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Abstract  

Mdr1a-, Bcrp-, and Mrp2-knockout rats are a more practical species for ADME studies than 

murine models and previously demonstrated expected alterations in pharmacokinetics of various 

probe substrates.  At present, gene expression and pathology changes were systematically studied 

in small intestine, liver, kidney, and brain tissue from male SAGE Mdr1a-, Bcrp-, and Mrp2-

knockout rats versus wild-type Sprague Dawley controls.  Gene expression data supported the 

relevant knockout genotype.  As expected, Mrp2-knockout rats were hyperbilirubinemic and 

exhibited upregulation of hepatic Mrp3.  Overall, few alterations were observed within 112 

ADME-relevant genes.  The two potentially most consequential changes were upregulation of 

intestinal carboxylesterase in Mdr1a-knockouts and catechol-O-methyltransferase in all tissues 

of Bcrp-knockout rats.  Previously reported upregulation of hepatic Mdr1b P-glycoprotein in 

proprietary Wistar Mdr1a-knockout rats was not observed in the SAGE counterpart investigated 

herein.  Relative liver and kidney weights were 22-53% higher in all three knockouts, with 

microscopic increases in hepatocyte size in Mdr1a- and Mrp2-knockout rats, and glomerular size 

in Bcrp- and Mrp2-knockouts.  Increased relative weight of clearing organs is quantitatively 

consistent with reported increases in clearance of drugs that are not substrates of the knocked-out 

transporter.   Overall, SAGE knockout rats demonstrated modest compensatory changes, which 

do not preclude their general application to study transporter-mediated pharmacokinetics.   

However, until future studies elucidate the magnitude of functional change, caution is warranted 

in rare instances of extensive metabolism by catechol-O-methyltransferase in Bcrp-knockouts 

and intestinal carboxylesterase in Mdr1a-knockout rats, specifically for molecules with free 

catechol groups and esters subject to gut wall hydrolysis. 
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Introduction  

Transporter gene-knockout rats generated with zinc finger nucleases garnered 

considerable interest for mechanistic pharmacokinetic studies (Bundgaard et al., 2012; Chu et al., 

2012; Huang et al., 2012; Zamek-Gliszczynski et al., 2012a; 2013).  Although detailed ADME 

experiments can be conducted in knockout mice (Tian et al., 2007; Zamek-Gliszczynski et al., 

2011; Higgins et al., 2012), rats are practically advantageous and more relevant as the most often 

utilized nonclinical species in drug development.  SAGE Mdr1a-, Bcrp-, and Mrp2-knockout rats 

were recently commercialized in the Sprague Dawley strain, which is commonly used in 

toxicology, pharmacokinetic, distribution, and excretion studies.  These knockout rats may be 

used for preclinical investigation of the pharmacokinetic role of the three ABC efflux pumps 

with established relevance to drug disposition (Giacomini et al., 2010; Zamek-Gliszczynski et 

al., 2012b).  Although a proprietary colony of Mdr1a-knockout rats has also been reported (Chu 

et al., 2012), differences in housing/dietary conditions and genetic drift between small inbred 

populations can result in phenotypic differences (Giacomini et al., 2010).  It is important for 

applications such as drug development for independent groups to have access to knockout rats 

with well controlled and standardized husbandry to avoid these complications; in this regard, a 

commercial source is desirable. 

Previous studies of absorption, distribution, metabolism, and excretion of various 

transporter probe substrates across SAGE Mdr1a-, Bcrp-, and Mrp2-knockout rats demonstrated 

the expected phenotypic changes with no surprising pharmacokinetic alterations (Zamek-

Gliszczynski et al., 2012a).  Independent studies established that SAGE Mdr1a-knockout rats 

exhibited increased CNS distribution of seven P-gp substrates quantitatively consistent with 

established murine models (Bundgaard et al., 2012), and SAGE Bcrp-knockout rats showed 
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expected increases in oral absorption and decreased biliary excretion of relevant probes (Huang 

et al., 2012).  Proprietary Mdr1a-knockout rats generated in the Wistar strain also exhibited 

increased oral absorption and CNS distribution of P-gp-substrate drugs (Chu et al., 2012).  

SAGE transporter knockout rats have since been applied in drug development to investigate a 

worst-case drug interaction scenario with canalicular transport of metabolites for a phase II 

clinical development compound cleared by extensive hepatic metabolism with irreversible biliary 

excretion of metabolites (Zamek-Gliszczynski et al., 2013). 

To-date potential gene expression and pathology changes in SAGE knockout rats have 

not been systematically evaluated, and this unknown has created reservation about their broad 

application in the preclinical study of transporter-mediated pharmacokinetics.  To address this 

knowledge gap, global gene expression and pathology were studied in small intestine 

(duodenum, jejunum, ileum), liver, kidney (cortex, medulla), and brain tissue.  Our results 

demonstrated overall minor compensatory changes in SAGE Mdr1a-, Bcrp-, and Mrp2-knockout 

rats that do not preclude their general application to the study of transporter-mediated 

pharmacokinetics.  These data further support the use of these knockout rats as an alternative to 

murine models whenever rats are practically advantageous or more relevant. 

   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

6 
 

Materials and Methods 

Animals:  Male Sprague-Dawley Mdr1a-, Bcrp-, and Mrp2-knockout rats were 

purchased from SAGE (St. Louis, MO), and male wild-type Sprague-Dawley control rats were 

purchased from Charles River (Portage, MI).  Animals were acclimated for 4-20 days.  At the 

time of necropsy, rats were 8-11 weeks old (290-400 g body weight).  The Institutional Animal 

Care and Use Committee at Covance (Greenfield, IN) approved all animal procedures. 

Tissue collection:  Fasted body, liver, kidney, and brain weights were measured at 

necropsy.  The following tissue sections were collected for histopathology and gene expression 

analysis:  brain (frontal lobe of cerebral cortex), duodenum (mid-point), ileum (mid-point), 

jejunum (mid-point), kidney (cortex-anterior pole), kidney (medulla), and liver (edge of left 

lateral lobe).  Approximately 100-mg sections of the collected tissues (≤ 2 mm in thickness) were 

placed into 1 mL of RNALater (Ambion) immediately after collection and were stored until 

RNA isolation at 4ºC.  For microscopic histopathology examination, tissues were fixed in 10% 

buffered neutral formalin, embedded in paraffin, sectioned, and stained with hematoxylin and 

eosin. 

Gene Expression Analysis:  RNA from approximately 20 mg of tissue was isolated 

using Qiagen RNeasy columns (Qiagen), and RNA quality was confirmed with an Agilent 

Bioanalyzer (Agilent).  RNA was subsequently labeled and hybridized to RG230v2 microarrays 

(Affymetrix) per the manufacturer’s protocol.  Signal intensities were generated within 

Expression Console (Affymetrix) using the MAS5 algorithm with default settings and global 

scaling targeted to a signal of 1500.  Affymetrix probesets were annotated to the rat genome 

using the Bioconductor package (rat2302.db, March, 2012).  Transcriptional changes were 

initially filtered using a False Discovery Rate (FDR) of ≤ 0.2 with Benjamini-Hochberg 
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correction for multiple comparisons (Benjamini and Hochberg, 1995), a minimum signal of 250 

for either the vehicle or treated samples, and an absolute fold-change ≥1.5.   

Pathology:  At necropsy, all organs were assessed for gross lesions.  Microscopic 

examination was performed on hematoxylin-and-eosin-stained sections of all collected tissues.  

Blood was collected at necropsy for determination of the following hematology and clinical 

chemistry parameters:  blood cell morphology, total and differential leukocyte cell counts, 

erythrocyte count, hematocrit, hemoglobin concentration, mean corpuscular hemoglobin, mean 

corpuscular hemoglobin concentration, mean corpuscular volume, platelet count, and 

reticulocyte count;  alanine aminotransferase, alkaline phosphatase, aspartate transaminase, 

gamma glutamyltransferase and creatine kinase activities; total protein, albumin, globulin, blood 

urea nitrogen, creatinine, glucose, calcium, inorganic phosphorus, potassium, sodium, total 

bilirubin, cholesterol and triglyceride concentrations; and albumin/globulin ratio. 
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Results/Discussion 

 Gene expression data supported the knocked-out genotype (Supplemental Figure 1).  

Mdr1a and Bcrp expression were reduced 8-23 fold and 3-10 fold, respectively, in all tissues 

from the relevant knockout rats.  Mrp2 expression was 5.1 fold lower in the liver, was decreased 

to the limit of detection in the intestine and kidney, and was altogether not detected in the brain, 

where Mrp2 is not expressed (Agarwal et al., 2012).  As expected, Mrp2-knockout rats exhibited 

hyperbilirubinemia (38 fold increase in total bilirubin) and upregulation of hepatic Mrp3 (2.4 

fold, p < 0.05).   

