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Abstract 

 

ATP Binding Cassette (ABC) transporters are ATP-dependent membrane proteins 

predominantly expressed in excretory organs, like the liver, intestine, blood-brain barrier, 

blood-testes barrier, placenta and kidney. Here, they play an important role in the absorption, 

distribution and excretion of drugs, xenobiotics and endogenous compounds. In addition, the 

ABC transporters, P-glycoprotein (P-gp/ABCB1) and Breast Cancer Resistance Protein 

(BCRP/ABCG2), are highly expressed in a population of primitive stem cells: the Side 

Population (SP). SP cells were originally discovered in bone marrow by their capacity to 

exclude rhodamine 123 and Hoechst 33342, but extensive research revealed their presence 

in other non-hematopoietic tissues as well. The expression levels of BCRP and P-gp are 

tightly controlled and may determine the differentiation of SP cells towards other more 

specialized cell types. Although their exact function in these cells is still not clear, they may 

protect the cells by pumping out toxicants and harmful products of oxidative stress. 

Transplantation studies in animals revealed that bone marrow-derived SP cells contribute to 

organ repopulation and tissue repair after damage, e.g. in liver and heart. The role of SP 

cells in regeneration of damaged kidney segments is not yet clarified. This review focuses on 

the role of ABC transporters in tissue defense and regeneration, with specific attention to P-

gp and BCRP in organ regeneration and repair. 
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Introduction 

 

ATP Binding Cassette (ABC) transporters form one of the largest families of membrane 

transport proteins expressed in all organisms. This diverse transporter family has been 

extensively studied and its members play a vital role in many cellular processes. ABC 

transporters are responsible for multidrug resistance of cancer cells (Hyde et al., 1990), but 

may also be capable of transporting several substrates like metal ions, peptides, amino 

acids, sugars and a large number of hydrophobic compounds and metabolites across the 

plasma membrane as well as intracellular membranes (Dean et al., 2001).  

The human ABC transporter family consists of 49 members which are divided in 7 

subfamilies, from A to G, based on similarity in gene structure, order of the domains and 

sequence homology. Until now, 16 ABC genes have been linked to inherited diseases, like 

Tangier disease (ABCA1), Dubin Johnson syndrome (ABCC2), Pseudoxanthoma elasticum 

(ABCC6) and Cystic Fibrosis (ABCC7) (Dean, 2005). Although some ABC transporters have 

been studied extensively, the functions of many others are still unknown. The development of 

ABC transporter knockout animals has provided us with some insights into the function and 

characteristics of ABC transporters (Schinkel et al., 1997;Xia et al., 2007;Glaeser and 

Fromm, 2008). 

ABC transporters have an important role in tissue defense through the excretion of 

toxic compounds and their metabolites (Russel et al., 2002;Szakacs et al., 2008). The 

expression levels of the transporters are tightly regulated, emphasizing their importance in 

organ protection (Leslie et al., 2005). Moreover, two ABC transporters, the Multidrug 

Resistance Gene 1 product (MDR1/ABCB1), P-glycoprotein (P-gp), and ABCG2 or Breast 

Cancer Resistance Protein 1 (BCRP), have been implicated in tissue regeneration. Both 

efflux pumps are highly expressed on side population (SP) cells, a population of primitive 

bone marrow-derived stem cells with long term repopulating capacities. A loss of expression 

leads to cell differentiation, indicating that P-gp and BCRP might determine stem cell-induced 

tissue remodeling through their differential expression. SP cells have been implicated in the 
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regeneration of various organs, like liver (Lagasse et al., 2000), skeletal muscles (Jackson et 

al., 1999) and heart (Jackson et al., 2001). Several studies addressed their participation in 

renal regeneration, but others excluded their role (Kale et al., 2003;Poulsom et al., 

2003;Duffield and Bonventre, 2005;Huls et al., 2008b). Here an overview of the role of ABC 

transporters in tissue defense and organ regeneration is given, with a focus on the role of P-

gp and BCRP in these processes. Special attention is given to their potential in regeneration 

of damaged nephron segments after acute kidney injury. 

 

ABC transporters in tissue defense 

The localization of ABC transporters in organs with a barrier function and the broad substrate 

specificities suggest an important role in tissue defense. The efflux pumps are determinants 

for the absorption, distribution and excretion of drugs, xenobiotics and their metabolites 

(Figure 1). Entrance in the systemic circulation is prevented by the apical expression of ABC 

transporters in the intestine (Mao and Unadkat, 2005), like P-gp and BCRP, and the action of 

these transporters leads to a decreased drug concentration in the liver. The liver is the major 

site of xenobiotic metabolism in the body, in which enzymes, like the cytochrome P-450 

(CYP) family members catalyze the oxidative metabolism of many drugs, eventually affecting 

both drug efficacy and drug toxicity (Schuetz et al., 1996). P-gp is able to mediate cellular 

efflux of CYP modulators, like rifampicine. Rifampicine induces CYP3A activity in a dose-

dependent manner, thus a lower intracellular concentration results in a decreased CYP3A 

activity (Schuetz et al., 2000;Yasuda et al., 2002).  

Drug distribution to the brain is hampered by ABC transporters like P-gp, multidrug 

resistance proteins 1 and 2 (MRP1/2; ABCC1/2), MRP4 (ABCC4) and BCRP in the blood-

brain barrier (Kusuhara and Sugiyama, 2001;Begley, 2004;Perriere et al., 2007). Although 

these transporters protect the central nervous system, effective drug treatment of brain 

tumors, epilepsy and several mental disorders is limited (Potschka et al., 2002;Tate and 

Sisodiya, 2007;Gerstner and Fine, 2007;Loscher and Potschka, 2005;Fellner et al., 2002). 

The importance of transporters in the blood-brain barrier was emphasized in mdr1a(-/-) mice, 
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which died from the neurotoxic action of ivermectin, a known P-gp substrate,  after treatment 

for mite infestation (Schinkel, 1997;Schinkel et al., 1995). 

ABC transporters affect, besides drug absorption and drug distribution, also the 

excretion of drugs into the bile or urine. In the liver, ABC transporters are responsible for the 

elimination of xenobiotics and their metabolites into bile (P-gp, Bile Salt Export Pump (BSEP; 

ABCB6), MRP2) or in the systemic circulation (MRP1/3). More water-soluble drugs can be 

excreted into urine by the kidney, where ABC transporters are localized along the apical 

membrane (P-gp, MRP2/4 and BCRP) of proximal tubule cells.  

 The defense mechanism formed by ABC transporters under physiological 

circumstances is directed against accumulation of potentially harmful compounds. 

