
Send Orders for Reprints to reprints@benthamscience.ae 
 Current Medicinal Chemistry, 2016, 23, ???-???? 1 

 0929-8673/16 $58.00+.00 © 2016 Bentham Science Publishers 

Modulation of Expression and Activity of ABC Transporters by the 
Phytoestrogen Genistein. Impact on Drug Disposition 

Juan Pablo Rigallia,b, Nadia Ciriacia, Aldo Domingo Mottinoa, Viviana Alicia Cataniaa and 
María Laura Ruiza,* 

aInstitute of Experimental Physiology, Faculty of Biochemical and Pharmaceutical Science, 
Rosario National University, Suipacha 570, 2000 Rosario, Argentina; bDepartment of Clini-
cal Pharmacology and Pharmacoepidemiology, University of Heidelberg, Im Neuenheimer 
Feld 410, 69120 Heidelberg, Germany 

Abstract: ATP binding cassette (ABC) transporters are involved in drug absorption, distri-
bution and elimination. They also mediate multidrug resistance in cancer cells. Isoflavones, 
such as genistein (GNT), belong to a class of naturally-occurring compounds found at high 
concentrations in commonly consumed soya based-foods and dietary supplements. GNT and 
its metabolites interact with ABC transporters as substrates, inhibitors and/or modulators of their expression. 
This review compiles information about regulation of ABC transporters by GNT with special emphasis on the 
three major groups of ABC transporters involved in excretion of endo- and xenobiotics as follows: P-
glycoprotein (MDR1, ABCB1), a group of multidrug resistance associated proteins (MRPs, ABCC subfamily) 
and ABCG2 (BCRP), an ABC half-transporter. The impact of these regulations on potential GNT-drug inter-
actions is further considered. 
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1. INTRODUCTION 

1.1. ABC Transporters: General Considerations 

Transporters belonging to the ATP binding cassette 
family (ABC) are multispanning transmembrane pro-
teins present in almost all the cells of the human body. 
Structurally, they exhibit 2 cytoplasmatic nucleotide-
binding domains, which use the energy of ATP hy-
drolysis to transport substrates against a concentration 
gradient across the plasma membrane (Fig. 1) [1]. ABC 
transporters exhibit a wide variety of physiological 
roles. Among them, P-glycoprotein (MDR1, ABCB1), 
the multidrug resistance associated proteins (MRPs, all 
belonging to the ABCC subfamily) and the breast can-
cer resistance protein (BCRP, ABCG2), an ABC half-
transporter, play a significant role in the depuration of 
endo- and xenobiotics. For instance, many compounds 
resulting from cell catabolism and exogenous sub- 
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stances like therapeutic drugs and their metabolites are 
extruded from the cell by ABC transporters [2, 3]. As a 
consequence, ABC transporters regulate the absorption 
and excretion of therapeutic drugs, thus affecting their 
pharmacokinetics and frequently underlying adverse 
drug reactions and drug-drug interactions.  

What follows next is a description of each of the 
above referred transporters with special emphasis on 
their function as well as a section about their regulatory 
mechanisms. In the sake of clarity, capital letters are 
used throughout for transporter denomination regard-
less the species studied. 

1.2. P-glycoprotein (MDR1/ABCB1) 

1.2.1. General Features 

P-glycoprotein (P-gp), also known as ABCB1 or 
MDR1, was first identified by Juliano and Ling in 1976 
in the plasma membrane of Chinese hamster ovary 
cells resistant to colchicine [4]. Later, it was found in 
human cancer cells, in association with the presence of 
a multidrug resistant phenotype, conferring to this fam-
ily of transporters the denomination of multidrug resis-
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tance proteins (MDR) [5]. This was confirmed by im-
munocytochemical studies showing high expression in 
epithelial solid tumors including colon [6], kidney [7] 
and breast [8]. P-gp is also expressed constitutively in a 
wide range of normal tissues such as kidney, liver, 
small intestine, colon, adrenal glands and lung, and to a 
lower extent in prostate, skin, spleen, heart, skeletal 
muscle, stomach and ovary [9]. Also, it is expressed in 
brain [10-12], choroid plexus [13], peripheral blood 
mononuclear cells and placenta [14].  

1.2.2. Physiological Role of P-gp 

The physiological role of P-gp was first studied us-
ing P-gp knock-out mice. Noteworthy, these mice did 
not show evident physiological alterations. However, 
when exposed to certain toxins, they were significantly 
more affected than wild-type mice, suggesting a major 
role of P-gp in xenobiotic efflux [15, 16]. In this re-
gard, the localization of P-gp in the intestinal brush 
border membrane plays a role as an intrinsic barrier 
limiting the uptake of xenobiotics from the intestinal 

lumen [17]. In addition, its expression in the liver ca-
nalicular membrane and in the apical membrane of re-
nal tubular cells indicates a key role in the vectorial 
efflux of xenobiotics to bile and urine, respectively, 
thus contributing to systemic drug clearance [9, 18-20]. 
Similarly, P-gp localization in the luminal side of endo-
thelial cells of the blood-brain barrier limits the pene-
tration of potential harmful substances into the central 
nervous system [21].  

Several therapeutic drugs, environmental toxicants 
and diet compounds have been characterized as P-gp 
substrates. Characterization of major compounds trans-
ported by P-gp and their chemical properties condition-
ing transporter-compound interaction were extensively 
reviewed by Schinkel and Jonker [22] and Klaassen 
and Aleksunes [23]. In the case of therapeutic agents 
transported by P-gp, the interference in the absorption 
may be judged as undesirable, in opposition to the 
beneficial function of the transporter in limiting the 
absorption of toxins. In addition, hormones and other 
lipophilic endobiotics have been reported to be trans-

 
Fig. (1). General structure of pharmacologically relevant ABC transporters. Depicted are the transmembrane- and nucleo-
tide binding domains of the P-glycoprotein (P-gp), the multidrug resistance associated proteins 1-8 (MRP1-8) and the breast 
cancer resistance protein (BCRP). Due to its localization in intracellular membrane compartments and its scarce relevance on 
drug efflux, MRP9 is not depicted in the illustration.  
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ported by P-gp [24, 25]. However, taking into account 
that P-gp knock-out mice do not exhibit physiological 
alterations [15, 16], a minor role of this transporter in 
disposition of endobiotics may be inferred.  