Significant changes in the expression of 112 ADME-relevant genes mined from the 

overall content of Affymetrix microarrays in SAGE knockout rats are summarized in Table 1 

(complete data are reported in Supplemental Table 1).  The two most consequential expression 

changes were upregulation of catechol-O-methyltransferase in all tissues of Bcrp-knockout rats 

and intestinal carboxylesterase in Mdr1a-knockouts.  Catechol-O-methyltransferase induction is 

important to consider in the study of compounds containing a free catechol group, as well as in 

pharmacology studies with catecholamines (dopamine, epinephrine, etc.).  Intestinal 

carboxylesterase induction is an important consideration for esters hydrolyzed in the gut wall.  

The pharmacokinetic relevance of catechol-O-methyltransferase and carboxylesterase induction 

is thus limited to catechols and esters, which account for a small fraction of drug space and can 

be readily identified based on chemical structure.  Until future studies elucidate the magnitude of 

functional change that may result from alterations in gene expression, caution is warranted in 

rare instances of extensive metabolism by catechol-O-methyltransferase in Bcrp-knockouts and 

intestinal carboxylesterase in Mdr1a-knockout rats. 

Other ADME gene expression changes reported in Table 1 are less relevant to preclinical 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

9 
 

studies of drug disposition.  Downregulation of renal cytochrome P450 (Cyp) enzymes in all 

SAGE rats was the most prevalent gene expression change in this study and is also consistent 

with observations in proprietary Wistar Mdr1a-knockout rats (Chu et al., 2012).  However, the 

predominant drug metabolism pathway in the kidney is glucuronidation and constitutive renal 

Cyp expression and activity are negligible (Lash et al., 2008).  Therefore, the noted decreases in 

expression of renal Cyps are not important to drug disposition.  The 3-4 fold induction of hepatic 

Cyp2c in Mdr1a- and Bcrp-knockout rats could be of functional relevance; however, this change 

has not translated into increased systemic clearance of the prototypical substrate, paclitaxel, in 

Bcrp- and Mdr1a-knockout rats (Zamek-Gliszczynski et al., 2012a).  Suppression of UDP-

glucoronosyltransferase (Ugt) 2b15 and 2b17 in the jejunum was observed in all SAGE knockout 

rats.  However, it is unlikely that SAGE knockouts have markedly altered intestinal 

glucuronidation activity, because these two Ugts were repressed only in one specific segment of 

the intestine and the other intestinal Ugt1a, 2a, and 2b enzymes were unperturbed.  The observed 

2-3 fold decrease in hepatic Cyp2b2 expression is consistent with previous reports in proprietary 

Wistar Mdr1a-knockout rats and SAGE Bcrp knockouts (Chu et al., 2012; Huang et al., 2012); 

however, Cyp2b accounts for <1% of hepatic CYP content (Paine et al., 2006), so its suppression 

is unlikely to be consequential.  Other noted changes immaterial to drug pharmacokinetics 

included: 1) Bcrp-knockout suppression of Cyp4v3, an enzyme not known to metabolize drugs; 

2) modest downregulation of renal Oatp1a1 and Fmo1, which are not involved in renal drug 

clearance; and 3) suppression of jejunal Cyp2d2, which is not known to be an important 

intestinal drug metabolizing enzyme. 

    Hepatic Mdr1b P-gp upregulation has previously been reported in proprietary male 

Wistar Mdr1a-knockout rats (Chu et al., 2012), but similar Mdr1b upregulation was not observed 
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in SAGE rats.  Mdr1a accounts for the majority of functional P-gp expression in the intestine and 

brain, while both Mdr1a and 1b contribute to hepatic and renal P-gp expression (Cui et al., 

2009).  Therefore, upregulation of Mdr1b raises the concern that the model may be inappropriate 

for the study of P-gp-mediated biliary and urinary excretion.  In SAGE Mdr1a-knockout rats, 

hepatic and renal Mdr1b expression was not upregulated (actually decreased 2 fold), while 

biliary and urinary excretion of the P-gp substrate paclitaxel were significantly decreased 

(Zamek-Gliszczynski et al., 2012a).  Thus, concerns that the impact of P-gp on in vivo 

pharmacokinetics will be masked by Mdr1b upregulation in SAGE Mdr1a-knockout rat are not 

supported either at a gene expression or functional level. 

Pathology observations in SAGE rats are summarized in Table 2.  Relative liver and 

kidney weights were 22-53% higher in all three knockouts, with microscopic increases in 

hepatocyte size in Mdr1a- and Mrp2-knockout rats, and glomerular size in Bcrp- and Mrp2-

knockouts.  Despite uniformly increased liver weights, only Mdr1a- and Bcrp-knockout rats 

exhibited increased alkaline phosphatase activities, suggesting that the increase may have arisen 

at the intestinal level.  However, no microscopic differences were identified in the examined 

intestinal sections.  The only finding in the brain was slight dilation of the lateral ventricles in 

Bcrp-knockout animals. 

Elevated relative liver and kidney weights in SAGE rats were quantitatively consistent 

with reported modest increases in clearance of drugs that are not substrates of the knocked-out 

transporter.  Clearance of the non-Bcrp substrate digoxin was 33% increased in Bcrp-knockout 

rats (Huang et al., 2012).  Sulfasalazine, whose clearance is not mediated by P-gp, was cleared at 

a 30% enhanced rate in Mdr1a-knockout rats, while clearance of the Mrp probe, 

carboxydichlorofluorescein, was 1.4 fold higher in both Bcrp- and Mdr1a-knockout rats (Zamek-
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Gliszczynski et al., 2012a).  Clearance of the non-Mrp2 substrates loperamide, paclitaxel, and 

sulfasalazine was 30-60% increased in Mrp2-knockout rats (Zamek-Gliszczynski et al., 2012a).  

These data altogether show that clearance of drugs which are not substrates of the knocked-out 

transporter can be 30-60% higher in SAGE knockout rats, which correlate with the 22-53% 

increase in liver and kidney relative weights.  However, this trend of modestly decreased 

exposure of non-substrate drugs due to increased clearing capacity is irrelevant to the study of 

efflux transporter-mediated pharmacokinetics, whose goal is to identify increases in exposure 

(Bundgaard et al., 2012; Chu et al., 2012; Huang et al., 2012; Zamek-Gliszczynski et al., 2012a).  

Finally, prediction of the drug interaction potential is based on the increase in exposure in the 

relevant knockout versus wild-type controls (Zamek-Gliszczynski et al., 2009). 

Global analysis of gene expression changes in each model studied herein did not reveal 

robust changes at the functional (GO Ontology) or pathway (Ingenuity Pathway Analysis; Kyoto 

Encyclopedia of Genes and Genomes) levels.  The low overall number of gene expression 

changes within 31,042 probe sets was consistent with the absence of major biological or 

compensatory changes when analyzed using a FDR ≤ 0.2.  However, a few interesting significant 

gene expression changes were noted that may be pertinent to broader transporter biology.  In 

Mdr1a-knockout rats, the RT1 class II MHC gene that is involved in antigen presentation was 

downregulated an order of magnitude in all tissues, and >100 fold in the small intestine.  Since 

P-gp effluxes endogenous inflammation modulators, such as steroids, prostaglandins, and 

cytokines, it can be postulated that the immunomodulatory function of P-gp may operate in part 

through the expression of this gene.  Notably P-gp knockout mice are susceptible to developing 

severe spontaneous intestinal inflammation (Panwala et al., 1998), but exhibit reduced dendritic 

cell function and autoimmune neuroinflammation (Kooij et al., 2009).  Utrophin was induced in 
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the three gut sections of all SAGE rats.  Utrophin is a membrane-positioning protein involved in 

proper localization of the cholesterol transporter ABCA1 (Albrecht et al., 2008).  Upregulation 

of utrophin in the small intestine of all three knockout rats suggests that it may be more broadly 

involved in membrane localization of ABC efflux pumps.  Collagen type X, alpha 1 was 

specifically induced in all Mrp2-knockout rat tissues.  Collagen is known to modulate Mrp 

expression in hepatocyte cultures (Luttringer et al., 2002), and the present findings suggest that 

the regulation of Mrp expression by collagen may operate as two-way crosstalk.  Other robust 

expression changes with unclear links to transporter biology included:  upregulation of prolactin 

receptor, renal Snap91, hepatic Kcnn2, Plekhh1 in Mdr1a- and Mrp2-knockouts, as well as 

downregulation of hepatic Inmt, and Fam1031a in Mdr1a-knockout rats.  The complete gene 

expression results are available in the National Center for Biotechnology Information Gene 

Expression Omnibus (study GSE44962). 