Interestingly, in a situation of organ damage or disease, changes in the expression levels of 

ABC transporters have been observed, likely to compensate for the increased load of 

harmful products of oxidative stress formed during an insult or to compensate for the loss of 

efflux pumps in damaged tissues. In severe human liver disease (primary biliary cirrhosis, 

cell necrosis or chronic hepatitis), MRP2 is down-regulated, but P-gp, BCRP, MRP1 and 

MRP3 (ABCC3) were up-regulated, suggesting protection against the accumulation of toxic 

bile constituents and prevention of further liver damage (Ros et al., 2003a;Van der Borght et 

al., 2006). A genetic defect in ABCC2 leads to mild hyper-bilirubinemia, called the Dubin 

Johnson syndrome. These patients show up-regulation of MRP3 in the liver (Corpechot et 

al., 2006). In this way, the body uses a compensatory mechanism to prevent (further) injury, 

a phenomenon also seen in other organs. In the intestine, a temporary up-regulation of P-gp 

was found after ischemic reperfusion damage, stimulating tissue recovery indirectly by 

reducing accumulation of potentially harmful substances (Omae et al., 2005). After an 

ischemic insult in the brain, various ABC transporters were up-regulated, among which the 

increase in Bcrp was most pronounced. This not only prevents brain penetration of harmful 

compounds, but might also positively affect neurogenesis (Dazert et al., 2006). In the skin, 

cellular cholesterol levels regulate ABCA1 expression, which suggests that this key 
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cholesterol efflux carrier controls the maintenance of the keratinocyte barrier (Jiang et al., 

2006).  

Information on renal ABC transporters during injury or tissue repair is limited. After partial 

nephrectomy mRNA levels of P-gp were elevated, which was also found for Mrp2 (Laouari et 

al., 2001). Following renal damage induced by cadmium or lipopolysaccharide, increased P-

gp levels were seen as well (Thevenod et al., 2000;Heemskerk et al., 2007). In addition, after 

the induction of ischemia-reperfusion injury in mice, expression levels of P-gp and Bcrp were 

up-regulated but Mrp2 levels were decreased (Huls et al., 2006). This is in contrast to 

experiments performed in rats, where Mrp2 levels were clearly upregulated after renal injury 

(Heemskerk et al., 2007;Notenboom et al., 2006).  

In the mammary gland of lactating animals, expression of BCRP was highly upregulated and 

responsible for the active secretion of nutrients into milk, but also responsible for the 

excretion of toxicants and drugs, like topotecan, PhIP (2-amino-1-methyl-6-phenylimidazo 

[4,5-b]pyridine) and cimetidine (Jonker et al., 2005). 

In SP cells, the transporters P-gp and BCRP also define the specific stem cell phenotype, 

possibly because the efflux pumps protect stem cells from genetic damage due to naturally 

occurring toxic compounds which are substrates for these transporters (Krishnamurthy et al., 

2004). Expression levels are downregulated upon SP cell differentiation and hematopoietic 

maturation (Bunting et al., 2000;Bunting, 2002). It was suggested that BCRP expression may 

play a role in early stem cell self-renewal by partially blocking differentiation, and P-gp may 

promote differentiation and engraftment (Bunting et al., 2000). Apparently, both efflux pumps 

are essential in tissue remodeling by SP cells. 

 

P-glycoprotein/ABCB1  

P-glycoprotein was discovered in 1976 as an efflux pump in a colchicin-resistant cell line, 

and ten years later, the gene encoding for P-gp was discovered. Until now, it is the most 

extensively studied ABC transporter. In addition to its expression in a number of tissues with 

a barrier function (Figure 1), P-gp is also present in many hematopoietic cell types (Drach et 
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al., 1992), including CD34+ stem cells (Chaudhary and Roninson, 1991), c-kit+ stem cells 

(Sorrentino et al., 1995) CD56+ Natural Killer (NK) cells and CD8+ cytotoxic T cells (Neyfakh 

et al., 1989;Klimecki et al., 1994;Drach et al., 1992;Chaudhary and Roninson, 1991).  

P-gp is capable of transporting many drugs and endogenous substrates. P-gp 

substrates are cationic or amphipathic in nature and mainly hydrophobic, indicating that they 

can diffuse passively across the membrane and penetrate tissues. Besides its ability to 

induce chemotherapy resistance, P-gp confers resistance to a vast array of clinically and 

toxicologically relevant compounds, including immunosuppressive drugs, HIV protease 

inhibitors and antibiotics (Bauer et al., 2005;Sarkadi et al., 2006). To overcome the problem 

of multidrug resistance, P-gp function is inhibited with substrates usually acting as 

competitive inhibitors, like verapamil and cyclosporin A (first and second generation of P-gp 

inhibitors), or by blocking P-gp function directly (third generation inhibitor), like elacridar 

(GF120918) (Breedveld et al., 2006;Hyafil et al., 1993;Dantzig et al., 1996;Pussard et al., 

2007;Ejsing et al., 2006).  

The development of P-gp-deficient mice, the Mdr1a/1b(-/-) mice, contributed to the 

identification of more specific substrates. Rodents have two genes encoding for the efflux 

pump, Mdr1a and Mdr1b. At first sight, no obvious phenotype was discovered in these mice 

except for a larger susceptibility to drug toxicity due to accumulation in the brain or liver 

(Schinkel, 1997). However, after careful characterization altered gastrointestinal and renal 

phenotypes were discovered. Under specific pathogen-free conditions, Mdr1a-deficient 

(Mdr1a(-/-)) mice developed spontaneous colitis and signs of severe chronic inflammation of 

the gut, probably caused by abnormalities in the epithelial lining of the gut (Resta-Lenert et 

al., 2005). We recently showed that the double knockout (Mdr1a/1b(-/-)) mice have disturbed 

renal tubular function caused by decreased intracellular ATP levels and impaired 

mitochondrial morphology (Huls et al., 2007). The generalized proximal tubular dysfunction 

demonstrates striking similarities with renal Fanconi syndrome, as tubular reabsorption of 

amino acids and low molecular weight proteins were decreased. These findings emphasize 

the importance of the efflux pump for intestinal and renal tubular function.  
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In addition to its protective function, P-gp has also been implicated in resistance to 

apoptosis. Several mechanisms have been described that could explain this event. First, P-

gp might inhibit Fas-induced caspase-3 activation possibly by inhibiting caspase 8 activation. 

ATP binding and/or hydrolysis are required for its caspase inhibitory effects, because 

mutations in the ATP binding regions abolished P-gp-mediated Fas resistance (Ruefli et al., 

2002). Secondly, P-gp may affect ceramide-induced apoptosis. Ceramide mediates cell 

death, but is intracellularly converted into the non-toxic glucosylceramide. By mediating the 

translocation of glucosylceramide from the cytosolic to the luminal face of the Golgi, P-gp 

influences ceramide metabolism and, indirectly, causes apoptosis resistance (Pallis et al., 

2002;Turzanski et al., 2005). After injury, apoptosis contributes to tissue remodeling and 

elimination of redundant or damaged cells and by stimulation of this pathway, P-gp may 

affect the regeneration process in damaged tissue.  