1.3. MRP Family 

1.3.1. General Features 

Human multidrug resistance-associated proteins 
(MRPs) comprise a group of 9 transporters with con-
served structure but heterogeneous substrate specific-
ity, localization and function. All MRPs exhibit the 
same core structure displayed by P-gp. MRP1, MRP2, 
MRP3, MRP6 and MRP7 have an additional N-
terminal domain with 5 transmembrane segments, 
while MRP4, MRP5, MRP8 and MRP9 lack this extra 
domain (Fig. 1) [26-28]. 

MRP1/ABCC1 was the first member of this family 
to be described; it was detected in a mutant lung cancer 
cell line that exhibited enhanced resistance towards 
chemotherapeutic agents with respect to the parental 
cell line [29]. It was also detected in normal tissues like 
kidney [30], intestine [31], blood-brain barrier [32], 
lung, testis and peripheral blood mononuclear cells [29, 
33]. The normal liver exhibits low MRP1 expression 
[27]. However, a liver canalicular (apical) isoform of 
MRP1 was later found. It was named MRP2/ABCC2 
[34] and its expression was not restricted to the liver 
but was found also in kidney [35], small intestine [36] 
and blood-brain barrier [37]. Moreover, MRP2 expres-
sion was also detected in tumors of different origins 
and usually associated to a poorer disease prognosis 
[38, 39]. MRP2 deficiency is responsible for the biliary 
secretion impairment observed in patients with Dubin-
Johnson Syndrome [40]. A basolateral isoform, 
MRP3/ABCC3, was later identified in the sinusoidal 
membrane of hepatocytes [41], where it mediates the 
vectorial transport of substrates from the hepatocyte to 
the sinusoidal blood [41-43]. It was also detected in 
kidney, intestine, pancreas, lung, gallbladder [44, 45], 
as well as in different tumor entities where its expres-
sion was associated with enhanced chemoresistance 
[46, 47]. MRP4/ABCC4 and MRP5/ABCC5 are more 
ubiquitously expressed, although at variable levels. 
They both exhibit basolateral localization in polarized 
epithelia, except for MRP4, which is expressed at the 
apical membrane of the proximal tubule cells [48]. 
MRP6/ABCC6 was found to be relevant in the patho-
genesis of pseudoxanthoma elasticum, an inheritable 
disorder characterized by mutations leading to a dys-
functional transporter [49]. MRP7/ABCC10 has been 
associated to resistance to taxanes in many tumoral en-

tities [50]. MRP8/ABCC11 was identified as a cyclic 
nucleotide efflux transporter and a resistance factor for 
nucleotide analogs [51]. MRP9/ABCC12 expression 
was described in mouse testis and in breast cancer 
cells. Experimental evidence indicates that MRP9 is 
predominantly localized in intracellular compartments 
[52-54]. Little is known about the substrates and func-
tions of this particular transporter. 

1.3.2. Physiological Role of MRPs 

MRPs mediate the efflux of endo- and xenobiotics, 
including therapeutic drugs. Substrate specificity of 
each MRP within this subfamily is highly variable, (re-
viewed in Schinkel and Jonker [22] and Klaassen and 
Aleksunes [23]). An insight into physiological roles of 
MRP transporters was gained with the use of knock-out 
mice. In this respect, MRP1-/- mice were viable and 
fertile, thus arguing against a major role of this protein 
in growth and development. However, these mice ex-
hibited increased tissue damage in bone marrow and 
seminiferous tubules upon exposure to etoposide, con-
firming MRP1 role in protection against xenobiotic 
toxicity [55]. Besides, MRP1 plays a key role in the 
acquired immune response, for example, by promoting 
the migration of dendritic cells from peripheral tissues 
to the lymph nodes [56]. A protective role of MRP1, as 
well as of MRP2, against oxidative stress was also 
demonstrated [57, 58]. MRP2 and MRP3 act coordi-
nately to mediate efflux of organic anions from polar-
ized epithelia through the apical and basolateral route, 
respectively. For instance, MRP2, highly expressed in 
the liver, mediates the biliary secretion of endobiotics 
like bilirubin glucuronides and hormone conjugates. 
Conversely, MRP3, which presents a low basal expres-
sion, is highly inducible in human and rat liver and 
mediates their basolateral efflux. MRP3 is usually in-
duced under conditions of MRP2 malfunction, thus 
providing an alternative pathway for the elimination of 
MRP2 substrates [41]. Additionally, MRP2 contributes 
to the intestinal chemical barrier function limiting the 
uptake of potentially toxic compounds into the entero-
cyte [59]. A similar role of MRP2 was also described 
in the capillaries of brain endothelial cells and in the 
choroid plexus, limiting the entrance of toxic com-
pounds into the central nervous system [60, 61]. In the 
kidney, MRP2 mediates the secretion of organic anions 
to the urine [35, 62]. MRP4, MRP5 and MRP8 role as 
cyclic nucleotide transporters indicates a participation 
in physiological processes involving these molecules as 
signal mediators such as cell migration, cell death [63], 
thrombus formation [64] and sperm capacitation [65]. 
MRP6 has been suggested to mediate ATP release by 
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hepatocytes. This process appears to be impaired in the 
inheritable disorder pseudoxanthoma elasticum [66, 
67]. 

1.4. Breast Cancer Resistance Protein (BCRP/ 
ABCG2) 

1.4.1. General Features 

Breast Cancer Resistance Protein (BCRP/ABCG2) 
was first cloned by Doyle et al. from the human breast 
cancer cell line MCF-7 [68]. The same year, Allike-
mets et al. [69] and Rabindran et al. [70] identified the 
transporter in human placenta and colon carcinoma 
cells, respectively. Overexpression of the cloned BCRP 
cDNA in cell lines demonstrated that the transporter 
was able to confer resistance to chemotherapeutic 
drugs such as mitoxantrone, doxorubicin and daunoru-
bicin in an energy-dependent way [68]. BCRP consists 
of 6 transmembrane domains (Fig. 1). However, in 
human cells the transporter is likely to exist and func-
tion as a homodimer and oligomer [71-74]. BCRP is 
expressed in the canalicular membrane of hepatocytes, 
in the brush border membrane of enterocytes and in the 
apical membrane of renal proximal tubules. In addition, 
BCRP is expressed in brain capillary endothelial cells, 
thus contributing to the blood-brain barrier. A similar 
role was described in blood-placental and blood-testis 
barriers and in the breast [75]. BCRP expression was 
also described in immature myeloid and leukemia stem 
cells, suggesting a role in multidrug resistance in blood 
cancer therapy [75].  