Overall, SAGE knockout rats demonstrated modest compensatory changes in gene 

expression and overall pathology, which do not preclude their general application to the study of 

transporter-mediated pharmacokinetics.  Slightly higher clearance associated with 22-53% 

increases in relative liver and kidney weights are likely to be observed for non-substrates of the 

knocked-out transporter, but this is not an impediment to in vivo identification of transporters 

whose impairment elicits increased drug exposure.  Until future studies elucidate the presence 

and magnitude of functional changes associated with these observations, caution is warranted in 

rare instances of extensive metabolism by catechol-O-methyltransferase in Bcrp-knockouts and 

intestinal carboxylesterase in Mdr1a-knockout rats, specifically for molecules with free catechol 

groups and esters subject to gut wall hydrolysis. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

13 
 

Acknowledgements 

We thank Kathy S. Piroozi and Tricia Wolff for overseeing proper tissue collection and analysis, 

and Drs. James L. Stevens and Armando R. Irizarry for their insightful suggestions. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

14 
 

Author Contributions 

Participated in research design: Zamek-Gliszczynski, Baker, Ryan 

Contributed new reagents:  Ryan 

Conducted experiments: Paulman, Goldstein 

Performed data analysis: Goldstein, Paulman, Ryan, Zamek-Gliszczynski 

Wrote or contributed to the writing of the manuscript:  Zamek-Gliszczynski, Goldstein, 

Paulman, Baker, Ryan 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

15 
 

References 

Agarwal S, Uchida Y, Mittapalli RK, Sane R, Terasaki T, and Elmquist WF (2012) Quantitative 

Proteomics of Transporter Expression in Brain Capillary Endothelial Cells Isolated from 

P-Glycoprotein (P-gp), Breast Cancer Resistance Protein (Bcrp), and P-gp/Bcrp 

Knockout Mice. Drug Metab Dispos 40:1164-1169. 

Albrecht DE, Sherman DL, Brophy PJ, and Froehner SC (2008) The ABCA1 cholesterol 

transporter associates with one of two distinct dystrophin-based scaffolds in Schwann 

cells. Glia 56:611-618. 

Benjamini Y and Hochberg Y (1995) Controlling the false discovery rate: a practical and 

powerful approach to multiple testing. . J Roy Statist Soc Ser B 57:289–300. 

Bundgaard C, Jensen CJ, and Garmer M (2012) Species comparison of in vivo P-glycoprotein-

mediated brain efflux using mdr1a-deficient rats and mice. Drug Metab Dispos 40:461-

466. 

Chu X, Zhang Z, Yabut J, Horwitz S, Levorse J, Li XQ, Zhu L, Lederman H, Ortiga R, Strauss J, 

Li X, Owens KA, Dragovic J, Vogt T, Evers R, and Shin MK (2012) Characterization of 

multidrug resistance 1a/P-glycoprotein knockout rats generated by zinc finger nucleases. 

Mol Pharmacol 81:220-227. 

Cui YJ, Cheng X, Weaver YM, and Klaassen CD (2009) Tissue distribution, gender-divergent 

expression, ontogeny, and chemical induction of multidrug resistance transporter genes 

(Mdr1a, Mdr1b, Mdr2) in mice. Drug Metab Dispos 37:203-210. 

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, Chu X, Dahlin A, Evers R, 

Fischer V, Hillgren KM, Hoffmaster KA, Ishikawa T, Keppler D, Kim RB, Lee CA, 

Niemi M, Polli JW, Sugiyama Y, Swaan PW, Ware JA, Wright SH, Yee SW, Zamek-

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

16 
 

Gliszczynski MJ, and Zhang L (2010) Membrane transporters in drug development. Nat 

Rev Drug Discov 9:215-236. 

Higgins JW, Bedwell DW, and Zamek-Gliszczynski MJ (2012) Ablation of both organic cation 

transporter (OCT)1 and OCT2 alters metformin pharmacokinetics but has no effect on 

tissue drug exposure and pharmacodynamics. Drug Metab Dispos 40:1170-1177. 

Huang L, Be X, Tchaparian EH, Colletti AE, Roberts J, Langley M, Ling Y, Wong BK, and Jin 

L (2012) Deletion of Abcg2 has differential effects on excretion and pharmacokinetics of 

probe substrates in rats. J Pharmacol Exp Ther 343:316-324. 

Kooij G, Backer R, Koning JJ, Reijerkerk A, van Horssen J, van der Pol SM, Drexhage J, 

Schinkel A, Dijkstra CD, den Haan JM, Geijtenbeek TB, and de Vries HE (2009) P-

glycoprotein acts as an immunomodulator during neuroinflammation. PLoS One 4:e8212. 

Lash LH, Putt DA, and Cai H (2008) Drug metabolism enzyme expression and activity in 

primary cultures of human proximal tubular cells. Toxicology 244:56-65. 

Luttringer O, Theil FP, Lave T, Wernli-Kuratli K, Guentert TW, and de Saizieu A (2002) 

Influence of isolation procedure, extracellular matrix and dexamethasone on the 

regulation of membrane transporters gene expression in rat hepatocytes. Biochem 

Pharmacol 64:1637-1650. 

Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE, and Zeldin DC (2006) The human 

intestinal cytochrome P450 "pie". Drug Metab Dispos 34:880-886. 

Panwala CM, Jones JC, and Viney JL (1998) A novel model of inflammatory bowel disease: 

mice deficient for the multiple drug resistance gene, mdr1a, spontaneously develop 

colitis. J Immunol 161:5733-5744. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

17 
 

Tian X, Li J, Zamek-Gliszczynski MJ, Bridges AS, Zhang P, Patel NJ, Raub TJ, Pollack GM, 

and Brouwer KL (2007) Roles of P-glycoprotein, Bcrp, and Mrp2 in biliary excretion of 

spiramycin in mice. Antimicrob Agents Chemother 51:3230-3234. 

Zamek-Gliszczynski MJ, Abraham TL, Alberts JJ, Kulanthaivel P, Jackson KA, Chow KH, 

McCann DJ, Hu H, Anderson S, Furr NA, Barbuch RJ, and Cassidy KC (2013) 

Pharmacokinetics, Metabolism, and Excretion of the Gsk-3 Inhibitor Ly2090314 in Rats, 

Dogs, and Humans: A Case Study in Rapid Clearance by Extensive Metabolism with 

Low Circulating Metabolite Exposures. Drug Metab Dispos. 

Zamek-Gliszczynski MJ, Bedwell DW, Bao JQ, and Higgins JW (2012a) Characterization of 

SAGE Mdr1a (P-gp), Bcrp, and Mrp2 knockout rats using loperamide, paclitaxel, 

sulfasalazine, and carboxydichlorofluorescein pharmacokinetics. Drug Metab Dispos 

40:1825-1833. 

Zamek-Gliszczynski MJ, Day JS, Hillgren KM, and Phillips DL (2011) Efflux transport is an 

important determinant of ethinylestradiol glucuronide and ethinylestradiol sulfate 

pharmacokinetics. Drug Metab Dispos 39:1794-1800. 

Zamek-Gliszczynski MJ, Hoffmaster KA, Tweedie DJ, Giacomini KM, and Hillgren KM 

(2012b) Highlights from the International Transporter Consortium second workshop. Clin 

Pharmacol Ther 92:553-556. 

Zamek-Gliszczynski MJ, Kalvass JC, Pollack GM, and Brouwer KL (2009) Relationship 

between drug/metabolite exposure and impairment of excretory transport function. Drug 

Metab Dispos 37:386-390. 