 

Breast Cancer Resistance Protein 1/ABCG2 

Breast Cancer Resistance Protein (BCRP) was first cloned by Doyle et al. (1998) in the drug 

resistant breast cancer cell line (MCF-7). BCRP is a half-transporter with a size of 72 kDa, 

and, like other ABC half-transporters, BCRP probably functions as a homodimer. Whether it 

may also function as a heterodimer with other ABCG subfamily members is unclear (van 

Herwaarden and Schinkel, 2006). BCRP expression overlaps largely with P-gp, as the 

protein can be found in tissues like the placenta, prostate, small intestine, brain, colon, liver 

and ovary (Doyle et al., 1998). We recently discovered BCRP in human kidney as well, 

where the protein is localized to the apical membrane of the proximal tubules (Huls et al., 

2008a). In addition, BCRP was identified in the mammary gland of humans, cows and mice.  

 BCRP transports a wide range of substrates including large molecules, uncharged or 

compounds with an amphiphilic character. There is considerable overlap in anticancer drug 

substrate specificity between BCRP and P-gp, but there are also several differences in the 

substrate specificities of both transporters (Litman et al., 2000). Like P-gp, the efflux pump 

does not require glutathione (Krishnamurthy and Schuetz, 2006), but in contrast to P-gp, 
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BCRP is able to transport phase two metabolites, like sulfated compounds (Suzuki et al., 

2003;Ebert et al., 2005;Ebert et al., 2007;Zamek-Gliszczynski et al., 2006). The substrate 

specificity of BCRP is clearly distinct from other G-subfamily members, like ABCG1, ABCG5 

and ABCG8, which were all identified as cholesterol transporters, although cholesterol itself 

may affect its activity (Storch et al., 2007). Several of the substrates transported by BCRP 

were discovered using BCRP-deficient mice (Bcrp1(-/-) mice) (Jonker et al., 2002;Jonker et 

al., 2005). These mice showed lethal phototoxicity when subjected to alfalfa containing diet 

due to pheophorbide A retention, indicating that BCRP may excrete porphyrins. In addition, it 

has been reported that BCRP transports estradiol, estrone-3-sulfate and 

dehydroepiandrosterone sulfate, and recently, also transport of other androgens and 

phytoestrogens were found (Janvilisri et al., 2003;Huss et al., 2005;Enokizono et al., 2007). 

Furthermore, BCRP expression appeared to be sex-specific (Merino et al., 2005) and may be 

highly influenced by sex steroids (Wang et al., 2006). These findings suggest a role for 

BCRP in steroid metabolism.  

 

Role of P-gp and BCRP in stem cells 

In 1991, Chaudhari and Robinson (1991) discovered the expression of P-gp on CD34+ 

hematopoietic cells. Ten years later, expression and functional activity of BCRP in these cells 

was identified (Zhou et al., 2001). These transporters are responsible for the SP phenotype, 

characterized by its low retention of rhodamine 123, transported by P-gp or BCRP (Litman et 

al., 2000;Honjo et al., 2001), and Hoechst 33342, transported by BCRP in the cells. Although 

mRNA of other ABC transporters, like ABCG1, ABCA1, MRP1, ABCD4 and ABCB2, was 

also detected in these cells, they seem not responsible for the ‘SP’ phenotype (Jonge-

Peeters et al., 2007). SP cells are highly enriched for hematopoietic stem cell (HSC) activity 

and represent approximately 0.05% of the adult nucleated bone marrow cells in mice 

(Goodell et al., 1996). Approximately 70% of the classic stem cell population KSL (ckit+/Sca-

1-/ Lin-), known for its repopulation capacities, also has the SP phenotype (Bunting, 2002).  
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 In recent years, it has become clear that the SP population not only resides within the 

bone marrow, but also in other non-hematopoietical organs, like spleen tissue, umbilical cord 

blood, brain, kidney, heart, intestine, skin and lungs (Asakura and Rudnicki, 2002;Larderet et 

al., 2006;Yano et al., 2005). In these organs, they appear to have the ability to differentiate 

into many cell types following reintroduction in vivo, including skeletal and cardiac muscle, 

neurons and epithelial cells like hepatocytes (Mezey et al., 2000;Lagasse et al., 2000;Krause 

et al., 2001;Jackson et al., 2001;Ferrari et al., 1998;Alison et al., 2000), but also in 

hematopoietic cells in lethally irradiated mice (Taniguchi et al., 1996;Jackson et al., 1999). 

This multipotent differentiation capacity of HSCs suggests that these cells contribute 

significantly to tissue remodeling. This was, for example, shown in mice suffering from 

tyrosinemia type I due to genetic fumarylacetoacetate hydrolase (FAH) deficiency, where 

bone marrow transplantation resulted in a restoration in FAH activity in the liver (Lagasse et 

al., 2000). P-gp is expressed in the hepatobiliary membrane and upregulated after hepatic 

damage in resident liver progenitor cells, also designated as oval cells (Ros et al., 2003a). 

After partial hepatectomy, the amount of oval cells increased and the subsequent liver tissue 

remodeling correlated with the observed expression of BCRP (Shimano et al., 2003). 

Furthermore, during end-stage primary biliary cirrhosis, increased expression of BCRP was 

also found in endothelial cells, indicating that SP cells in the isolate may not only correspond 

to oval cells but also to endothelial cells (Van der Borght et al., 2006). Apparently, the 

transporters protect these cells against toxic bile constituents and oxidative stress, and in this 

way, progenitor cells are able to initiate liver repair. A similar phenomenon was described for 

SP cells in the heart. During early cardiac development, BCRP expressing cells were 

observed, but the appearance of these cells decreased upon maturation (Martin et al., 2004). 

However, a small population of cells exhibiting the SP phenotype remains in the heart and 

these cells are capable of proliferation and differentiation, and likely also responsible for 

repair and regeneration of heart tissue after damage. Moreover, cardiac SP cells were able 

to regenerate the myocardium after cold-induced transplantation injury (Oyama et al., 2007). 

This phenomenon was also seen in the ischemic kidney, where bone marrow-derived cells 
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contributed to kidney remodeling after inducing renal ischemia (Kale et al., 2003;Gupta et al., 

2002;Lin et al., 2003).  

