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recovery to normality of these parameters and the reinsertion 
of transporters into the canalicular membrane. In conclusion, 
the activation of IGF-1R is a key factor in the alteration of 
canalicular transporter function and localization induced by 
E17G, and its activation follows that of GPR30 and precedes 
that of PI3K/Akt.
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Abbreviations
Abcc2  Multidrug resistance-associated protein 2
Abcb11  Bile salt export pump
E17G  Estradiol 17β-d-glucuronide
EGFR  Epidermal growth factor receptor
ERα  Estrogen receptor alpha
GPR30  G protein-coupled receptor 30
IGF  Insulin-like growth factor 1
PI3K  Phosphoinositide 3-kinase
Akt  Protein kinase B
CMFDA  5-Chloromethylfluorescein diacetate
GS-MF  Glutathione methylfluorescein
CGamf  Cholyl-glycylamido-fluorescein
DMSO  Dimethyl sulfoxide
IRHC  Isolated rat hepatocyte couplets
SCRH  Sandwich-cultured rat hepatocytes
cVA  Canalicular vacuolar accumulation
IPRL  Isolated perfused rat liver

Introduction

Bile formation is a highly regulated physiological pro-
cess. It depends on the coordinated action of a number of 
transporters in the sinusoidal and canalicular domains of 

Abstract Estradiol-17β-d-glucuronide (E17G), through 
the activation of different signaling proteins, induces acute 
endocytic internalization of canalicular transporters in rat, 
including multidrug resistance-associated protein 2 (Abcc2) 
and bile salt export pump (Abcb11), generating cholestasis. 
Insulin-like growth factor 1 receptor (IGF-1R) is a mem-
brane-bound tyrosine kinase receptor that can potentially 
interact with proteins activated by E17G. The aim of this 
study was to analyze the potential role of IGF-1R in the 
effects of E17G in isolated perfused rat liver (IPRL) and 
isolated rat hepatocyte couplets. In vitro, IGF-1R inhibition 
by tyrphostin AG1024 (TYR, 100 nM), or its knock-down 
with siRNA, strongly prevented E17G-induced impairment 
of Abcc2 and Abcb11 function and localization. The protec-
tion by TYR was not additive to that produced by wortman-
nin (PI3K inhibitor, 100 nM), and both protections share 
the same dependency on microtubule integrity, suggesting 
that IGF-1R shared the signaling pathway of PI3K/Akt. Fur-
ther analysis of the activation of Akt and IGF-1R induced 
by E17G indicated a sequence of activation GPR30-IGF-
1R-PI3K/Akt. In IPRL, an intraportal injection of E17G 
triggered endocytosis of Abcc2 and Abcb11, and this was 
accompanied by a sustained decrease in the bile flow and the 
biliary excretion of Abcc2 and Abcb11 substrates. TYR did 
not prevent the initial decay, but it greatly accelerated the 
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hepatocytes that mainly belong to the ABC superfamily of 
ATP-dependent transporters (Gatmaitan and Arias 1995; 
Borst and Elferink 2002). Among the most relevant trans-
porters involved in bile formation are the bile salt export 
pump (Abcb11, also named Bsep), which transports mainly 
monoanionic bile salts, and the multidrug resistance-associ-
ated protein 2 (Abcc2, also named Mrp2), which transports 
a wide variety of anionic compounds including glutathione 
and glutathione conjugates (Gatmaitan and Arias 1995; 
Borst and Elferink 2002); these compounds contribute to the 
so-called bile salt-dependent fraction and salt-independent 
fraction of the bile flow, respectively (Esteller 2008).

Any alteration that affects the capacity of hepatocyte to 
produce bile leads to hepatocellular cholestasis. Estradiol-
17β-d-glucuronide (E17G) is among the compounds able 
to induce hepatocellular cholestasis. E17G is a d-ring 
endogenous metabolite of estradiol, and such compounds 
are increased during pregnancy (Adlercreutz et al. 1974), 
and may be a key factor in the pathogenesis of intrahepatic 
cholestasis (Vore et al. 1997) occurring in pregnant, suscep-
tible women. E17G induces acute and reversible cholestasis 
in vivo, by impairing both fractions of bile flow (Crocenzi 
et al. 2003a). As a likely mechanism, E17G induces microtu-
bule-independent endocytic internalization of both Abcb11 
and Abcc2, and at the same time, inhibits microtubule-
dependent dynamic reinsertion that occurs with canalicular 
transporters (Mottino et al. 2005).