 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#51409 

18 
 

Table 1:  Noted changes in expression of 112 ADME-relevant genes in SAGE knockout rats. 
Rat Mdr1a Knockout Bcrp Knockout Mrp2 Knockout 

Intestine Direction, Fold Change from Wild Type 

Duodenum    

   Ces2c ↑3.8 -- -- 

   Comt -- ↑5.2 -- 

Jejunum    

   Comt -- ↑2.8 -- 

   Ces2c ↑3.3 -- -- 

   Cyp2d2 ↓2.3 ↓2.5 -- 

   Ugt2b15 ↓3.8 ↓8.0 -- 

   Ugt2b17 ↓4.5 ↓9.6 ↓2.5 

Ileum    

   Ces2c ↑3.8 -- -- 

   Comt -- ↑2.8 -- 

   Cyp4f1 -- ↓2.5 -- 

Liver Direction, Fold Change from Wild Type 

   Comt -- ↑3.1 -- 

   Cyp2b2 ↓2.1 ↓2.7 ↓3.1 

   Cyp2c12 ↑3.0 ↑4.2 -- 

   Cyp4v3 -- ↓2.3 -- 

   Fmo1 -- -- ↓2.5 

   Ugt2b1 ↓3.2 -- -- 

Kidney Direction, Fold Change from Wild Type 

Cortex    

   Comt -- ↑6.1 -- 

   Cyp2c11 -- -- ↓13.6 

Medulla    

   Comt -- ↑4.2 -- 

   Cyp1a1 ↓13.2 ↓5.8 ↓9.8 

   Cyp2c11 ↓9.0 -- ↓12.2 

   Cyp2c23 ↓2.4 -- -- 

   Cyp2d2 ↓2.4 -- ↓2.4 

   Cyp2e1 -- ↓2.5 ↓2.1 

   Cyp4a1 ↓3.5 -- ↓5.1 

   Cyp4a8 ↓2.8 -- -- 

   Cyp4f1 ↓2.1 -- ↓2.1 

   Cyp21a1 ↓2.3 -- ↓2.4 

   Cyp26b1 ↑3.3 -- -- 

   Fmo1 ↓2.1 -- ↓2.3 

   Oatp1a1 ↓2.3 -- ↓2.1 

Brain Direction, Fold Change from Wild Type 

   Comt -- ↑2.4 -- 

   Cyp4v3 -- ↓2.1 -- 

Changes were reported based on the following criteria: FDR < 0.2,  p< 0.05, signal change > 250, fold change > 2 
--, no change; ↑, increased; ↓, decreased; Ces, carboxylesterase; Comt, catechol-o-methyltransferase; Cyp, cytochrome 
P450; Fmo, flavin monooxidase; Oatp, organic anion transporting polypeptide; Ugt, UDP-glucuronosyl transferase 
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Table 2:  Hematologic and Morphologic Differences in SAGE Knockout Rats. 
Rat Mdr1a Knockout Bcrp Knockout Mrp2 Knockout 

Number of Animals/Group 4 males 4 males 4 males 

 Percent Change from Wild Type 

Body Weight Compared to Wild Type ↑18* ↑17* ↑32* 

Hematology Percent Change from Wild Typea, Severityb 

Reticulocyte count -- ↓25, MI ↓36, SL 

Hemoglobin ↓8, EQ -- -- 

Neutrophil count -- ↓31, MI ↓51, SL 

Clinical Chemistry Percent Change from Wild Type, Severity 

Urea nitrogen ↓10, EQ ↓16, EQ ↓39, SL 

Creatinine ↓12, EQ ↓ 8, EQ ↓37, SL 

Total bilirubin --c --c ↑3800, MA 

ALP ↑72, MI ↑65, MI -- 

ALT ↓14, EQ ↓ 21, EQ ↓ 24, EQ 

AST ↓29, MI ↓9, EQ ↓ 18, EQ 

CK ↓32, EQ -- ↓51, EQ 

Glucose ↑26, EQ ↑39, MI ↑50, MI 

Cholesterol ↓23, MI ↓32, SL ↑25, EQ 

Triglyceride ↑89, SL ↓32, SL ↑62, MI 

Relative Organ Weightsd Percent Change from Wild Type, Severity 

Kidney ↑24*, SL ↑30*, SL ↑44*, MO 

Liver ↑28*,MI ↑22*, MI ↑53*, MO 

Morphologic Pathology Number of Animals, Severity 

Liver    

   Enlarged (gross) -- -- 1 MO 

   Increased hepatocyte size 3 MI-SL -- 4 MI-SL 

Kidney    

   Discoloration, green (gross) -- -- 4 MI-SL 

   Increased glomerular size -- 4 MI 3 MI 

   Increased hyaline droplets, PCT -- -- 4 SL 

   Basophilic tubule 2 MI 1 MI 3 MI-SL 

Cerebrum    

   Ventricular dilation -- 3 SL -- 

Cerebellum    

   Molecular layer aplasia, focal 1 P -- -- 

--, not different from Wild Type or finding not present; ↑, increased; ↓, decreased; ALP, alkaline phosphatase; ALT, 
alanine aminotransferase; AST, aspartate transaminase; CK, creatine kinase, * p<0.05. 

a  Percent change from Wild Type = [(Knockout value – Wild Type value)/(Wild Type value)] × 100% 
b  Severity grading scale: present, no grade assigned (P), equivocal (EQ), minimal (MI), slight (SL), moderate (MO), 

marked (MA), severe (SE). 
c  All individual total bilirubin values for this group were below the lower limit of quantification for the assay. 
d  Organ weight relative to body weight. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 8, 2013 as DOI: 10.1124/dmd.113.051409

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


1 
 

Drug Metabolism and Disposition 

 

 

Minor compensatory changes in SAGE Mdr1a (P-gp), Bcrp, and Mrp2 knockout rats do not 

detract from their utility in the study of transporter-mediated pharmacokinetics 

 

 

Maciej J. Zamek-Gliszczynski, Keith M. Goldstein, April Paulman, Thomas K. Baker, and 

Timothy P. Ryan 

 

 

 

 

 

 

 

 

 

 



Supplemental Table 1.  Mean change in expression of ADME-relevant genes (136 probesets representing 112 unique genes) in SAGE knockout rats relative to wild-type controls

Fold-change >2X induced Fold-change >2X repressed
FDR <0.2 FDR <0.2
p-value <0.05 p-value <0.05
Signal change >250 Signal change >250