1.4.2. Physiological Role of BCRP 

One of the main physiological roles of BCRP con-
sists in the hepatobiliary excretion of endo- and xeno-
biotics. In the intestine, it functions as a defense bar-
rier, limiting the absorption of dietary carcinogens, 
therapeutic drugs and toxins [76]. In kidney proximal 
tubular cells, it is involved in the urate elimination and 
in the secretion of different compounds through the 
apical membrane. Moreover, BCRP transports several 
drugs administered in cancer chemotherapy. In this re-
gard, BCRP expression has been associated with che-
motherapy efficacy and cancer prognosis [77, 78]. 
More detailed information on BCRP substrates is 
available in the reviews by Schinkel and Jonker [22] 
and Klaassen and Aleksunes [23].  

BCRP expression in lactating mammary glands is 
associated with the active secretion of clinically and 
toxicologically relevant substrates into the milk. This 
BCRP function results in an increased exposure of 
sucklings to noxes substrates of this transporter but also 

provides a pathway for the secretion into milk of vita-
mins such as riboflavin [79, 80]. 

1.5. Modulation of ABC Transporters 

ABC transporters are subjected to a tight regulation 
at different levels. Transcriptional modulation repre-
sents the mechanism most frequently described. In 
silico studies scanning promoters and enhancers of 
ABC transporters have identified several putative tran-
scription factor binding sites. The mechanism of action 
for several of these factors was further validated in bio-
logical assays [81-85]. A list of most important tran-
scription factors is provided in Table 1.A. Concerning 
ABC regulation by xenobiotics, it must be highlighted 
the role of the nuclear receptor PXR (NR1I2, Pregnane 
X Receptor), which is activated by a wide range of 
therapeutic drugs, environmental toxicants and micro-
nutrients [86, 87]. PXR was already described to modu-
late the transcription of P-gp [88], MRP2 [84], MRP3 
[89] and BCRP [90]. In addition to regulation by tran-
scription factors, epigenetic mechanisms have been 
also described to modify the expression of ABC trans-
porter mRNAs [91].  

In addition to transcriptional modulation, ABC 
transporters have been reported to be regulated at post-
transcriptional- (e.g. due to an altered mRNA half-life), 
translational (e.g. due to changes in regulatory mi-
croRNA expression) and post-translational levels (e.g. 
ubiquitination, changes in the glycosylation status, 
acute changes in transporter localization). Major 
mechanisms belonging to these categories are listed in 
Table 1 (B to D). 

2. GENISTEIN  

2.1. General Features 

Genistein (4´,5,7-trihydroxyisoflavone, GNT) is a 
phytoestrogen belonging to the family of isoflavones 
usually ingested as a dietary supplement or as compo-
nent of vegetables such as soybeans, fava beans and 
lupins. It is also found in derived products like soybean 
oil, tofu, miso, tempeh, soy infant and cereal formula-
tions. GNT can be present in two different forms: as 
glycoside (i.e. genistin or genistein-7-O-β-D-glucoside) 
and as aglycone (i.e. genistein) (Fig. 2). The major 
form present in soybeans and other plants is the glyco-
side [130]. On the contrary, in manufactured food such 
as miso and tempeh, the aglycone is present in a greater 
proportion due to the hydrolysis of the glycoside by 
microbial β-glucosidases during the fermentation proc-
ess [131].  
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Table 1. Mechanisms involved in ABC transporter 
regulation.  
Below are presented the molecular mediators and 
regulatory pathways reported to modify ABC 
transporter expression at transcriptional-(A), post-
transcriptional-(B), translational-(C) and post-
translational levels (D). Corresponding references 
are provided for each listed mechanism.  

A. Transcriptional mechanisms 

Transcription factor or regulatory 
mechanism Reference 

Activator protein 1 (AP-1) [92, 93] 

Aryl hydrocarbon receptor (AhR) [83, 94] 

Changes in histone acetylation and methy-
lation patterns [91] 

Changes in promoter methylation patterns [95, 96] 

Constitutive androstane receptor (CAR) [97, 98] 

Estrogen receptors α and β (ERα, ERβ) [92, 93, 99-102]  

Farnesoid X Receptor (FXR) [84] 

Hypoxia-inducible factor 1α (HIF-1α) [103] 

Nuclear factor erythroid 2-related factor 2 
(Nrf2) [83, 104-106]  

Nuclear factor κB (NFκB) [107] 

Peroxisome proliferator activated receptor 
α (PPARα) [83, 108] 

Pregnane X Receptor (PXR) [86-89, 98, 109-
111]  

Progesterone receptor B (PRB) [112] 

B. Post-transcriptional mechanisms 

Regulatory mechanism Reference 

mRNA stabilization [113-115] 

C. Translational mechanisms 

Regulatory mechanism Reference 

Translation control by microRNAs [116-124]  

Use of alternative open reading frames [125] 

D. Post-translational mechanisms 

Regulatory mechanism Reference 

Control of transporter ubiquitination [126] 

Transporter glycosylation [127, 128] 

Acute changes in transporter localization [129] 

 