Previous works demonstrated that E17G exerts its action 
through the activation of different signaling proteins that 
leads to transporter desinsertion (Abcb11, Abcc2) (Mottino 
et al. 2002, 2005; Crocenzi et al. 2003b). These signaling 
proteins are organized in several pathways. Up to now there 
are evidence that support that one of the pathways involves 
PKC, ERα, p38-MAPK, EGFR and Src, responsible for the 
initial endocytic internalization of canalicular transporters 
(Crocenzi et al. 2008; Boaglio et al. 2012; Barosso et al. 
2012, 2015). On the other hand, E17G activates GPR30 that 
initiates two branches of signaling: in one branch, adenylyl 
cyclase/PKA start another pathway responsible for the initial 
endocytic internalization of transporters, in the other branch, 
phosphoinositide 3 kinase (PI3K)-Akt-MEK1/2-ERK1/2 
participate in a pathway responsible for keeping transporters 
in a subapical space, restraining reinsertion (Boaglio et al. 
2010, 2012; Zucchetti et al. 2014).

The insulin-like growth factor receptor-1 (IGF-1R) is 
a membrane-bound tyrosine kinase receptor that plays an 
important role in many biological processes. IGF-1 par-
ticipates in estrogen-activated pathways. For example, 
sequential activation of IGF-1R and EGFR participates in 
estradiol stimulation of cell proliferation (Song et al. 2007) 
and additive or synergistic effects have been demonstrated 
with IGF-1R and ERα when both estradiol and IGF are 
administered simultaneously (Garcia-Segura et al. 2010). 

Other signaling proteins that participate in E17G-induced 
cholestasis interact with IGF-1R. One example is PI3K 
(Miyata 2004). Diverse GPCRs plays a crucial role in the 
regulation of numerous physiological functions where 
IGF-1R is involved (Lappano et al. 2013), for example, the 
activation of ERK and Akt transduction pathways induced 
by IGF is regulated by GPCR kinases (Zheng et al. 2012). 
So far, IGF-1R can potentially interact with kinases and 
receptors activated by E17G (PI3K, GPR30, ERα, EGFR). 
In view of this, the aim of the present work is to evaluate 
if this receptor (IGF-1R) participates in E17G cholestasis 
and whether it is linked with pathways that involve GPR30 
or ERα.

Materials

Cholyl-glycylamido-fluorescein (CGamF) was a generous 
gift from Prof. Alan Hofmann (University of California, 
San Diego). E17G, collagenase type A (from Clostridium 
histolyticum), 1-chloro-2,4-dinitrobenzene (CDNB), wort-
mannin (W), Leibovitz-15 (L-15) culture medium, G15, 
protease inhibitor cocktail, sodium taurocholate (TC), 
ICI182,780 (ICI), Alexa Fluor 568 phalloidin, 4,6-diami-
dino-2-phenylindole (DAPI) and 3-α-hydroxysteroid 
dehydrogenase were from Sigma Chemical Co. (St. 
Louis, MO). Tyrphostin AG1024 (TYR) was from Santa 
Cruz Biotechnologies (Dallas, TX). Dulbecco’s modified 
Eagle medium (DMEM), Williams E medium, Hyper-
film ECL and Pierce ECL western blotting substrate were 
obtained from Thermo Fisher Scientific, Inc. (Waltham, 
MA). 5-chloromethylfluorescein diacetate (CMFDA) was 
obtained from Molecular Probes (Eugene, OR). Lipo-
fectamine, TRIzol reagent, Superscript III Reverse Tran-
scriptase, Platinum Taq DNA Polymerase, SYBR Green 
were from Life Technologies (Grand Island, NY). All the 
other reagents were of analytical grade.