In addition to P-gp and BCRP, other ABC transporters may be involved in 

differentiation and regeneration processes. In human liver disease, expression levels of 

MRP1 and MRP3 were markedly increased, which was also seen in a comparable model 

conducted in rats (Ros et al., 2003a;Ros et al., 2003b). Additionally, in human keratinocytes, 

the differentiation of epidermal cells is characterized by the RNA upregulation of several ABC 

transporters, like MRP1, MRP3, MRP4, ABCG1 and especially ABCA7 (Kielar et al., 2003). It 

was suggested that ABCB1 and ABCG1 mediate the transport of phospholipids and the 

translocation of cholesterol. ABCA7 may have a dual role by keeping the lamellar body lipid 

homeostasis and in promoting the expansion of the cellular ceramide pool. This might direct 

the cells to execute essential programs, like cell cycle arrest, differentiation and apoptosis 

(Kielar et al., 2003). Although knowledge of the role of ABC transporters in organ repair and 

tissue regeneration increases, it is still limited and more research needs to be done to gain 

insight in these processes. It seems that P-gp and BCRP may be dominant transporters 

involved in tissue repair. Their specific function and mechanism are not yet understood, but 

their variable and controlled expression levels in SP cells and also in other cells, including 

renal epithelial cells, suggests an important function in regeneration. 

 

Role of P-gp and BCRP in renal regeneration 

The kidney has the capacity to regenerate almost completely after renal injury and stem cells 

either residing in the kidney and/or derived from bone marrow may take part in this process. 

In addition to HSCs and mesenchymal stem cells (Lin et al., 2003;Kale et al., 2003;Morigi et 

al., 2004), differentiated epithelial cells within the kidney have been implicated in renal 

remodeling. After renal injury, epithelial cells may acquire mesenchymal characteristics 

before proliferation thereby contributing to basement membrane repair (Sun et al., 

2000;Poulsom et al., 2003). It was suggested that this is the most important mechanism of 

renal regeneration (Duffield 2005).This process, depicted in Figure 2, is called epithelial to 
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mesenchymal transition (EMT) and is known to be influenced by different cytokines and 

growth factors, influencing signal transduction pathways (Li et al., 2003).  

The importance of P-gp and BCRP as xenobiotic efflux pumps, their apical 

localization in the kidney (Huls et al., 2008a;Huls et al., 2007;Pavelic et al., 1993) and their 

increased expression after ischemia-reperfusion injury in mice (Huls et al., 2006), suggest 

that absence of either transporter might lead to an increased sensitivity to injury. However, to 

our surprise we found the opposite in studies performed with P-gp- and Bcrp-deficient mice. 

Both mice appeared to be resistant to ischemia-reperfusion with no signs of renal injury, 

suggesting that the absence of both transporters is an advantage for renal repair (Huls et al., 

2007; Huls et al., unpublished). After bone marrow transplantation from P-gp- or Bcrp-

deficient mice into wild type mice, also protection against ischemic injury was observed (Huls 

et al., unpublished). This is in line with the hypothesis that bone marrow-derived cells 

differentiate into renal tubular cells and that P-gp and Bcrp are key players in this process 

(Huls et al., 2008b). The exact mechanism through which P-gp or Bcrp deficient bone 

marrow cells prevent renal damage is not fully clear. The decreased amount of dead cells 

after an apoptotic stimulus (H2O2) to bone marrow cells derived from P-gp-deficient mice 

indicates that these cells are less sensitive to apoptosis (Huls et al., 2007). The amount of 

apoptotic cells is a major determinant for the extent of renal damage after acute kidney 

injury, causing obstruction of the tubular lumen leading to a decrease in renal function 

(Kribben et al., 1999). Evidently, more research is needed to define the role of P-gp and Bcrp 

in renal protection. 

 

Future perspectives 

It is clear that P-gp and BCRP protect cells and tissues by reducing the accumulation of 

harmful compounds. On the other hand, their absence leads to protection against ischemic 

injury in the kidney, a mechanism in which bone marrow-derived cells seem to play an 

important role. As incomplete recovery of the kidney after acute injury may lead to 

progressive loss of renal function over time, novel, effective, treatment for acute kidney injury 
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remains a challenge. The contribution of SP cells is probably too small to reverse renal injury 

and to repair renal damage and the use of the bone marrow-derived cells in the clinic will be 

questionable. Still, the use of bone marrow-derived stem cells holds great promise. These 

cells have many advantages, predominantly through the absence of immunologic reactions. 

Therefore, future research should be directed to increase the contribution of bone marrow-

derived cells to renal regeneration, possibly by modifying the expression of P-gp or BCRP in 

the bone marrow. Functional knock-down of P-gp or BCRP in by specific inhibitors or by 

small interfering RNA (siRNA) may be a novel strategy to treat acute kidney injury. The 

systemic inhibition of P-gp or BCRP is probably less successful because of the resulting 

accumulation of potentially toxic xenobiotics and metabolic waste products, due to enhanced 

absorption and reduced elimination. In addition, long-term P-gp inhibition or BCRP down-

regulation might also provoke renal disorders, like observed in P-gp deficiency (Huls et al 

2007), or enhanced toxic susceptibility, as reported for both knockout animals (Schinkel, 

1997; Jonker 2002). A selective down-regulation of the functional expression of P-gp and 

BCRP in bone marrow may overcome these side effects. Obviously, methods should be 

developed in vitro and in animal models in vivo to test this concept in renal regeneration after 

injury.  

 

 



JPET #132225 PiP 
 

15 
 

References 

 
 

Alison MR, Poulsom R, Jeffery R, Dhillon AP, Quaglia A, Jacob J, Novelli M, Prentice G, 

Williamson J and Wright NA (2000) Hepatocytes from non-hepatic adult stem cells. 

Nature 406:257. 

Asakura A and Rudnicki MA (2002) Side population cells from diverse adult tissues are 

capable of in vitro hematopoietic differentiation. Exp Hematol 30:1339-1345. 

Bauer B, Hartz AM, Fricker G and Miller DS (2005) Modulation of p-glycoprotein transport 

function at the blood-brain barrier. Exp Biol Med (Maywood ) 230:118-127. 

Begley DJ (2004) ABC transporters and the blood-brain barrier. Curr Pharm Des 10:1295-

1312. 

Breedveld P, Beijnen JH and Schellens JH (2006) Use of P-glycoprotein and BCRP inhibitors 

to improve oral bioavailability and CNS penetration of anticancer drugs. Trends 

Pharmacol Sci 27:17-24. 

Bunting KD (2002) ABC transporters as phenotypic markers and functional regulators of 

stem cells. Stem Cells 20:11-20. 

Bunting KD, Zhou S, Lu T and Sorrentino BP (2000) Enforced P-glycoprotein pump function 

in murine bone marrow cells results in expansion of side population stem cells in vitro 

and repopulating cells in vivo. Blood 96:902-909. 