2.2. GNT Metabolism and Disposition 

After its ingestion, GNT glucoside is hydrolyzed to 
GNT by epithelial and microbial β-glucosidases in the 
oral cavity [132] and small intestine [133]. Then, the 
aglycone form is absorbed by the intestinal epithelium 
by passive diffusion. In humans, soy aglycones are the 
biologically active form of isoflavones and are ab-
sorbed faster and in higher amounts than their gluco-
sides [134-136]. Inside the enterocyte, GNT is metabo-
lized to its glucuronide derivative by UDP-glucurono-
syltransferases (UGTs; UGT1A1, 1A8, 1A9, 1A10) 
and in less proportion to sulfate conjugates by sul-
fotransferases (SULTs, SULT1A1*2, 1E, 2E1) [137]. 
Conjugated metabolites are then transported by apical 
BCRP [138-140] and MRP2 [141] back into the intes-
tinal lumen or alternatively by basolateral MRP3 and 
MRP4 [142] to reach the portal circulation. A fraction 
of consumed GNT may reach the liver intact, as agly-
cone, and undergo intrahepatic conjugation. The conju-
gated metabolites may ultimately be excreted into the 
bile by canalicular MRP2 and BCRP or into the sinu-
soids by basolateral MRP3 and MRP4. Strong evidence 
concerning MRP2 role in conjugated GNT efflux was 
provided by Krumpochova et al., [143], who demon-
strated that GNT-glucuronide is more abundant in urine 
from MRP2-/- mice than in urine from wild type mice. 
These data fit those of Jäger et al. [144], describing an 
impaired biliary excretion of GNT-glucuronide in 
MRP2 deficient rats. Similarly, Kato et al., [145] dem-
onstrated that following oral administration the plasma 
concentrations of total GNT and total daidzein, another 
soy isoflavone, mainly as sulfoglucuronide conjugates, 
were higher in MRP2-deficient Eisai hyperbilirubine-
mic (EHBR) than in normal rats [145]. Under this con-
dition, a higher basolateral excretion of GNT conju-
gates by MRP3 and MRP4 is expected, leading to in-
creased plasma and urine concentration. Finally, GNT 
metabolites reaching the small intestine through the 
bile duct are deconjugated by microbial enzymes and 
further reabsorbed or alternatively excreted in feces. 
GNT deconjugation may also occur in blood, thus lead-
ing to increasing aglycone concentration [146]. All 
these pathways are illustrated in Fig. (3). 

Interestingly, many phase II biotransformation sys-
tems that metabolize GNT are expressed in the same 
tissues expressing ABC transporters. This reinforces 
the assumption of a coordinated function between 
phase II enzymes and the apical export pump MRP2 in 
many epithelial cells [147]. For example, in the rat in-
testine, conjugation of endo and xenobiotics by UGT 
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Fig. (2). Chemical structures of genistein (GNT, aglycone) and its glycoside form (Genistin or Genistein 7-O-beta-D-
glucoside). 

 
Fig. (3). GNT metabolism and enterohepatic recirculation. This is a schematic representation of the major enzymes and ef-
flux transporters involved in GNT hepatic and intestinal metabolism and disposition. Dashed arrows represent passive diffusion 
of GNT. Since there is no data available about basolateral efflux transporters involved in conjugated-GNT extrusion in vivo, it 
is assumed that MRP3 and MRP4 are involved in conjugated-GNT basolateral extrusion as was described in HeLa cells [142]. 
While conjugated estrogens are uptaken by the hepatocytes through organic anion transporter polypeptides (OATPs), it is still 
unknown if this transporter is involved in conjugated-GNT hepatic uptake. GNT: genistein, UGTs: UDP-glucuronosyl-
transferases, SULTs: sulfotransferases. 

and SULTs takes place predominantly in the proximal 
portion with a decrease observed further down the in-
testinal tract. The same distribution along the small 
intestine has been reported for intestinal MRP2 [147]. 
This co-localization of biotransformation and trans-

porter systems represents a useful strategy to improve 
the systemic clearance of potentially harmful sub-
stances. In addition, it suggests the occurrence of com-
mon regulatory mechanisms.  
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2.3. GNT Effects 

GNT displays estrogenic activity related to its struc-
tural similarity to 17β-estradiol, the major physiologi-
cal estrogen. GNT consumption either with the diet or 
as hormone replacement supplements is believed to 
alleviate menopausal symptoms and even to prevent 
hormone associated malignancies. Nevertheless, evi-
dence in this regard is highly controversial [148]. It is 
postulated that GNT inhibits the growth of tumor cells 
by interfering with the tyrosine kinase activity of 
growth factor receptors and cytoplasmic tyrosine 
kinases and by inhibiting DNA topoisomerase as well. 
Similarly, Davis et al. investigated the inhibitory effect 
of GNT on growth of cells derived from pancreatic 
cancer and demonstrated that GNT can modulate spe-
cific genes involved in cell growth inhibition and apop-
tosis, such as the cyclin-dependent kinase inhibitor 1 
(p21) [149]. In this regard, a study by Zander et al. 
[150] evaluated the effects of a GNT enriched diet on 
overall survival of mice harboring BRCA1 and p53 mu-
tations leading to the development of spontaneous 
breast cancer. Effects were evaluated in BCRP defi-
cient mice, with expected higher GNT bioavailability 
due to reduced GNT clearance, and in mice with nor-
mal BCRP activity. Results showed no difference in 
overall survival between groups. However, the authors 
did not measure GNT plasma concentrations. If GNT 
bioavailability in BCRP knock-out mice was, as ex-
pected, higher than in wild type mice, these results 
would suggest a minor relevance of GNT exposure in 
breast cancer outcome, at least in malignancies with a 
genetic background similar to that in the mice studied.  

In human cell lines, GNT exhibited both prolifera-
tive and antiproliferative effects depending on the con-
centration. For instance, in the breast cancer cell line 
MCF-7 (estrogen receptor positive), cell growth is 
stimulated at low concentrations of GNT (10-5- 10-8 M) 
while it is inhibited at high concentrations (10-5 - 10-4 

M) [151]. Considering that GNT plasma concentrations 
after the ingestion of GNT enriched supplements do not 
exceed 10-6 M [152, 153], this evidence, although 
speculative, would support stimulatory effect on cancer 
cell proliferation under such conditions. Importantly, 
most of the cell lines used in in vitro studies exhibit 
reduced activity of phase II biotransformation systems 
[154] and are usually exposed to the aglycone form of 
GNT. These conditions may not reproduce the situation 
in vivo, where more efficient conjugation systems may 
result in much lower exposition to unconjugated GNT. 
Whether such conditions are compatible with the low 
range of concentrations used in vitro and found to 

stimulate cancer cell proliferation [151] is far from be-
ing demonstrated.  

 GNT was also found to exhibit antioxidant activity 
[155]. It was demonstrated that oral administration of 
GNT reduces lipid peroxidation in liver and oxidative 
stress induced by vitamin E deficiency in hamsters 
[156]. Similarly, Gonzalez-Granillo et al. described an 
effect on lipid homeostasis in mice. The authors dem-
onstrated an increase in ABCG5 and ABCG8 mRNA 
levels as well as increased total fecal bile acid excre-
tion and insulin sensitivity [157].  

