample curves with control curves. A representative HRM normalization plot is shown in 

Supplementary Fig. 4S.

Statistical analysis

Non-parametric tests were used to test age- or genotype-dependent expression because the 

general trend of the distribution pattern in different age-categories was non-symmetric. For 

individual categories (neonates to adults), age-dependent data analysis was performed using 

Kruskal Wallis test and Dunn’s multiple comparison test. To compare two groups (e.g., 

effect of sex and variant allele) we used the non-parametric Mann Whitney test. A sigmoidal 

Emax model with baseline protein expression (Hill Equation, Table 1) (GraphPad Prism, San 

Diego, California) was fitted to the continuous ontogenic protein expression data of the 

transporters exhibiting age-dependent expression. The goodness of model fit was evaluated 

by visual inspection, 95% confidence intervals (CIs) of the parameter estimates and residual 

plots. Weighs of 1/Y2 were used. While the model described OCT1, OATP1B3, P-gp and 

Na+K+ATPase expression data reasonably well, this approach did not show age-dependent 

effect on the expression of MRP3 (which showed some age-dependency when analyzed in a 

categorical manner) potentially due to high inter-individual variability of the expression 

data. We pooled children and adolescent cohorts in SLCO1B1*1A/*1A group into one 

group to i) increase number of samples in each category and ii) eliminate confounding 

impact of ontogeny (which was only observed during neonatal age) on the genotype effect. 

For this analysis, as a conservative approach, samples that were below LLOQ were assigned 

the LLOQ value.

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?

Data on ontogeny of hepatic transporter protein expression across entire human age range 

are not available. Data currently available are either in rodents or limited to gene 

expression of a few human transporters, such as OATP1B1, OATP1B3 and P-gp.

What question did this study address?

Using quantitative LC-MS/MS, this study determined the protein expression of a panel of 

hepatic transporters (important in hepatobiliary clearance of drugs) in pediatric and adult 

human livers.

What this study adds to our knowledge?

This manuscript describes, for the first time, the ontogenic changes in protein expression 

of multiple hepatic uptake and efflux drug transporters. In addition, the effect of 

SLCO1B1 diplotype on protein expression was determined.

How this might change clinical pharmacology or translational science?

For ethical and practical reasons it is not feasible to determine the disposition of every 

drug administered to the pediatric population. The protein abundance data presented here 

will provide the necessary data to predict, through PBPK modeling and simulation, the 

disposition of drugs in this population.
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Fig. 1. 
Ontogeny of protein expression of OCT1, OATP1B3 and P-gp in liver tissue from neonates 

to adults.

Prasad et al. Page 14

Clin Pharmacol Ther. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Ontogeny of protein expression of uptake transporters and Na+K+ATPase in liver tissue from 

neonates to adults. The dots represent the observed values. Horizontal line represents the 

mean. *, ** and *** indicate p values of <0.05, <0.01 and <0.001, respectively.
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Fig. 3. 
Ontogeny of OATP1B1 protein expression in subjects harboring the SLCO1B1*1A/*1A 
reference allele (A). Effect of diplotype on OATP1B1 expression in subjects age > 1 year, 

i.e., where OATP1B1 expression was not age-depedent (B). For this analysis, subjects were 

classified based on their SLCO1B1 diplotypes which were determined using three 

previously described key SNPs. Horizontal line represents the mean.* and ** indicate p 

values of <0.05 and <0.01, respectively.
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Fig. 4. 
Ontogeny of protein expression of efflux transporters in liver tissue from neonates to adults. 

The dots represent the observed values. Horizontal line represents the mean. *, ** and *** 

indicate p values of <0.05, <0.01 and <0.001, respectively.
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Fig. 5. 
Genotype-dependent protein expression of BCRP and MRP2 in human livers (frequencies 

(n) in parenthesis). Dots indicate the observed values. Horizontal line represents the mean.
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Table 1

Key parameters describing ontogenetic trajectories of transporter proteins that showed significant age-

dependent protein expression

Parameters/
transporters

OCT1 OATP1B3 P-gp

E0 Mean ± SE 0.58±0.20 0.50±0.08 0.15± 0.05

95% CI 0.19 to 0.96 0.35 to 0.65 0.05 to 0.24

Emax Mean ± SE 3.98±0.37 1.14±0.11 0.41±0.14

95% CI 3.23 to 4.72 0.92 to 1.36 0.14 to 0.69

Age50 Mean ± SE 0.47±0.17 0.58±0.66 2.94±1.33

95% CI 0.10 to 0.90 −0.20 to 0.33 −0.16 to 4.8

h Mean ± SE 0.92±0.20 4.87±3.10 0.78±0.44

95% CI 0.44 to 1.40 −1.34 to 11.08 −0.10 to 1.66

The model used was Sigmoidal Emax model with baseline expression [E = E0+Emax*Ageh/(Age50h + Ageh)], where E is the protein expression; 

E0 is the transporter expression at birth; Emaxis the maximum protein expression from the baseline, Age50 is the age in years at which 50% of 

adult expression is observed and h is the Hill constant. The units of E0 and Emax are fmol/µg membrane protein. SE, standard error; CI, confidence 

interval
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Table 2

Number of livers from carriers of SLCO1B1, ABCG2 and ABCC2 SNPs present in the studied pediatric livers 

(Age, 0–16 yr)

Gene
SNP ID

Variant Protein
Amino acid

change

Number of livers (n)

Homozygous
variant

Heterozygous
variant

Wild-
type

SLCO1B1#

rs2306283 388A>G (*1A) N130D 18 22 28

rs11045819 463C>A (*4) P155T 2 13 54

rs4149056 521T>C (*5) V174A 2 17 51

ABCG2

rs2231142 421C>A Q141K 1 11 57

ABCC2

rs2273697 1249G>A V417I 2 25 42

#
Number of livers harboring haplotype SLCO*1A/*1A, *14/*1A and *15/*1A were 12, 4 and 8, respectively.
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