Chaudhary PM and Roninson IB (1991) Expression and activity of P-glycoprotein, a 

multidrug efflux pump, in human hematopoietic stem cells. Cell 66:85-94. 

Corpechot C, Ping C, Wendum D, Matsuda F, Barbu V and Poupon R (2006) Identification of 

a novel 974C-->G nonsense mutation of the MRP2/ABCC2 gene in a patient with Dubin-

Johnson syndrome and analysis of the effects of rifampicin and ursodeoxycholic acid on 

serum bilirubin and bile acids. Am J Gastroenterol 101:2427-2432. 

Dantzig AH, Shepard RL, Cao J, Law KL, Ehlhardt WJ, Baughman TM, Bumol TF and 

Starling JJ (1996) Reversal of P-glycoprotein-mediated multidrug resistance by a potent 

cyclopropyldibenzosuberane modulator, LY335979. Cancer Res 56:4171-4179. 



JPET #132225 PiP 
 

16 
 

Dazert P, Suofu Y, Grube M, Popa-Wagner A, Kroemer HK, Jedlitschky G and Kessler C 

(2006) Differential regulation of transport proteins in the periinfarct region following 

reversible middle cerebral artery occlusion in rats. Neuroscience 142:1071-1079. 

Dean M (2005) The genetics of ATP-binding cassette transporters. Methods Enzymol 

400:409-429. 

Dean M, Hamon Y and Chimini G (2001) The human ATP-binding cassette (ABC) 

transporter superfamily. J Lipid Res 42:1007-1017. 

Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi AK and Ross DD (1998) A 

multidrug resistance transporter from human MCF-7 breast cancer cells. Proc Natl Acad 

Sci U S A 95:15665-15670. 

Drach D, Zhao S, Drach J, Mahadevia R, Gattringer C, Huber H and Andreeff M (1992) 

Subpopulations of normal peripheral blood and bone marrow cells express a functional 

multidrug resistant phenotype. Blood 80:2729-2734. 

Duffield JS and Bonventre JV (2005) Kidney tubular epithelium is restored without 

replacement with bone marrow-derived cells during repair after ischemic injury. Kidney 

Int 68:1956-1961. 

Ebert B, Seidel A and Lampen A (2005) Identification of BCRP as transporter of 

benzo[a]pyrene conjugates metabolically formed in Caco-2 cells and its induction by Ah-

receptor agonists. Carcinogenesis 26:1754-1763. 

Ebert B, Seidel A and Lampen A (2007) Phytochemicals induce breast cancer resistance 

protein in Caco-2 cells and enhance the transport of benzo[a]pyrene-3-sulfate. Toxicol 

Sci 96:227-236. 

Ejsing TB, Hasselstrom J and Linnet K (2006) The influence of P-glycoprotein on cerebral 

and hepatic concentrations of nortriptyline and its metabolites. Drug Metabol Drug 

Interact 21:139-162. 

Enokizono J, Kusuhara H and Sugiyama Y (2007) Role of Breast Cancer Resistance Protein 

(Bcrp/Abcg2) in the Disposition of Phytoestrogens : the Importance of Bcrp in the Efflux 

Transport in the Blood-Brain and -Testis Barriers. Mol Pharmacol. 



JPET #132225 PiP 
 

17 
 

Fellner S, Bauer B, Miller DS, Schaffrik M, Fankhanel M, Spruss T, Bernhardt G, Graeff C, 

Farber L, Gschaidmeier H, Buschauer A and Fricker G (2002) Transport of paclitaxel 

(Taxol) across the blood-brain barrier in vitro and in vivo. J Clin Invest 110:1309-1318. 

Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuolo A, Cossu G and Mavilio 

F (1998) Muscle regeneration by bone marrow-derived myogenic progenitors. Science 

279:1528-1530. 

Gerstner ER and Fine RL (2007) Increased permeability of the blood-brain barrier to 

chemotherapy in metastatic brain tumors: establishing a treatment paradigm. J Clin 

Oncol 25:2306-2312. 

Glaeser H and Fromm MF (2008) Animal models and intestinal drug transport. Expert Opin 

Drug Metab Toxicol 4:347-361. 

Goodell MA, Brose K, Paradis G, Conner AS and Mulligan RC (1996) Isolation and functional 

properties of murine hematopoietic stem cells that are replicating in vivo. J Exp Med 

183:1797-1806. 

Gupta S, Verfaillie C, Chmielewski D, Kim Y and Rosenberg ME (2002) A role for extrarenal 

cells in the regeneration following acute renal failure. Kidney Int 62:1285-1290. 

Heemskerk S, van Koppen A, van den Broek L, Poelen GJ, Wouterse AC, Dijkman HB, 

Russel FG and Masereeuw R (2007) Nitric oxide differentially regulates renal ATP-

binding cassette transporters during endotoxemia. Pflugers Arch 454:321-334. 

Honjo Y, Hrycyna CA, Yan QW, Medina-Perez WY, Robey RW, van de LA, Litman T, Dean 

M and Bates SE (2001) Acquired mutations in the MXR/BCRP/ABCP gene alter 

substrate specificity in MXR/BCRP/ABCP-overexpressing cells. Cancer Res 61:6635-

6639. 

Huls M, Brown CD, Windass AS, Sayer R, van den Heuvel JJ, Heemskerk S, Russel FG and 

Masereeuw R (2008a) The breast cancer resistance protein transporter ABCG2 is 

expressed in the human kidney proximal tubule apical membrane. Kidney Int 73:220-

225. 



JPET #132225 PiP 
 

18 
 

Huls M, Kramers C, Levtchenko EN, Wilmer MJ, Dijkman HB, Kluijtmans LA, van der Hoorn 

JW, Russel FG and Masereeuw R (2007) P-glycoprotein-deficient mice have proximal 

tubule dysfunction but are protected against ischemic renal injury. Kidney Int 72:1233-

1241. 

Huls M, Russel FG and Masereeuw R (2008b) Insights into the role of bone marrow-derived 

stem cells in renal repair. Kidney Blood Press Res 31:104-110. 

Huls M, van den Heuvel JJ, Dijkman HB, Russel FG and Masereeuw R (2006) ABC 

transporter expression profiling after ischemic reperfusion injury in mouse kidney. Kidney 

Int 69:2186-2193. 

Huss WJ, Gray DR, Greenberg NM, Mohler JL and Smith GJ (2005) Breast cancer 

resistance protein-mediated efflux of androgen in putative benign and malignant prostate 

stem cells. Cancer Res 65:6640-6650. 

Hyafil F, Vergely C, Du VP and Grand-Perret T (1993) In vitro and in vivo reversal of 

multidrug resistance by GF120918, an acridonecarboxamide derivative. Cancer Res 

53:4595-4602. 