3. REGULATION OF ABC TRANSPORTERS BY 
GNT 

GNT is ligand of nuclear receptors such as ER-α 
and ER-β [158]. In addition, PXR activation by GNT 
and induction of human CYP3A4 and murine 
CYP3A11 through this pathway were observed [159]. 
Furthermore, GNT also interacts with a variety of tran-
scription factors that modulate gene expression and/or 
protein localization such as aryl hydrocarbon receptor, 
the nuclear factor erythroid 2-related factor 2 (Nrf2) 
and the epidermal growth factor receptor [160-162]. 
Considering that these transcriptions factors have been 
already shown to regulate ABC transporters (Table 
1.A), an important role of GNT in regulating endo- and 
xenobiotic transport can be expected. 

Several authors studied the effects of GNT on ABC 
transporters in different experimental models, at differ-
ent incubation times and using different concentrations 
of GNT. In view of the significant amount of informa-
tion available, we first performed a classification of 
these effects according to whether they resulted from 
sustained or short treatments. These conditions may be 
tentatively associated to prolonged or sporadic inges-
tion of GNT, respectively. Accordingly, Tables 2 and 3 
summarize these long- and short-term effects, respec-
tively. It is evident from Table 2 that GNT exerts an 
overall increase in expression of the transporters stud-
ied, except for BCRP, where mRNA downregulation 
was observed. The mechanisms of induction are un-
likely universal and mostly involve transcriptional or 
translational regulations, as mentioned in Table 2. 
Short-term treatments resulted in variable effects de-
pending on the transporter studied. In view of the com-
plexity of all these long- and short-term regulations, we 
next describe in more detail the most relevant effects 
for each of the drug transporters currently reviewed. 

3.1. P-gp Regulation  
It has been shown that GNT (200 µM) exerts an 

acute inhibition of P-gp activity in tumor cells [163]. P-
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Table 2. Long-term regulation of ABC transporters by GNT. 

Transporter Model Treatment Effect Mechanism Reference 

P-gp* Caco-2 cells GNT 1 µM, 48 h 
↑ mRNA 
↑ protein 
↑ activity 

ER-β and SP-1 dependent [99] 

P-gp* HepG2 cells GNT 1 µM, 48 h ↑ protein 
↑ activity Translational regulation [167] 

P-gp* HepG2 cells GNT 10 µM, 48 h 
↑ mRNA 
↑ protein 
↑ activity 

PXR dependent [167] 

MRP2* Caco-2 cells GNT 1 µM, 48 h ↑ protein 
↑ activity 

Translational regulation, ER-β 
dependent [99] 

MRP2* Rat small 
intestine 

Standardized soy 
extract (100 mg/kg 

p.o., 10 days) 

↑ mRNA 
 - [168] 

MRP2* HepG2 cells GNT 1 µM, 48 h ↑ protein 
↑ activity 

Decrease in hsa-miR-379 expres-
sion [167] 

MRP2* HepG2 cells GNT 10 µM, 48 h 
↑ mRNA 
↑ protein 
↑ activity 

PXR dependent [167] 

MRP2 HepG2-C3 
cells 

GNT 50 µM, 10-24 
h 

↑ mRNA 
↑ protein 

Increase in PXR-RXR-α binding 
to MRP2 promoter [169] 

MRP2 HepG2 cells GNT 22 and 70 
µM, 24 h 

↓ mRNA 
= Protein - [170] 

MRP4 HepG2 cells GNT 70 µM, 24 h ↓ mRNA 
 - [170] 

MRP2* Rat liver 
Standardized soy 

extract (100 mg/kg 
p.o., 10 days) 

↑ mRNA 
 - [168] 

MRP1 Rat liver 
Standardized soy 

extract (100 mg/kg 
p.o., 10 days) 

↑ mRNA 
 - [168] 

BCRP 
Gastric cancer 

cell line 
MGC-803 

GNT 15 µM, 24 h ↓ mRNA 
 - [178] 

*In vivo reports harboring potential clinical relevance as well as in vitro studies using pharmacologically relevant concentra-
tions are indicated with * next to the modulated transporter. 

gp transport inhibition could be due to ATP depletion 
by GNT. However, this phenomenon in tumor cells 
was described for GNT concentrations higher than 400 
µM [164], thus ruling out this mechanism as the cause 
of the inhibition of P-gp-mediated transport. Several 
studies focused on the inhibition of tyrosine kinase ac-
tivity by GNT as a potential cause of P-gp inhibition. 
Germann et al. speculated that as Rhodamine-123 
(R123) efflux was inhibited by GNT and rapidly re-
versed (2 min), changes in phosphorylation status are 
unlikely involved. Also, P-gp did not show phosphory-
lation of tyrosine residues in an in vivo experiment 
[165]. Moreover, the potent tyrosine kinase inhibitor 
lavendustin A had no effect on R123 accumulation in 

BALB/c-3T3-1000 cells, further supporting a mecha-
nism of P-gp inhibition independent of tyrosine kinase 
inhibition [163]. The exact underlying mechanism re-
mains unknown. In contrast, Okura et al. found in 
LS180 cells that 100 µM GNT increases R123 efflux 
after a 1-h incubation [166]. Similarly, Jäger et al. 
demonstrated that GNT increases R123 efflux in iso-
lated and perfused rat liver. This occurs due to com-
petitive inhibition of MRP2 by GNT glucuronide that 
affects transport of R123-glucuronide, also pumped by 
MRP2. As a result, the accumulation of R123-
glucuronide may inhibit glucuronidation and as a con-
sequence more R123 is available to be excreted by P-
gp [144].  
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Table 3. Short-term regulation of ABC transporters by GNT. 