probeset Gene Symbol Bcrp-Brain Bcrp-Duodenum Bcrp-Ileum Bcrp-Jejunum

Bcrp-
Kidney_corte
x

Bcrp-
Kidney_medu
lla Bcrp-Liver

Mdr1a-
Brain

Mdr1a-
Duodenum

Mdr1a-
Ileum

Mdr1a-
Jejunum

Mdr1a-
Kidney_corte
x

Mdr1a-
Kidney_med
ulla

Mdr1a-
Liver

Mrp2-
Brain

Mrp2-
Duodenum

Mrp2-
Ileum

Mrp2-
Jejunum

Mrp2-
Kidney_corte
x

Mrp2-
Kidney_medu
lla Mrp2-Liver

1370464_at Abcb1a 1.2 1.2 -1.2 -1.2 -1.1 -1.4 -1.5 -6.0 -4.1 -6.4 -4.1 -27.1 -13.6 -11.5 1.1 -1.3 -1.5 -1.2 1.3 -1.1 -1.0
1370465_at Abcb1a -1.0 1.1 -2.3 -1.3 -1.2 -1.3 -2.1 -15.0 -14.7 -17.3 -12.4 -19.1 -8.8 -4.4 1.3 1.1 -2.7 -1.5 1.2 -1.3 1.8
1370583_s_at Abcb1b 1.0 1.4 -1.6 1.1 -1.0 -1.3 -1.1 -2.7 -3.9 -8.3 -5.4 -2.5 -2.0 -2.5 -1.2 -1.3 -2.9 -1.6 -1.2 -1.3 1.4
1368497_at Abcc2 1.0 -1.1 -1.6 -2.7 -1.1 -1.3 1.1 1.1 1.3 1.0 1.1 -1.1 -1.5 1.1 -1.0 -2.5 -1.3 -2.1 -2.1 -1.4 -5.1
1379402_at Abcc4 -1.1 -1.3 1.0 1.1 1.1 1.1 1.0 -1.0 -1.1 1.1 1.1 1.1 1.2 1.4 1.1 -1.1 1.1 1.2 1.5 1.2 1.4
1368365_at Aldh3a2 1.0 -1.3 -1.2 -1.3 1.1 1.3 -1.0 1.1 -1.3 -1.2 -1.3 1.1 1.7 -1.0 1.0 -1.5 -1.2 -1.4 1.1 1.4 -1.0
1369244_at Arnt -3.0 -1.5 1.0 1.3 2.2 1.4 2.4 -1.1 1.5 2.0 1.8 2.9 1.5 1.1 -1.9 -1.1 1.2 1.4 2.2 1.6 2.0
1387508_at Baat 1.8 -1.4 -1.4 -1.1 1.5 -1.1 -1.0 2.1 -1.8 1.2 -1.5 3.5 -1.2 -1.1 4.2 -1.6 -1.6 -2.0 1.9 -2.0 -1.1
1368905_at Ces2c 1.6 2.6 2.7 2.0 -1.0 1.0 -1.1 1.0 3.8 3.8 3.3 -1.0 1.3 -1.2 1.3 1.0 -1.2 -1.2 1.1 -1.0 1.1
1368826_at Comt 2.4 5.2 2.8 2.8 6.1 4.2 3.1 -1.2 1.5 -1.1 -1.0 -1.1 -1.1 -1.2 -1.0 1.7 1.1 1.2 1.5 1.1 1.2
1368468_at Cyp11a1 -1.2 -1.3 -1.2 -1.1 -1.9 -1.3 -1.5 -1.1 -1.5 -1.2 -1.2 -2.3 -1.4 1.1 1.1 -1.2 -1.1 1.0 -2.4 -1.2 -1.1
1387305_s_at CYP11B1 1.4 2.1 -1.1 -1.5 -2.4 -1.7 2.2 1.7 1.4 -1.7 -2.0 -1.7 -1.4 2.6 1.9 -1.7 1.1 1.3 -1.4 1.9 1.9
1370269_at Cyp1a1 -1.6 -1.8 1.1 -2.1 -2.9 -5.8 -1.9 -1.4 -1.5 -1.2 -1.8 -15.8 -13.2 -1.0 -1.3 -2.0 -6.9 -1.8 -13.1 -9.8 -1.0
1369264_at Cyp21a1 1.4 -1.1 -3.5 -2.1 -2.1 -1.4 -1.6 -1.5 -2.2 -5.2 -2.5 -2.0 -2.3 1.1 1.9 -1.6 -2.8 -1.1 -1.3 -2.4 -1.2
1376667_at Cyp26b1 1.2 -1.2 1.0 1.0 -1.0 -1.0 -2.4 1.0 -1.2 1.3 1.1 1.0 3.3 1.4 1.0 -1.6 -1.5 -2.3 -2.4 1.2 -2.1
1387511_at Cyp2a1 -1.4 1.0 -1.2 -1.0 -1.1 -1.1 -1.3 1.1 -1.0 -1.5 -1.3 -1.8 -1.7 1.2 1.2 1.1 1.0 1.1 -1.6 -1.1 2.1
1371076_at CYP2B6 -1.2 1.2 -3.1 1.1 -1.5 -1.7 -2.7 -1.1 -1.0 -1.1 1.3 -1.4 -1.4 -2.1 1.1 -1.0 -4.6 1.3 -1.3 -1.1 -3.1
1387328_at Cyp2c11 -1.1 -1.1 -1.4 -1.4 -2.2 -2.7 -1.3 1.1 -1.1 -1.2 -1.3 -5.7 -9.0 -1.2 1.4 -1.1 -1.2 1.0 -13.6 -12.2 -1.4
1368155_at Cyp2c12 2.6 3.7 2.5 2.8 2.9 -1.6 4.2 2.4 2.8 2.2 1.2 -1.4 -1.1 3.0 1.3 4.9 1.2 1.1 1.3 1.2 -1.8
1367988_at Cyp2c23 1.2 -1.1 -1.2 -1.5 -1.2 -1.4 -1.2 1.5 -1.9 -2.0 -1.7 -1.1 -2.4 -1.1 2.4 -2.1 -2.9 -2.2 -1.3 -1.8 -1.1
1367917_at Cyp2d2 -1.2 -1.1 -1.7 -2.5 -1.1 -1.3 -1.3 1.2 -1.9 -1.8 -2.3 -1.3 -2.4 -1.2 2.0 -1.6 -1.6 -1.8 -1.4 -2.4 -1.3
1367871_at Cyp2e1 -1.1 1.3 -1.0 -1.2 -1.2 -2.5 -1.7 1.0 1.6 1.1 1.0 1.0 -1.8 -1.3 1.4 1.5 1.2 1.2 -1.3 -2.1 -1.3
1398307_at Cyp3a18 -1.6 -1.2 -1.3 -1.4 1.6 -2.0 -1.2 -2.2 -1.3 1.0 -1.1 1.3 1.2 -1.1 -1.2 -1.2 -1.2 -1.1 1.4 -1.3 -2.4
1368934_at CYP4A1 -1.2 -1.2 -1.1 -1.4 -1.1 -1.8 -1.2 1.1 -1.4 1.0 -1.4 -1.2 -3.5 1.0 1.4 -1.7 -1.1 -1.1 -1.7 -5.1 -1.3
1368607_at Cyp4a8 -1.1 1.7 -1.1 1.3 -1.1 -1.3 1.4 -1.3 1.3 -1.3 1.3 -1.1 -2.4 -1.5 1.1 2.0 -1.0 1.5 -1.1 -1.4 1.1
1393894_at Cyp4a8 -1.1 -1.2 -1.1 -1.4 1.1 -1.5 2.2 -1.1 -1.2 -1.1 -1.3 -1.1 -3.1 -2.0 1.1 -1.2 1.1 1.1 1.1 -1.6 -1.0
1370399_at Cyp4b1 -1.6 1.0 -1.7 -1.2 1.1 1.0 -1.1 -1.1 1.2 -1.5 1.0 -1.1 1.4 1.0 1.2 1.3 -1.9 1.1 1.0 1.6 1.1
1368467_at Cyp4f1 -1.0 -1.1 -2.5 -1.4 1.1 -1.3 -1.1 -1.1 -1.2 -1.8 -1.2 1.1 -2.1 -1.1 1.1 -1.3 -1.6 -1.2 1.2 -2.1 -1.1
1388055_at Cyp4f5 -1.3 -1.2 -1.1 -1.2 1.0 1.1 -1.8 -1.2 -1.4 -1.2 1.1 1.1 1.8 1.3 -1.5 -1.8 -1.2 -1.4 -1.2 1.5 -1.3
1370889_at Cyp4v3 -2.1 -1.4 -1.9 -1.2 -1.4 -1.6 -2.3 -1.3 -1.0 -1.2 1.0 -1.1 1.3 -1.1 -1.7 -1.2 -1.3 -1.1 -1.1 1.1 -1.3
1387053_at Fmo1 -1.5 -1.4 -1.0 -2.1 1.1 -1.2 -1.7 -1.2 -1.3 -1.2 -1.3 -1.0 -2.1 -1.9 -1.1 -1.3 -1.0 -1.4 -1.2 -2.3 -2.5
1377635_at Fmo2 -1.1 1.2 -1.2 -1.2 1.3 1.1 -1.4 -1.0 1.1 -1.2 -1.1 1.1 -1.0 1.0 1.1 1.3 1.0 1.3 1.2 1.7 1.2