Hyde SC, Emsley P, Hartshorn MJ, Mimmack MM, Gileadi U, Pearce SR, Gallagher MP, Gill 

DR, Hubbard RE and Higgins CF (1990) Structural model of ATP-binding proteins 

associated with cystic fibrosis, multidrug resistance and bacterial transport. Nature 

346:362-365. 

Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW, Entman ML, Michael 

LH, Hirschi KK and Goodell MA (2001) Regeneration of ischemic cardiac muscle and 

vascular endothelium by adult stem cells. J Clin Invest 107:1395-1402. 

Jackson KA, Mi T and Goodell MA (1999) Hematopoietic potential of stem cells isolated from 

murine skeletal muscle. Proc Natl Acad Sci U S A 96:14482-14486. 

Janvilisri T, Venter H, Shahi S, Reuter G, Balakrishnan L and van Veen HW (2003) Sterol 

transport by the human breast cancer resistance protein (ABCG2) expressed in 

Lactococcus lactis. J Biol Chem 278:20645-20651. 



JPET #132225 PiP 
 

19 
 

Jiang YJ, Lu B, Kim P, Elias PM and Feingold KR (2006) Regulation of ABCA1 expression in 

human keratinocytes and murine epidermis. J Lipid Res 47:2248-2258. 

Jonge-Peeters SD, Kuipers F, de Vries EG and Vellenga E (2007) ABC transporter 

expression in hematopoietic stem cells and the role in AML drug resistance. Crit Rev 

Oncol Hematol 62:214-226. 

Jonker JW, Buitelaar M, Wagenaar E, van der Valk MA, Scheffer GL, Scheper RJ, Plosch T, 

Kuipers F, Elferink RP, Rosing H, Beijnen JH and Schinkel AH (2002) The breast cancer 

resistance protein protects against a major chlorophyll-derived dietary phototoxin and 

protoporphyria. Proc Natl Acad Sci U S A 99:15649-15654. 

Jonker JW, Merino G, Musters S, van Herwaarden AE, Bolscher E, Wagenaar E, Mesman E, 

Dale TC and Schinkel AH (2005) The breast cancer resistance protein BCRP (ABCG2) 

concentrates drugs and carcinogenic xenotoxins into milk. Nat Med 11:127-129. 

Kale S, Karihaloo A, Clark PR, Kashgarian M, Krause DS and Cantley LG (2003) Bone 

marrow stem cells contribute to repair of the ischemically injured renal tubule. J Clin 

Invest 112:42-49. 

Kielar D, Kaminski WE, Liebisch G, Piehler A, Wenzel JJ, Mohle C, Heimerl S, Langmann T, 

Friedrich SO, Bottcher A, Barlage S, Drobnik W and Schmitz G (2003) Adenosine 

triphosphate binding cassette (ABC) transporters are expressed and regulated during 

terminal keratinocyte differentiation: a potential role for ABCA7 in epidermal lipid 

reorganization. J Invest Dermatol 121:465-474. 

Klimecki WT, Futscher BW, Grogan TM and Dalton WS (1994) P-glycoprotein expression 

and function in circulating blood cells from normal volunteers. Blood 83:2451-2458. 

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S, Gardner R, Neutzel S and 

Sharkis SJ (2001) Multi-organ, multi-lineage engraftment by a single bone marrow-

derived stem cell. Cell 105:369-377. 

Kribben A, Edelstein CL and Schrier RW (1999) Pathophysiology of acute renal failure. J 

Nephrol 12 Suppl 2:S142-S151. 



JPET #132225 PiP 
 

20 
 

Krishnamurthy P, Ross DD, Nakanishi T, Bailey-Dell K, Zhou S, Mercer KE, Sarkadi B, 

Sorrentino BP and Schuetz JD (2004) The stem cell marker Bcrp/ABCG2 enhances 

hypoxic cell survival through interactions with heme. J Biol Chem 279:24218-24225. 

Krishnamurthy P and Schuetz JD (2006) Role of abcg2/bcrp in biology and medicine. Annu 

Rev Pharmacol Toxicol 46:381-410. 

Kusuhara H and Sugiyama Y (2001) Efflux transport systems for drugs at the blood-brain 

barrier and blood-cerebrospinal fluid barrier (Part 1). Drug Discov Today 6:150-156. 

Lagasse E, Connors H, Al Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X, Finegold 

M, Weissman IL and Grompe M (2000) Purified hematopoietic stem cells can 

differentiate into hepatocytes in vivo. Nat Med 6:1229-1234. 

Laouari D, Yang R, Veau C, Blanke I and Friedlander G (2001) Two apical multidrug 

transporters, P-gp and MRP2, are differently altered in chronic renal failure. Am J 

Physiol Renal Physiol 280:F636-F645. 

Larderet G, Fortunel NO, Vaigot P, Cegalerba M, Maltere P, Zobiri O, Gidrol X, Waksman G 

and Martin MT (2006) Human side population keratinocytes exhibit long-term 

proliferative potential and a specific gene expression profile and can form a pluristratified 

epidermis. Stem Cells 24:965-974. 

Leslie EM, Deeley RG and Cole SP (2005) Multidrug resistance proteins: role of P-

glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense. Toxicol Appl 

Pharmacol 204:216-237. 

Li Y, Yang J, Dai C, Wu C and Liu Y (2003) Role for integrin-linked kinase in mediating 

tubular epithelial to mesenchymal transition and renal interstitial fibrogenesis. J Clin 

Invest 112:503-516. 

Lin F, Cordes K, Li L, Hood L, Couser WG, Shankland SJ and Igarashi P (2003) 

Hematopoietic stem cells contribute to the regeneration of renal tubules after renal 

ischemia-reperfusion injury in mice. J Am Soc Nephrol 14:1188-1199. 



JPET #132225 PiP 
 

21 
 

Litman T, Brangi M, Hudson E, Fetsch P, Abati A, Ross DD, Miyake K, Resau JH and Bates 

SE (2000) The multidrug-resistant phenotype associated with overexpression of the new 

ABC half-transporter, MXR (ABCG2). J Cell Sci 113 ( Pt 11):2011-2021. 

Loscher W and Potschka H (2005) Drug resistance in brain diseases and the role of drug 

efflux transporters. Nat Rev Neurosci 6:591-602. 

Mao Q and Unadkat JD (2005) Role of the breast cancer resistance protein (ABCG2) in drug 

transport. AAPS J 7:E118-E133. 

Martin CM, Meeson AP, Robertson SM, Hawke TJ, Richardson JA, Bates S, Goetsch SC, 

Gallardo TD and Garry DJ (2004) Persistent expression of the ATP-binding cassette 

transporter, Abcg2, identifies cardiac SP cells in the developing and adult heart. Dev Biol 

265:262-275. 