Transporter Model Treatment Effect Mechanism Reference 

P-gp 
Breast cancer cell 

line MCF-
7/MDR1 

GNT 200 µM, 1 h ↓ activity (↑R123 and daun-
orubicin accumulation) 

Independent of P-gp 
phosphorylation 

status 
[163, 165] 

P-gp LS180V cells GNT 100 µM, 1 h ↑ activity (↑ R123 efflux) Independent of P-gp 
expression levels [166] 

P-gp* Isolated and per-
fused rat liver 

GNT 20 µM, 
within 5 min of 
administration 

↑ activity (↑ R123 efflux) 

Increase in intracellu-
lar availability of 

R123 efflux due to 
MRP2 inhibition 

[144] 

MRP1 

Human small cell 
lung carcinoma 

cell line 
GLC4/ADR 

GNT 200 µM, 1 h ↓ activity (↑ daunorubicin 
accumulation) 

Competitive inhibi-
tion [164, 171, 172] 

MRP1 
Rat brain micro-

glia cell line MLS-
9 

GNT 200 µM, 2 h ↓ activity (↑ vincristine ac-
cumulation) - [173] 

MRP1 Pancreatic cancer 
cell line Panc-1 GNT 100 µM, 2 h ↓ activity (↑ daunorubicin and 

vinblastine accumulation) - [174] 

MRP1 Human erythro-
cytes 

GNT (different 
concentrations), 15 

min 

↓ activity (↓ BCPCF) efflux). 
IC50: 80 µM - [175] 

MRP2* Isolated and per-
fused rat liver 

GNT 20 µM, 
within 5 min of 
administration 

↓ activity (↓ bilirubin and 
BSP efflux) 

Competitive inhibi-
tion [144] 

MRP4 
Rat brain micro-

glia cell line MLS-
9 

GNT 200 µM, 1 h 
↓ activity (↓PMEA efflux) 

 
- [176] 

MRP5 
Rat brain micro-

glia cell line MLS-
9 

GNT 200 µM, 1 h 
↓ activity (↓ PMEA efflux) 

 
- [178] 

BCRP 
Breast cancer cell 

line MCF-7 
MX100 

GNT (different 
concentrations, 30 

min) 

↓ activity (↑mitoxantrone 
accumulation). IC50: 14.9 µM - [180] 

BCRP 
Human leukemic 

cell line 
K562/BCRP 

GNT 30 and 100 
µM, 30 min 

↓ activity (↑ topotecan accu-
mulation) 

Competitive inhibi-
tion [137] 

BCRP Caco-2 
GNT (different 

concentrations, 30 
min) 

↑ activity (↓ BODIPY-
prazosin uptake) - [179] 

*In vivo or ex vivo reports harboring potential clinical relevance are indicated with * next to the modulated transporter  

 

Regarding the effects observed after sustained 
treatments, Okura et al. found that 100 µM GNT did 
not change P-gp mRNA or protein levels in LS180 
cells [166]. In contrast, we demonstrated that GNT in-
creased P-gp protein levels at 1 µM concentration in 
Caco-2 [99] and at 1 and 10 µM concentrations in 
HepG2 cells [167]. The reason for the discrepancy 
could rely on the different GNT concentrations or cell 

lines used. Accordingly, R123 accumulation is de-
creased in Caco-2 cells after GNT treatment. Increased 
P-gp protein levels in this experimental model can ex-
plain this observation. HepG2 cells also showed in-
creased P-gp activity when they were incubated with 
GNT 1 or 10 µM and calcein-AM was used as P-gp 
model substrate [167].  
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The molecular mechanism underlying P-gp induc-
tion by GNT depends on the experimental model and 
on the concentration of GNT involved. At 1 µM of 
GNT, P-gp is translationally regulated in HepG2 cells 
[167] while in Caco-2 cells P-gp is transcriptionally 
regulated, being this induction prevented by co-
administration of the estrogen receptor antagonist 
ICI182/780. ER-β and SP-1 are probably involved [99]. 
At a higher concentration of GNT (10 µM), P-gp is 
transcriptionally regulated in HepG2 cells through the 
nuclear receptor PXR, whereas in Caco-2 cells P-gp 
protein expression remained unchanged under similar 
treatment conditions [99, 167].  

3.2. MRP Regulation 

MRPs can also undergo either a long-term or a 
short-term regulation by GNT. There is in vitro evi-
dence showing MRP2 long-term regulation by GNT at 
concentrations similar to those achieved in plasma of 
patients consuming a soy-rich diet or hormonal sup-
plements containing the isoflavone. Arias et al. de-
scribed indeed an induction at the protein level by 1 
µM GNT without changes in the mRNA in the human 
intestinal cell line Caco-2 [99]. This resulted in an en-
hanced efflux of the MRP model substrate DNP-SG 
and increased chemoresistance against 1-chloro-2,4-
dinitrobenzene, cytotoxic compound precursor of DNP-
SG. The authors demonstrated participation of the es-
trogen receptor β (ER-β), as the inducing effect was 
prevented by incubation with the antagonist ICI182/ 
780. However, the absence of a modulation at the 
mRNA level suggests a non-classical mechanism, pres-
ently unknown. The effect of GNT on intestinal ex-
pression of MRPs in vivo was assessed in rats treated 
with a standardized soy extract [168]. Expression was 
evaluated for MRP1 and MRP2 at the mRNA level, 
showing a significant induction only for MRP2. 

MRP2 regulation by GNT was also described in 
HepG2 cells [167]. In this case, GNT induced MRP2 
expression at the protein level both at 1 and 10 µM 
GNT. Both inductions correlated with an enhanced ac-
tivity, as determined assessing DNP-SG efflux. How-
ever, the underlying molecular mechanism differed 
between these two concentrations. A translational 
mechanism based on the microRNA hsa-miR379 
down-regulation was demonstrated for GNT 1 µM. 
Conversely, a PXR-dependent transcriptional mecha-
nism was found for GNT 10 µM. This latter regulation 
was supported by a previous study demonstrating reti-
noid X receptor α (RXR-α) (i.e. PXR partner) binding 
to MRP2 promoter during incubation with GNT 50 µM 

[169]. In another work with HepG2 cells, Hanet et al. 
evaluated MRP2 expression at the mRNA and protein 
level after GNT treatment, though for different treat-
ment times and GNT concentrations. HepG2 cells were 
incubated with 2.2, 7.0, 22 and 70 µM GNT for 24 h 
and showed a decrease in the mRNA expression at the 
two higher concentrations without changes at the lower 
ones. Protein expression was assessed only for 70 µM 
and no changes were observed [170]. The absence of a 
typical concentration-response curve (i.e. higher con-
centration implies stronger induction) was previously 
described for GNT and other estrogens [99] and could 
rely on concentration dependent mechanisms, occur-
ring simultaneously but with opposite effects on the 
transporter expression. Whereas inducing mechanisms 
prevail at lower concentrations, inhibiting mechanisms 
become activated at higher concentrations and counter-
balance the induction. MRP3 expression was also as-
sessed in both studies. However, no changes were ob-
served, clearly indicating target gene specific regula-
tion mechanisms. MRP4 regulation by GNT was as-
sessed by Hanet et al., although only at the mRNA 
level. In this case, GNT (70 µM) decreased MRP4 ex-
pression after 24 h [170]. Data on transporter regula-
tion after in vivo administration of GNT are scarce and 
limited to one study performed in rats given soy extract 
showing an induction at the mRNA level of hepatic 
MRP1 and MRP2 [168]. As stated above, it is impor-
tant to consider discrepancies in phase II metabolism 
between cell line models and intact animals, with con-
comitant differences in exposition to GNT aglycone 
versus GNT conjugates, which could result in errone-
ous extrapolation of the in vitro studies to the in vivo 
situation. 