1387567_at Slco1a1 -1.1 1.0 -1.6 -1.1 -1.1 -1.2 1.1 -1.5 -2.3 -1.9 -1.4 -1.5 -2.3 -1.0 1.5 -1.9 -1.8 -1.3 -1.6 -2.1 1.1
1387759_s_at UGT1a 1.2 -1.1 -1.3 -1.1 1.5 1.6 -1.2 -1.0 -1.1 -1.2 -1.1 1.1 -1.1 -1.3 1.1 -1.2 -1.5 -1.1 1.2 -1.1 -1.1
1370698_at Ugt2b1 1.0 -2.4 -1.4 -2.1 1.4 2.8 -1.7 -1.4 -1.4 1.1 -1.9 2.2 3.4 -3.2 1.9 -1.2 1.4 -1.6 2.4 2.8 -1.5
1368397_at Ugt2b15 -1.2 -1.3 -1.4 -8.0 1.4 2.0 -1.2 -1.2 -1.8 -2.6 -3.8 1.4 -1.0 -1.3 2.0 -1.6 -1.3 -2.1 1.4 1.3 -1.2
1387955_at Ugt2b17 -1.9 -1.3 -2.2 -9.6 1.4 -1.5 -1.2 1.2 -2.8 -2.2 -4.5 -1.1 -1.1 -1.3 1.8 -1.7 -1.7 -2.5 1.2 1.1 -1.1
1368484_at Abcb9 1.3 1.2 -1.1 1.0 -1.2 1.2 1.1 1.2 1.2 -1.1 1.2 1.1 1.4 1.0 1.1 -1.1 -1.3 -1.2 -1.1 1.5 -1.4
1371005_at Abcc1 -1.1 -1.3 1.2 1.1 1.0 1.1 -1.2 -1.3 -1.4 1.3 -1.1 -1.1 1.2 1.2 1.1 -1.2 1.3 1.1 -1.1 1.1 -1.2
1369698_at Abcc3 1.2 1.0 1.1 1.3 -1.1 1.5 -1.4 1.7 1.2 -1.1 1.2 1.2 1.3 -1.7 1.8 -1.1 -1.0 -1.2 -1.1 1.6 2.4
1381500_at ABCC3 1.1 1.1 1.2 -1.3 1.1 -1.1 -1.1 -1.4 1.1 -1.3 -1.5 -1.3 1.3 -1.3 1.2 -1.1 1.1 -1.0 1.1 1.1 -1.3
1388153_at Acsl1 1.1 -1.4 -1.1 1.0 -1.0 -1.1 1.0 1.1 1.0 1.2 1.2 1.1 -1.0 1.1 1.2 -1.1 1.1 1.0 -1.1 1.0 1.1
1382887_at Acsl1 -1.1 -1.1 1.2 -1.2 -1.1 -1.4 -1.1 1.1 -1.1 1.0 -1.2 -1.1 -1.0 1.2 1.2 1.0 -1.1 -1.5 -1.2 1.2 -1.2
1370939_at Acsl1 1.2 -1.1 1.1 -1.0 -1.1 -1.2 -1.1 1.2 -1.1 1.3 1.1 1.1 -1.2 1.0 1.2 -1.1 1.2 -1.1 -1.1 1.0 -1.0
1368177_at Acsl3 -1.0 1.3 -1.1 -1.2 1.1 -1.0 1.0 -1.0 1.3 -1.1 -1.1 1.0 1.0 1.5 -1.1 1.1 -1.3 -1.2 -1.0 -1.1 1.2
1369147_at Ahr 1.0 -1.1 -1.4 -1.3 -1.3 -1.2 -1.8 -1.1 -1.0 -1.6 -1.1 -1.2 -1.1 -1.0 1.4 -1.1 -1.2 1.1 -1.2 1.2 -1.2
1369146_a_at Ahr -1.5 -1.1 1.0 1.3 -1.1 -1.2 -1.5 -1.3 -1.6 -1.4 1.1 -1.4 -1.1 -1.2 -1.1 -1.4 -1.2 1.2 -1.1 -1.0 1.0
1382372_at AHR 1.8 1.3 1.5 -1.1 1.0 -1.2 -1.9 1.0 -1.2 1.1 -1.4 -1.1 -1.9 -1.5 1.4 -1.3 1.2 -1.4 -1.0 -1.9 -1.0
1367982_at Alas1 -1.2 -1.1 -1.3 1.1 -1.3 -1.4 -1.2 -1.1 1.0 -1.1 1.1 -1.6 -1.5 -1.5 -1.1 -1.1 -1.2 1.0 -1.4 -1.4 -1.2
1387022_at Aldh1a1 1.1 -1.1 -1.1 -1.4 1.0 -1.2 -1.9 1.0 -1.9 -1.1 -1.2 -1.1 -1.0 -1.7 -1.0 -1.5 -1.7 -1.4 -1.1 -1.5 1.2
1368130_at Aldh3a1 -1.0 1.5 1.4 -1.4 1.3 -1.2 -1.7 1.5 -1.7 1.2 -1.2 1.7 -1.4 -1.3 1.3 1.1 1.2 -2.5 2.0 1.1 -1.1
1381597_at Aldh3b2 -1.2 -1.1 1.1 -1.1 -1.4 -1.4 -1.2 -1.0 -1.3 1.0 1.1 -1.3 -1.5 -1.0 -1.2 1.5 1.2 1.2 -1.2 -1.1 -1.0
1370611_at Arnt2 -1.3 1.0 -1.1 -1.3 -1.1 1.1 -1.2 -1.2 -1.1 -1.1 -1.2 -1.0 -1.0 -1.1 1.0 1.2 1.0 1.0 1.0 1.0 1.2
1376421_at CAR 1.3 -1.0 1.2 -1.3 -1.1 1.1 1.0 1.2 -1.2 1.1 -1.2 -1.0 1.0 1.2 1.1 -1.1 1.2 -1.3 -1.2 1.1 -1.0
1368738_at Cyp11b1 -1.5 1.3 1.1 -1.2 -1.2 -1.1 -1.4 1.3 -1.1 -1.2 1.1 -1.3 -1.5 1.1 1.3 1.3 -1.6 1.1 -1.4 -1.0 1.3
1368739_s_at Cyp11b2 1.0 -1.6 -2.7 -1.3 1.1 1.1 -1.5 1.4 -1.4 -1.5 -1.8 1.3 -1.1 1.7 1.3 1.0 -1.1 -1.1 1.2 1.4 1.5
1370497_at Cyp11b3 1.1 -1.9 -1.8 -1.3 1.1 -2.4 1.4 2.2 -3.9 -6.7 -1.1 2.1 -1.7 1.6 2.9 -2.7 -4.8 1.3 -1.1 -1.6 1.0
1387123_at Cyp17a1 1.3 -1.1 -1.6 -1.2 -1.1 -1.8 1.1 -1.2 -1.0 -1.3 -1.2 1.0 -2.8 2.4 -1.5 -1.0 -1.3 -1.2 1.2 -2.0 1.5
1382425_at Cyp19a1 1.0 -1.1 -1.2 -1.3 -1.6 -1.3 -1.3 -1.1 -1.2 -1.4 -1.0 -1.8 -1.2 1.2 1.3 1.0 -1.1 1.1 -1.6 1.0 1.0
1369444_at Cyp19a1 -1.4 -2.1 -1.0 1.1 -1.8 -1.2 -3.1 -1.2 -1.8 -1.1 1.1 -1.6 -1.3 -1.3 1.0 -1.2 -1.1 1.1 -1.5 -1.1 -1.7
1387243_at Cyp1a2 1.1 1.1 -2.4 1.2 1.6 1.2 -1.8 -1.0 -1.1 -2.7 1.1 -1.4 -1.2 -1.6 1.4 -1.3 -1.9 1.5 -1.0 1.4 -2.0
1368990_at Cyp1b1 -1.3 1.0 1.1 1.1 -1.1 1.2 -1.2 -1.2 1.0 1.0 1.2 -1.3 1.2 1.4 -1.1 1.1 1.1 1.1 1.0 1.4 -1.0
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1378551_at Cyp20a1 -1.1 1.1 1.1 1.2 1.0 1.0 -1.2 -1.1 -1.0 1.0 1.0 -1.2 -1.1 -1.3 -1.1 1.0 -1.0 1.0 -1.0 -1.1 -1.3
1387583_at Cyp26a1 -1.4 -1.2 -1.1 -1.2 -1.3 -1.3 -1.3 -1.2 -1.3 -1.2 -1.1 -1.2 -1.3 -1.1 -1.0 1.1 -1.3 -1.2 -1.2 -1.3 1.2
1384392_at Cyp26b1 1.1 1.1 -1.4 -1.3 -1.6 -1.1 -2.1 -1.0 -1.3 -1.4 -1.2 -1.3 1.4 1.2 1.1 -1.3 -1.4 -1.3 -1.2 -1.1 -1.6
1387914_at Cyp27a1 -1.2 -1.1 -1.4 -1.5 1.2 1.0 -1.3 1.0 -1.1 -1.5 -1.3 1.2 1.2 -1.2 -1.2 1.0 -1.5 -1.1 1.2 1.2 -1.1
1368636_at Cyp27b1 -1.1 1.2 1.0 -1.2 -1.0 -1.5 -1.2 -1.0 1.0 -1.3 1.1 1.5 -1.0 1.1 1.1 1.3 1.1 1.1 1.3 1.0 1.1