Merino G, van Herwaarden AE, Wagenaar E, Jonker JW and Schinkel AH (2005) Sex-

dependent expression and activity of the ATP-binding cassette transporter breast cancer 

resistance protein (BCRP/ABCG2) in liver. Mol Pharmacol 67:1765-1771. 

Mezey E, Chandross KJ, Harta G, Maki RA and McKercher SR (2000) Turning blood into 

brain: cells bearing neuronal antigens generated in vivo from bone marrow. Science 

290:1779-1782. 

Morigi M, Imberti B, Zoja C, Corna D, Tomasoni S, Abbate M, Rottoli D, Angioletti S, Benigni 

A, Perico N, Alison M and Remuzzi G (2004) Mesenchymal stem cells are renotropic, 

helping to repair the kidney and improve function in acute renal failure. J Am Soc 

Nephrol 15:1794-1804. 

Neyfakh AA, Serpinskaya AS, Chervonsky AV, Apasov SG and Kazarov AR (1989) 

Multidrug-resistance phenotype of a subpopulation of T-lymphocytes without drug 

selection. Exp Cell Res 185:496-505. 

Notenboom S, Wouterse AC, Peters B, Kuik LH, Heemskerk S, Russel FG and Masereeuw 

R (2006) Increased apical insertion of the multidrug resistance protein 2 (MRP2/ABCC2) 

in renal proximal tubules following gentamicin exposure. J Pharmacol Exp Ther 

318:1194-1202. 



JPET #132225 PiP 
 

22 
 

Omae T, Goto M, Shimomura M, Masuda S, Ito K, Okuda M and Inui K (2005) Transient up-

regulation of P-glycoprotein reduces tacrolimus absorption after ischemia-reperfusion 

injury in rat ileum. Biochem Pharmacol 69:561-568. 

Oyama T, Nagai T, Wada H, Naito AT, Matsuura K, Iwanaga K, Takahashi T, Goto M, 

Mikami Y, Yasuda N, Akazawa H, Uezumi A, Takeda S and Komuro I (2007) Cardiac 

side population cells have a potential to migrate and differentiate into cardiomyocytes in 

vitro and in vivo. J Cell Biol 176:329-341. 

Pallis M, Turzanski J, Higashi Y and Russell N (2002) P-glycoprotein in acute myeloid 

leukaemia: therapeutic implications of its association with both a multidrug-resistant and 

an apoptosis-resistant phenotype. Leuk Lymphoma 43:1221-1228. 

Pavelic ZP, Reising J, Pavelic L, Kelley DJ, Stambrook PJ and Gluckman JL (1993) 

Detection of P-glycoprotein with four monoclonal antibodies in normal and tumor tissues. 

Arch Otolaryngol Head Neck Surg 119:753-757. 

Perriere N, Yousif S, Cazaubon S, Chaverot N, Bourasset F, Cisternino S, Decleves X, Hori 

S, Terasaki T, Deli M, Scherrmann JM, Temsamani J, Roux F and Couraud PO (2007) A 

functional in vitro model of rat blood-brain barrier for molecular analysis of efflux 

transporters. Brain Res 1150:1-13. 

Potschka H, Fedrowitz M and Loscher W (2002) P-Glycoprotein-mediated efflux of 

phenobarbital, lamotrigine, and felbamate at the blood-brain barrier: evidence from 

microdialysis experiments in rats. Neurosci Lett 327:173-176. 

Poulsom R, Alison MR, Cook T, Jeffery R, Ryan E, Forbes SJ, Hunt T, Wyles S and Wright 

NA (2003) Bone marrow stem cells contribute to healing of the kidney. J Am Soc 

Nephrol 14 Suppl 1:S48-S54. 

Pussard E, Merzouk M and Barennes H (2007) Increased uptake of quinine into the brain by 

inhibition of P-glycoprotein. Eur J Pharm Sci 32:123-127. 

Resta-Lenert S, Smitham J and Barrett KE (2005) Epithelial dysfunction associated with the 

development of colitis in conventionally housed mdr1a-/- mice. Am J Physiol 

Gastrointest Liver Physiol 289:G153-G162. 



JPET #132225 PiP 
 

23 
 

Ros JE, Libbrecht L, Geuken M, Jansen PL and Roskams TA (2003a) High expression of 

MDR1, MRP1, and MRP3 in the hepatic progenitor cell compartment and hepatocytes in 

severe human liver disease. J Pathol 200:553-560. 

Ros JE, Roskams TA, Geuken M, Havinga R, Splinter PL, Petersen BE, LaRusso NF, van 

der Kolk DM, Kuipers F, Faber KN, Muller M and Jansen PL (2003b) ATP binding 

cassette transporter gene expression in rat liver progenitor cells. Gut 52:1060-1067. 

Ruefli AA, Tainton KM, Darcy PK, Smyth MJ and Johnstone RW (2002) P-glycoprotein 

inhibits caspase-8 activation but not formation of the death inducing signal complex 

(disc) following Fas ligation. Cell Death Differ 9:1266-1272. 

Russel FG, Masereeuw R and van Aubel RA (2002) Molecular aspects of renal anionic drug 

transport. Annu Rev Physiol 64:563-594. 

Sarkadi B, Homolya L, Szakacs G and Varadi A (2006) Human multidrug resistance ABCB 

and ABCG transporters: participation in a chemoimmunity defense system. Physiol Rev 

86:1179-1236. 

Schinkel AH (1997) The physiological function of drug-transporting P-glycoproteins. Semin 

Cancer Biol 8:161-170. 

Schinkel AH, Mayer U, Wagenaar E, Mol CA, van Deemter L, Smit JJ, van der Valk MA, 

Voordouw AC, Spits H, van Tellingen O, Zijlmans JM, Fibbe WE and Borst P (1997) 

Normal viability and altered pharmacokinetics in mice lacking mdr1-type (drug-

transporting) P-glycoproteins. Proc Natl Acad Sci U S A 94:4028-4033. 

Schinkel AH, Wagenaar E, van Deemter L, Mol CA and Borst P (1995) Absence of the 

mdr1a P-Glycoprotein in mice affects tissue distribution and pharmacokinetics of 

dexamethasone, digoxin, and cyclosporin A. J Clin Invest 96:1698-1705. 

Schuetz EG, Schinkel AH, Relling MV and Schuetz JD (1996) P-glycoprotein: a major 

determinant of rifampicin-inducible expression of cytochrome P4503A in mice and 

humans. Proc Natl Acad Sci U S A 93:4001-4005. 