In addition to the regulation of the expression, GNT 
modulates the activity of different MRPs without 
changes in the expression (short-term regulation). No 
long after the first description of MRP1 by Cole et al. 
[29], it was reported that GNT prevents the reduced 
intracellular accumulation of daunorubicin displayed 
by non-P-gp multidrug resistant non-small cell lung 
cancer in vitro, suggesting an interaction with other 
transporters, different from P-gp [171]. The interaction 
with the unknown transporter was later proved to be 
based on a competitive mechanism [164]. Confirmation 
that GNT indeed interacts with MRP1, was finally 
made as GNT modulates its ATPase activity, resulting 
in daunorubicin efflux inhibition [172]. Later on, it was 
demonstrated that GNT also inhibits vincristine efflux 
in a MRP1 overexpressing microglia cell line [173] as 
well as daunorubicin and vinblastine efflux in pancre-
atic carcinoma cells [174]. Similarly, GNT inhibited 
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the efflux of the MRP1 substrate BCPCF-AM in hu-
man erythrocytes [175]. It should be noted that most of 
these acute effects were described for GNT concentra-
tions up to 200 µM, almost 20-fold higher than the 
highest GNT levels achieved in plasma of subjects tak-
ing hormonal or nutritional supplements containing 
GNT, and thus may lack clinical relevance. 

Similar results were obtained for short term regula-
tion of MRP2, first studied in isolated perfused liver. In 
this model, GNT inhibited the secretion of bilirubin-
glucuronides and bromosulphthalein-glutathione into 
bile. Considering that MRP2 plays a major role in the 
canalicular efflux of both substrates, an inhibition of 
this transporter by GNT can be suggested. The simul-
taneous detection of GNT and its metabolites in bile of 
Wistar rats reinforces a concept of a competitive 
mechanism [144]. It is not clear, however, whether 
other metabolites of GNT, apart from glucuronides 
could also exert the inhibitory effects described above. 
Apart from MRP1 and MRP2, MRP4 and MRP5 have 
been demonstrated to be inhibited by GNT, as sug-
gested by an in vitro study using microglia cells ex-
pressing both transporters [176]. No data is available 
for the activity modulation of other MRPs by GNT.  

3.3. BCRP Regulation 

Ebert et al. studied the effect of GNT (1-50 µM) on 
BCRP mRNA levels in Caco-2 cells and reported no 
alteration after 48 h of incubation [177]. We confirmed 
this finding and reported no change in BCRP protein 
expression in Caco-2 cells (GNT 0.1-10 µM, 48 h) 
[100]. BCRP protein expression also remained un-
changed in K562 cells after five days of exposure to 
GNT (1-3 µM) [138]. Conversely, in cancer gastric 
cells (MGC-803), mRNA levels of BCRP decreased 
after 15 µM of GNT for 24 h [178]. Thus, the effect of 
GNT on BCRP regulation seems to be tissue-specific. 

Regarding the short-term regulation of BCRP by 
GNT, a study by Imai et al., demonstrated an inhibitory 
action on BCRP-overexpressing cell lines [138]. In 
contrast, Schexnayder and Stratford reported that GNT 
exposure slightly stimulated BCRP activity in Caco-2 
cells [179]. This controversy could be a consequence of 
the different cells and expression systems used. Unfor-
tunately no studies are available on the effect of GNT 
in animal models preventing from making any conclu-
sion regarding its potential role in BCRP mediated 
elimination of xenobiotics, either after occasional or 
prolonged exposition. 

 

4. GNT-DRUG INTERACTIONS 

According to the evidence presented here, it is clear 
that the alteration in the expression and activity of 
ABC transporters by GNT or associated dietary con-
stituents could modify the in vivo disposition of thera-
peutic agents, consequently affecting their pharma-
cokinetics and therapeutic efficacy.  

Until now, most of the GNT-drug interactions were 
observed after administration of GNT at high, single, 
doses; such is the case for paclitaxel and irinotecan hy-
drochloride. As many anticancer drugs, paclitaxel is a 
substrate for P-gp [181], MRP2 [182] and BCRP [183] 
and its metabolism in humans is mainly catalyzed by 
CYP3A4 and CYP2C8 [184]. Oral administration of 
GNT (10 mg/kg) to rats, 30 min before a single dose of 
paclitaxel (30 mg/kg, p.o.) increased the AUC and 
Cmax, decreased total plasma clearance and increased 
the bioavailability of the anticancer agent. GNT also 
increased the AUC and reduced the total clearance of 
intravenously administered paclitaxel (3 mg/kg). These 
observations could be attributed to the already reported 
acute inhibition of P-gp and MRP2 by GNT [144, 185]. 
In addition, Yokooji et al. reported an inhibition of bil-
iary and intestinal MRP2-mediated secretion of irinote-
can hydrochloride (CPT-11, 10 mg/kg i.v.) and its me-
tabolites by GNT (54 mg/kg i.v, 10 min before CPT-11 
administration) in rats [186]. 