1369275_s_at CYP2a1 1.2 -1.3 1.1 -1.1 -1.1 -1.2 -1.2 -1.2 1.1 1.4 1.1 -1.0 1.1 -1.1 1.6 -1.3 1.4 1.1 -1.3 1.0 1.0
1369424_at Cyp2a2 -1.6 1.2 1.1 1.8 -1.4 -1.5 -1.2 -1.3 -1.1 1.4 -1.9 -1.6 -1.5 -1.2 -1.0 1.4 1.5 -1.0 -2.0 -1.2 -1.1
1369136_at Cyp2a3 -1.5 1.1 -1.0 -1.2 -1.3 -1.4 -1.3 -1.6 -1.4 -1.3 -1.3 -1.2 -1.5 1.3 -1.1 -1.2 -1.0 1.0 1.1 1.1 1.0
1387722_at Cyp2b12 1.9 1.7 1.2 2.2 1.4 -1.2 -1.3 1.2 2.0 -3.1 -2.3 -1.4 -1.1 1.3 1.4 1.6 -1.9 -1.2 -1.0 -1.5 1.9
1387993_at Cyp2b21 1.0 3.6 1.4 -1.3 -1.4 1.3 -1.0 1.1 1.8 1.2 -1.3 -1.9 1.0 -1.2 1.3 3.6 1.0 -1.2 1.0 1.2 1.3
1370475_at Cyp2b3 -1.3 -1.3 -1.1 1.0 -1.1 -1.2 -1.2 1.0 -1.6 -1.3 -1.3 1.0 -1.0 -1.1 1.3 -1.9 -1.1 1.1 1.0 -1.2 -1.2
1370495_s_at Cyp2c13 1.1 1.3 1.4 1.2 1.3 1.2 -1.3 1.4 -1.1 1.1 -1.0 -1.1 -1.0 -1.1 2.4 1.1 1.0 1.0 -1.0 1.2 -1.1
1370580_a_at CYP2C18 -1.3 -1.3 -1.2 -1.7 -2.2 -1.4 -1.4 1.4 1.1 -1.9 -1.3 -1.6 -2.1 -1.3 7.0 1.4 -1.4 1.3 -1.3 -3.4 -1.1
1387949_at Cyp2c22 1.5 2.0 -1.3 1.4 1.0 -1.3 -1.1 1.3 1.7 -1.8 -1.1 -1.5 -1.0 -1.0 2.7 2.1 -1.1 1.3 1.2 1.1 -1.2
1396155_at Cyp2c29 -1.3 -1.0 1.2 -1.1 -1.3 -1.1 1.6 -1.6 -1.8 1.2 -1.2 -1.1 -1.3 -1.3 -1.2 -1.2 1.4 -1.9 -1.2 1.4 2.9
1370241_at Cyp2c7 1.1 1.1 -1.1 -1.1 -1.4 -1.3 -1.2 1.6 1.2 -1.1 -1.0 -1.8 -1.5 -1.1 5.7 1.2 -1.0 1.2 -1.5 -1.2 -1.2
1370496_at Cyp2d3 -1.1 -1.4 -1.0 -1.9 1.6 -1.1 -1.1 1.3 -1.9 1.0 -1.3 1.4 -2.1 -1.0 4.1 -1.5 -1.1 -1.6 2.1 -1.1 -1.0
1387913_at Cyp2d4 -1.3 -1.4 -1.7 -2.0 -1.5 -1.4 1.2 -1.2 -1.4 -1.3 -1.5 -1.7 -1.9 2.2 -1.2 -1.6 -1.6 -1.7 -1.5 -1.7 1.6
1370329_at Cyp2d4 -1.1 -1.1 -1.4 -1.1 -1.0 1.3 1.0 -1.2 -1.1 -1.4 1.0 -1.4 -1.1 -1.2 -1.1 -1.1 -1.4 1.0 -1.2 -1.1 -1.5
1368608_at Cyp2f4 -2.0 -1.8 -2.0 -1.8 -1.2 -1.2 1.2 -2.8 -1.2 -3.1 -2.1 -1.0 -1.7 -1.2 1.1 -1.3 -2.0 1.5 -1.1 -1.1 -1.3
1371142_at Cyp2g1 -2.2 -1.4 -2.3 -1.4 -1.2 -1.7 -1.2 -1.7 -1.5 -1.6 -1.3 -1.3 -1.2 -1.1 -1.6 -1.4 -1.2 -1.0 -1.2 -1.0 1.1
1396327_at Cyp2j10 1.1 -1.3 -1.3 -1.6 -1.2 -1.2 -1.1 1.3 -1.3 -1.3 -1.2 -1.3 1.1 1.2 1.2 1.0 -1.0 1.0 1.0 1.2 1.1
1370706_a_at Cyp2j3 -1.2 -1.1 -1.4 -1.0 -1.1 -1.2 1.0 -1.2 -1.5 -1.5 -1.5 -1.4 -1.4 -1.0 -1.1 -1.3 -1.5 -1.7 -1.1 1.1 -1.2
1387296_at Cyp2j4 -1.6 -1.1 -1.5 -1.7 -1.5 -1.4 -1.6 -1.3 -1.4 -1.2 -1.5 -1.4 -1.4 -1.5 -1.1 -1.2 -1.3 -1.2 -1.2 -1.3 -1.2
1390282_at Cyp2s1 -1.1 1.1 2.0 -1.3 -1.0 -1.0 1.0 -1.2 -1.2 1.3 -1.8 -1.1 -1.4 1.5 -1.0 -1.5 1.7 -1.4 -1.1 1.0 1.2
1368265_at Cyp2t1 -1.0 1.0 -1.4 1.1 1.1 -1.2 -1.0 1.1 1.2 1.3 1.4 1.2 -1.1 1.1 1.3 1.2 1.1 1.2 1.1 -1.1 1.0
1398710_at Cyp2u1 1.4 1.0 -1.1 -1.3 1.1 1.1 -1.2 1.2 -1.3 -1.1 -1.1 -1.0 1.2 -1.5 1.3 -1.2 -1.2 1.0 1.1 1.1 -2.0
1385165_at Cyp39a1 1.0 -1.0 -1.2 1.1 -1.0 -1.1 1.0 -1.1 -1.2 -1.1 1.2 -1.0 1.0 1.1 1.2 -1.0 -1.1 1.3 1.0 1.1 1.2
1387118_at Cyp3a23/3a1 -1.3 2.2 -1.0 -1.9 1.0 1.2 -1.1 1.2 1.0 -1.4 -1.0 1.1 -1.5 1.1 1.0 1.6 -1.2 1.3 1.4 1.1 -1.0
1394128_at Cyp3a1 1.2 -1.7 1.6 -1.7 -2.9 3.6 -1.3 -1.1 -2.7 -2.6 -1.2 -2.3 2.2 -1.5 -1.3 1.1 1.4 1.4 -2.3 4.0 -1.2
1370593_at Cyp3a2 -2.8 -1.5 -1.1 -1.0 5.5 -1.1 -1.3 2.0 -1.2 -1.1 2.1 6.0 -2.5 -1.2 1.9 1.3 -1.1 1.2 6.6 -3.9 -1.7
1370387_at Cyp3a9 1.5 -1.2 -1.6 -1.5 -1.3 -1.3 1.1 1.5 -1.2 -1.5 -1.1 1.1 1.6 1.4 1.5 -1.2 -1.7 1.0 -1.5 1.1 1.1
1393486_at Cyp46a1 -1.0 -1.7 -1.2 1.1 -1.2 -1.2 -1.7 -1.1 -1.5 -1.2 -1.2 -1.5 -1.1 -1.1 -1.1 1.0 1.0 1.0 -2.0 -1.0 -1.1
1394844_s_at Cyp4a14 5.4 -5.6 1.2 1.3 -1.2 -1.2 -1.0 15.1 -1.8 -1.5 1.6 -1.1 -1.3 1.1 20.0 -7.6 -1.3 1.8 -1.3 -1.3 1.0
1370397_at Cyp4a3 1.1 -1.3 -1.1 -1.3 1.0 -1.1 1.0 -1.1 1.1 -1.1 -1.2 1.5 1.2 1.3 1.4 1.3 1.1 1.1 1.1 -1.0 1.1
1392720_at Cyp4f17 1.2 -1.5 1.2 1.2 -1.5 1.0 -1.1 1.0 -1.1 1.2 1.5 1.3 1.1 1.0 -1.6 -1.5 1.8 1.0 1.1 1.1 1.1
1387973_at Cyp4f4 -1.1 1.1 -1.0 -1.3 1.3 1.2 -1.0 -1.4 -1.2 1.0 -1.2 -1.1 1.1 -1.0 -1.1 1.0 1.3 1.0 1.6 1.7 1.0
1387916_at Cyp4f6 1.0 1.1 -1.1 -1.2 1.1 -1.0 1.0 -1.1 1.2 -1.1 -1.0 1.0 -1.2 -1.2 1.2 1.4 1.1 1.2 1.5 -1.0 1.1
1388127_at Cyp4v3 -1.5 1.1 -1.1 -1.2 -1.2 -1.2 -1.1 -1.1 1.1 1.3 1.0 1.1 1.3 -1.1 -1.2 1.1 1.3 1.1 1.0 -1.1 1.0
1367979_s_at Cyp51 1.1 1.5 -1.0 1.4 -1.1 -1.1 -1.3 1.0 1.9 -1.1 1.4 1.0 1.0 -1.5 -1.0 1.2 -1.2 1.0 -1.2 -1.0 -1.3
1387020_at Cyp51 1.4 1.6 1.4 1.4 -1.1 1.1 -1.2 1.2 1.7 1.1 1.3 1.1 1.2 -1.2 1.4 1.2 -1.0 -1.1 1.3 1.2 -1.0