JPET #132225 PiP 
 

24 
 

Schuetz EG, Umbenhauer DR, Yasuda K, Brimer C, Nguyen L, Relling MV, Schuetz JD and 

Schinkel AH (2000) Altered expression of hepatic cytochromes P-450 in mice deficient in 

one or more mdr1 genes. Mol Pharmacol 57:188-197. 

Shimano K, Satake M, Okaya A, Kitanaka J, Kitanaka N, Takemura M, Sakagami M, Terada 

N and Tsujimura T (2003) Hepatic oval cells have the side population phenotype defined 

by expression of ATP-binding cassette transporter ABCG2/BCRP1. Am J Pathol 163:3-

9. 

Sorrentino BP, McDonagh KT, Woods D and Orlic D (1995) Expression of retroviral vectors 

containing the human multidrug resistance 1 cDNA in hematopoietic cells of transplanted 

mice. Blood 86:491-501. 

Storch CH, Ehehalt R, Haefeli WE and Weiss J (2007) Localization of the human breast 

cancer resistance protein (BCRP/ABCG2) in lipid rafts/caveolae and modulation of its 

activity by cholesterol in vitro. J Pharmacol Exp Ther 323:257-264. 

Sun DF, Fujigaki Y, Fujimoto T, Yonemura K and Hishida A (2000) Possible involvement of 

myofibroblasts in cellular recovery of uranyl acetate-induced acute renal failure in rats. 

Am J Pathol 157:1321-1335. 

Suzuki M, Suzuki H, Sugimoto Y and Sugiyama Y (2003) ABCG2 transports sulfated 

conjugates of steroids and xenobiotics. J Biol Chem 278:22644-22649. 

Szakacs G, Varadi A, Ozvegy-Laczka C and Sarkadi B (2008) The role of ABC transporters 

in drug absorption, distribution, metabolism, excretion and toxicity (ADME-Tox). Drug 

Discov Today 13:379-393. 

Taniguchi H, Toyoshima T, Fukao K and Nakauchi H (1996) Presence of hematopoietic stem 

cells in the adult liver. Nat Med 2:198-203. 

Tate SK and Sisodiya SM (2007) Multidrug resistance in epilepsy: a pharmacogenomic 

update. Expert Opin Pharmacother 8:1441-1449. 

Thevenod F, Friedmann JM, Katsen AD and Hauser IA (2000) Up-regulation of multidrug 

resistance P-glycoprotein via nuclear factor-kappaB activation protects kidney proximal 



JPET #132225 PiP 
 

25 
 

tubule cells from cadmium- and reactive oxygen species-induced apoptosis. J Biol Chem 

275:1887-1896. 

Turzanski J, Grundy M, Shang S, Russell N and Pallis M (2005) P-glycoprotein is implicated 

in the inhibition of ceramide-induced apoptosis in TF-1 acute myeloid leukemia cells by 

modulation of the glucosylceramide synthase pathway. Exp Hematol 33:62-72. 

van Herwaarden AE and Schinkel AH (2006) The function of breast cancer resistance protein 

in epithelial barriers, stem cells and milk secretion of drugs and xenotoxins. Trends 

Pharmacol Sci 27:10-16. 

Van der Borght S, Libbrecht L, Katoonizadeh A, van PJ, Cassiman D, Nevens F, Van LA, 

Petersen BE, Fevery J, Jansen PL and Roskams TA (2006) Breast cancer resistance 

protein (BCRP/ABCG2) is expressed by progenitor cells/reactive ductules and 

hepatocytes and its expression pattern is influenced by disease etiology and species 

type: possible functional consequences. J Histochem Cytochem 54:1051-1059. 

Wang H, Zhou L, Gupta A, Vethanayagam RR, Zhang Y, Unadkat JD and Mao Q (2006) 

Regulation of BCRP/ABCG2 expression by progesterone and 17beta-estradiol in human 

placental BeWo cells. Am J Physiol Endocrinol Metab 290:E798-E807. 

Xia CQ, Milton MN and Gan LS (2007) Evaluation of drug-transporter interactions using in 

vitro and in vivo models. Curr Drug Metab 8:341-363. 

Yano S, Ito Y, Fujimoto M, Hamazaki TS, Tamaki K and Okochi H (2005) Characterization 

and localization of side population cells in mouse skin. Stem Cells 23:834-841. 

Yasuda K, Lan LB, Sanglard D, Furuya K, Schuetz JD and Schuetz EG (2002) Interaction of 

cytochrome P450 3A inhibitors with P-glycoprotein. J Pharmacol Exp Ther 303:323-332. 

Zamek-Gliszczynski MJ, Hoffmaster KA, Humphreys JE, Tian X, Nezasa K and Brouwer KL 

(2006) Differential involvement of Mrp2 (Abcc2) and Bcrp (Abcg2) in biliary excretion of 

4-methylumbelliferyl glucuronide and sulfate in the rat. J Pharmacol Exp Ther 319:459-

467. 

Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ, Lagutina I, Grosveld 

GC, Osawa M, Nakauchi H and Sorrentino BP (2001) The ABC transporter 



JPET #132225 PiP 
 

26 
 

Bcrp1/ABCG2 is expressed in a wide variety of stem cells and is a molecular 

determinant of the side-population phenotype. Nat Med 7:1028-1034. 



JPET #132225 PiP 
 

27 
 

Footnotes 

Supported by the Dutch Kidney Foundation (grant: C02.2012). 

 

 



JPET #132225 PiP 
 

28 
 

Legends for Figures 

 

Figure 1. Tissue distribution of P-gp and BCRP. Dotted arrows indicate the direction of 

efflux of substrates excreted by P-gp or BCRP. Both transporters are expressed in the 

luminal membrane of the endothelial cells comprising the blood-brain barrier (1), where they 

protect the brain from toxic substrates, the choroid plexus within the brain (2), the apical 

membrane of epithelial cells of the mammary gland during lactation (3), the canalicular 

membrane of hepatocytes (4), the brush border membrane of proximal tubules (5), which 

mediates the excretion into the urine, the apical membrane of the intestinal epithelial cells 

(6), which prevents the absorption of substrates into the human body, the 

syncitiotrophoblasts (7) and the side population within the bone marrow (8).  

 

Figure 2. Proposed mechanisms of renal regeneration. Differentiated tubular cells are 

able to regenerate the injured tissue after proliferation and spreading. Moreover, 

differentiated tubular cells could dedifferentiate via the process of EMT towards more 

primitive mesenchymal cells. Subsequently, cells migrate to the sites of injury and repair the 

damaged tubules. In addition, stem cells either localized within the kidney or derived from 

bone marrow might regenerate the damaged tissue by differentiation towards tubular cells. 

Upon differentiation, P-gp and BCRP are down-regulated in stem cells and transition cells. 