GNT and the phytoestrogen daidzein are both 
known inhibitors of BCRP [138, 180]. Considering that 
both GNT and daidzein are transported by BCRP 
[140], a competitive inhibition seems feasible. Enro-
floxacin and its derivative ciprofloxacin, both BCRP 
substrates, are antibacterial drugs used in veterinary 
and human medicine, respectively [187, 188]. BCRP is 
present in the mammary epithelia, increases during lac-
tation and mediates the secretion of endo- and xenobi-
otics into the milk [79, 187, 189]. The effect of GNT 
on enrofloxacin milk concentration was evaluated in-
fusing enrofloxacin i.v. alone (2.5 mg/kg) or together 
with GNT as BCRP inhibitor (0.8 mg/kg, i.m.) in lac-
tating sheep. Plasma pharmacokinetic parameters for 
enrofloxacin (AUC and Cmax) did not differ between 
animals that received GNT and controls. However, 
GNT decreased the content of enrofloxacin in milk 
demonstrating a lower transfer of drugs that are BCRP 
substrates and reducing exposure of their pups [187]. 
Nitrofurantoin (NFT), another recognized BCRP sub-
strate, is an antibacterial agent prescribed to treat uri-
nary tract infections even in lactating women [190-
192]. A decreased NFT secretion into milk was ob- 
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served after a single oral dose to lactating sheep (20 
mg/kg) in animals fed for 15 days with a diet contain-
ing isoflavones in comparison to animals that received 
isoflavone-free diet. NFT secretion was further reduced 
when animals were acutely treated with GNT and 
daidzein (20 mg/kg, p.o., 5 min before NFT administra-
tion) [193]. Additionally, Merino et al. co-administered 
NFT (20 mg/kg) along with a mixture of GNT (100 
mg/kg) and daidzein (100 mg/kg) to BCRP-/- and wild-
type mice. The authors observed a significantly de-
crease in BCRP-mediated NFT secretion into milk and 
into bile in wild-type mice, whereas no effect of GNT 
was observed in the knock-out mice [194]. Further-
more, the synthetic fluoroquinolone danofloxacin 
(DAN) is used in veterinary medicine as an antibacte-
rial agent [195]. DAN is a substrate for BCRP and is 
actively secreted into milk where it reaches concentra-
tions up to 10-fold higher than in plasma [196, 197]. 
Pérez et al. observed that DAN concentrations in milk 
as well as the AUC (0-24 h) milk/plasma ratio were 
decreased in sheep fed with soy-enriched forage for 15 
days in comparison with those fed with standard diet 
[198]. All these results proved that secretion of BCRP 
substrates into milk can be reduced by isoflavones pre-
sent in the diet. In humans, mammary BCRP inhibition 
by GNT could result in a reduced exposure of infants if 
the mother is medicated with drugs that are BCRP sub-
strates. Although this effect could be beneficial to 
avoid exposure of the suckling babies, it may also re-
duce the efficiency of treatments directed to newborns 
through the milk.  

In contrast to the observations described above, sus-
tained administration of GNT results in a decrease of 
the bioavailability of co-administered drugs, agreeing 
well with in vivo and in vitro reports showing an induc-
tion of drug transporters by the phytoestrogen. An in 
vivo study administering 1 g of GNT to 18 healthy vol-
unteers for 14 consecutive days showed decreased sys-
temic exposure to the P-gp substrate talinolol, suggest-
ing that GNT would be a potent inducer of this trans-
porter [199]. In addition, pharmacokinetics of imatinib, 
a drug approved for treatment of chronic myelogenous 
leukemia (CML) and other myeloproliferative diseases, 
was also reported to be modified by GNT [200]. In-
deed, administration of GNT to rats (50 or 100 
mg/kg/day for consecutive 15 days) reduced imatinib 
exposure, as concluded after Cmax and AUC examina-
tion [201]. The authors suggested an increased drug 
metabolism after exposition to GNT as demonstrated in 
vitro in V79 cells treated with the phytoestrogen [202]. 
In addition, as imatinib is a P-gp substrate [203-205] 
and this transporter expression can be induced by GNT 

[99], enhanced drug efflux could be expected. In line 
with this assumption, Alves et al., recently described 
that Reversin 205, used as a P-gp inhibitor, decreased 
the IC50 for imatinib in two resistant CML cell lines 
[206]. 

CONCLUSION 

The interaction between GNT and the ABC trans-
porters occurs at several levels, either as substrate, in-
hibitor or modulator of their expression. Relevant con-
sequences are induction or repression of gene transcrip-
tion, translational modulations or direct interactions 
with the ABC transporter structures resulting in stimu-
lation or inhibition of transport activity. 

During the last decades it was proposed that GNT 
ingestion may result in cytoprotection and reduction of 
the incidence of specific tumors. Taken together, the 
data collected in this review lead to the conclusion that 
sustained exposition to low doses of GNT, usually as-
sociated with intake of dietary supplements or rich-soy 
diet, results in cytoprotection. This action is due in part 
to positive modulation of ABC transporters involved in 
extrusion of toxic substrates, namely dietary contami-
nants, pollutants, etc. On the other hand, at high doses 
and short periods of exposure, GNT behaves as a com-
petitive inhibitor of these same ABC transporters. The 
consequence is an increased cytotoxicity of their sub-
strates. 

In the case of substrates of the ABC transporters of 
therapeutic application, it would be expected that GNT 
alters their disposition and pharmacokinetics and con-
sequently their therapeutic efficacy. Sustained exposure 
to GNT, resulting in induction of the expression of 
ABC transporters, would result in increased drug clear-
ance. Data supporting this assumption was reported in 
this review. Contrarily, at high doses of GNT and short 
periods of exposure, increased intracellular accumula-
tion of ABC substrates is observed, most likely as a 
consequence of competitive inhibition. 

This review compiled information about regulation 
of ABC transporters by GNT with special emphasis on 
P-gp, MRPs and BCRP. Many of the data arise from 
studies using concentrations of GNT in the range found 
in plasma from Asian population or after administra-
tion of GNT-enriched formulations. However, it should 
be noted that the activity of phase II enzymes in cell 
lines is low if compared to normal tissues, which is 
expected to result in different exposition to GNT agly-
cone respect to their conjugates. Since most of the stud-
ies reviewed here rely on in vitro models, extrapolation 
of the data and conclusions to humans must be cau-
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tiously done. Further investigations in vivo in experi-
mental animals or pharmacokinetics studies in humans 
will help to predict and overcome GNT-drug interac-
tions, ultimately leading to improve the guidance for 
drug prescription. 

LIST OF ABBREVIATIONS 

AP-1 = activating protein 1 

AUC = area under the curve 

BCPCF = 2,7'-bis-(carboxypropyl)-5(6)-
carboxyfluorescein 

BSP = bromsulphthalein 

C/EBP-α = CCAAT/enhancer-binding protein al-
pha 

C/EBP-β = CCAAT/enhancer-binding protein beta 

HNF-1 = hepatocyte nuclear factor 1 

HNF-3β = hepatocyte nuclear factor 3 beta 

PMEA = 9-(2-Phophonylmethoxyethyl)adenine 

SP-1 = specificity protein 1. 
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