1368458_at Cyp7a1 -1.1 1.0 -1.0 -1.1 -1.1 -1.2 1.9 -1.0 1.1 -1.1 -1.1 -1.3 -1.3 -2.0 1.3 1.2 1.1 1.1 1.0 1.2 1.0
1388188_at Cyp7b1 1.1 -1.1 1.5 -1.0 1.1 1.1 1.1 -1.2 -1.6 1.4 1.1 1.0 1.1 1.3 -1.1 -1.3 1.5 1.1 1.4 1.3 1.3
1368435_at Cyp8b1 -1.0 -1.2 -1.3 -1.3 -1.1 -1.2 -1.1 -1.2 -1.4 -1.2 1.2 -1.2 1.1 -1.7 1.2 -1.1 -1.1 1.2 -1.3 -1.4 -1.3
1370377_at CypCMF1b 1.4 1.5 -1.1 -1.1 1.0 1.2 -1.1 2.0 1.3 1.0 1.3 1.2 -1.1 -1.1 3.2 1.6 1.1 1.3 1.5 1.1 -1.0
1390520_at Dnajb3 -1.1 1.2 -1.1 1.2 1.4 1.3 -1.7 1.5 1.3 1.0 1.3 -1.0 1.4 2.2 1.6 1.3 -1.3 1.0 1.0 1.1 1.5
1368304_at Fmo3 1.2 -1.0 2.1 1.1 1.0 -1.3 -1.1 1.3 1.2 1.8 1.4 -1.5 -1.9 -1.8 1.5 1.8 1.9 1.5 -2.0 -1.8 -1.6
1383248_at Fmo5 1.0 -1.4 -1.6 -1.2 -1.1 -1.0 -1.3 -1.0 -1.3 -1.3 1.0 1.1 1.3 -1.2 -1.4 -1.5 -2.0 -1.1 1.5 -1.2 1.0
1367774_at Gsta3 -1.0 1.2 1.2 -1.1 -1.1 -1.1 -1.1 -1.3 1.1 1.4 1.2 -1.2 -1.6 -1.1 -1.2 1.3 1.3 1.3 -1.3 -1.5 1.0
1382335_at GSTA3 -3.1 -1.3 1.0 -1.1 -1.7 -1.2 1.1 -4.0 -1.0 -1.2 1.1 -1.6 -1.3 2.1 -1.9 1.9 -1.1 -1.3 -1.8 -1.2 -1.4
1387187_a_at Nat1 1.0 1.1 1.1 1.0 1.0 1.1 1.2 1.0 1.1 1.1 1.2 1.1 1.1 1.2 1.2 -1.1 1.1 -1.1 1.5 1.2 1.2
1368434_at Nat1 -1.1 -1.1 1.1 -1.2 1.1 -1.2 1.2 1.4 -1.1 1.0 -1.2 1.1 -1.1 -1.1 1.5 -1.2 -1.3 -1.6 1.3 -1.4 -1.0
1369747_at NAT1 -1.4 -1.3 -1.3 -1.1 -1.3 -1.1 -1.1 1.3 -1.1 1.1 1.0 -1.3 -1.2 -1.5 -1.7 -1.4 -1.2 -1.2 -1.3 -1.2 -2.1
1369270_at Nr1i2 -1.0 -1.2 -1.3 -1.1 -1.2 -1.3 -1.0 1.1 -1.2 -1.2 -1.0 -1.2 -1.3 1.0 1.2 1.0 -1.2 1.1 -1.2 -1.3 1.0
1368797_at Nr1i3 -1.2 1.3 -1.3 -1.2 1.0 1.1 -2.0 -1.1 1.3 -1.1 1.1 -1.0 1.3 -1.6 1.0 1.4 -1.0 -1.1 1.3 1.5 -1.7
1395721_at Papss2 -1.0 -1.1 1.0 -1.8 -1.1 1.2 1.2 -1.2 1.0 1.2 -1.6 1.0 1.1 1.2 -1.1 -1.1 1.1 -1.2 -1.3 1.1 1.0
1376047_at Papss2 -1.2 -1.1 1.2 -1.7 -1.1 -1.0 1.1 -1.3 -1.0 1.5 -1.5 1.0 1.1 -1.0 -1.0 -1.1 1.3 -1.0 -1.1 1.1 -1.1
1371668_at Rxra 1.1 1.2 1.0 1.0 1.1 1.2 1.2 -1.0 1.2 -1.0 1.0 1.1 1.1 1.3 1.0 1.2 1.0 -1.0 1.1 1.0 1.4
1369101_at Rxra -1.5 -1.9 -1.2 -1.0 1.1 -1.4 1.2 1.0 -1.2 2.0 1.4 1.8 -1.4 1.2 -1.1 -1.7 1.1 1.4 1.2 -1.3 1.8
1395860_at RXRa 1.1 -1.3 -1.1 -1.0 -1.6 -1.1 1.6 1.2 1.2 1.2 2.1 1.5 4.0 2.7 1.3 1.0 -1.1 1.3 -1.1 2.7 1.6
1389051_at Rxrb 1.1 1.0 1.1 -1.0 1.1 1.3 1.0 1.0 1.1 1.0 -1.0 1.2 1.0 1.1 1.0 1.3 -1.0 1.0 1.3 1.0 1.0
1387974_a_at Slc21a4 -1.9 -1.4 -1.1 -1.0 -1.3 -1.3 -1.1 -1.3 -1.4 -1.2 1.0 -1.2 -1.7 -1.1 1.8 -1.4 1.0 1.1 -1.6 -1.8 1.1
1368498_a_at Slc21a4 1.2 13.5 1.2 -1.8 -1.2 -1.0 2.5 -1.0 6.8 -1.1 -2.1 -1.3 -1.6 4.0 -2.5 5.0 -2.2 -1.4 -1.4 -1.5 2.8
1387094_at Slco1a2 1.1 1.1 -1.5 -1.6 -2.6 -1.0 -1.1 -1.0 -1.2 -2.6 -1.1 -1.8 -1.3 1.0 -1.2 1.4 -1.4 -1.2 -2.2 1.2 -1.2
1387093_at Slco1a2 -1.0 -1.3 -1.3 -1.3 -1.2 -1.3 -1.2 -1.1 -1.4 -1.3 -1.1 -1.1 -1.4 -1.0 -1.3 -1.1 1.1 -1.0 1.0 -1.1 -1.3
1369401_at Slco1a6 -2.1 1.5 -1.5 -1.5 -1.1 -1.1 -1.8 -3.4 -2.0 -1.7 1.2 -1.7 -1.9 1.4 -1.8 1.6 -1.3 -1.1 -1.5 -1.5 1.5
1369047_at Sult1d1 1.3 2.5 3.1 2.3 1.1 -1.5 1.8 1.0 1.2 1.3 -1.1 -1.7 -1.9 1.5 1.1 1.6 1.3 1.7 -1.8 -2.2 1.5
1369570_at SULT2A1 -1.6 1.8 -2.4 1.4 1.7 -1.6 -1.7 -2.2 -1.2 -2.6 -3.0 -1.0 -2.7 -1.5 1.1 -1.6 -1.0 -1.4 1.5 1.5 -1.0
1387936_at Sult2a2 -1.4 -1.2 -1.3 -2.7 -1.5 -1.1 -1.1 -1.6 1.2 -1.1 -1.8 -1.5 1.5 1.2 -1.1 1.0 -1.7 -2.0 1.2 1.5 7.0
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1385473_x_at Tomm40b 1.0 -1.6 -1.8 -1.1 1.3 -1.2 -1.0 -1.1 -1.7 -1.6 -1.2 -1.4 -1.1 1.7 -1.0 -1.3 -1.1 -1.7 1.4 -1.1 1.3
1393861_at Tomm40b -1.2 -1.2 1.4 -1.5 1.0 -1.1 1.8 -1.0 -1.1 2.7 -2.6 -2.0 -1.2 2.5 -1.2 1.6 1.2 -1.7 1.1 -1.1 2.8
1370613_s_at Ugt1a7c 2.0 -1.2 -1.4 -1.2 1.4 1.1 -1.3 1.0 -1.1 -1.3 -1.2 1.1 -1.2 -1.3 1.1 -1.2 -1.4 -1.1 -1.0 -1.4 -1.3
1387825_at Ugt2b 1.2 -1.3 2.4 -7.7 3.8 1.6 -1.3 1.9 -4.6 1.7 -6.7 1.8 -3.6 -1.1 9.7 -1.7 -1.1 -1.9 2.0 -3.9 -1.1
1385247_at Ugt2b -4.4 1.7 2.1 3.6 -1.5 -1.2 -1.2 -3.7 -1.9 1.6 -1.1 -2.0 -1.1 1.2 -2.9 1.4 2.9 -1.4 -3.6 1.1 -1.1
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Supplemental Figure 1.  Mdr1a (A), Bcrp (B), and Mrp2 (C) mRNA signal in tissues from relevant SAGE 
knockout rats (empty bars) and wild-type controls (full bars).  Mean  S.D., n = 3-4.    
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