Antibodies

Anti-Abcb11 antibody was from Kamiya Biomedical Co. 
(Seattle, WA, USA). Monoclonal antibody against human 
ABCC2 was from Alexis Biochemicals (San Diego, CA, 
USA). Phospho (Ser/Thr) Akt and total Akt were from Cell 
Signaling Technologies (Danvers, MA). Anti-phospho-
insulin-like growth factor-1 receptor (pTyr1135/1136) and 
anti β-Actin antibody were from Sigma Chemical Co. Cy2-
conjugated donkey anti-rabbit IgG and Cy2-conjugated goat 
anti-mouse IgG were from Jackson ImmunoResearch Labo-
ratory (West Grove, PA, USA). Anti-Occludin antibody was 
from Zimed (Life Technologies, Grand Island, NY, USA).
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Animals

Adult female Wistar rats weighing 250–300 g, bred in our 
animal house as described (Crocenzi et al. 2003b), were 
used in all studies under ketamine/xylazine anesthesia 
(100 mg/3 mg/kg of b.w., i.p). All animals received humane 
care according to the criteria outlined in the “Guide for 
the Care and Use of Laboratory Animals” Eighth Edition 
(National Academy of Sciences, 2011). Experimental pro-
cedures were carried out according to the local Guideline for 
the Use of Laboratory Animals (Faculty of Biochemical and 
Pharmaceutical Sciences, National University of Rosario, 
Argentina) established by the institutional Bioethical Com-
mittee for the Management of Laboratory Animals and the 
procedures were approved by the Faculty of Biochemical 
and Pharmaceutical Sciences of the National University of 
Rosario (Res 1074/2014 and 348/2016).

Isolation and culture of rat hepatocyte couplets (IRHC)

To obtain a preparation enriched in IRHC, livers were per-
fused according to the two-step collagenase perfusion pro-
cedure and were further enriched by centrifugal elutriation 
(Gautam et al. 1987; Wilton et al. 1991). The final prepara-
tion contained 70–80% of IRHC with viability > 95%, as 
assessed by the trypan blue exclusion test. After isolation, 
IRHCs were plated onto 24-well plastic plates at a density of 
0.2 × 105 IRHC/mL in L-15 culture medium, and they were 
cultured for 5 h to allow the restoration of couplet polarity.

IRHC treatments

IRHCs were exposed to the vehicle (DMSO; control group) 
or E17G (25–400 µM) for 20 min. This range of E17G con-
centrations is usually employed in rat-cell experiments (Boa-
glio et al. 2012; Barosso et al. 2012; Zucchetti et al. 2014). 
This concentration range was chosen taking into account 
the dose necessary to produce a decrease in bile flow. In 
an isolated perfused rat liver, the dose is 3 µmol per liver, 
administered during a minute in a perfusing flow of 30 ml/
min resulting in an approximate concentration of 100 µM. 
Rat appears to be much more resistant to estrogen cholestasis 
than are humans (Vore 1987) and to get a reproducible effect 
on rat cells they have to be exposed to a concentration range 
probably higher than that found in serum or liver of women 
suffering from estrogen cholestasis.

To evaluate the role of IGF-1R in the effect of E17G, 
IRHCs were pre-incubated with the IGF-1R inhibitor TYR 
(100 nM) for 15 min, followed by the addition of E17G 
for another 20-min period. Then, to evaluate whether spe-
cific activation of IGF-1R was enough to reproduce E17G-
induced cholestasis, cells were incubated only with the spe-
cific IGF-1R agonist, IGF-1 (0.1–20 nM), for 20 min. In 

another set of experiments, IGF-1 (10 nM) was co-adminis-
tered with EGFR agonist, EGF (10 nM), to try to reproduce 
E17G-induced alteration in transport activity.

To find out in which E17G-activated signaling pathway 
IGF-1R participates, studies of co-inhibition of ERα and 
IGF-1R were performed co-incubating ICI (1 µM) together 
with TYR (100 nM) for 15 min before exposure to E17G 
(100 µM) for another 20-min period. Similarly, studies of 
IGF-1R and PI3K co-inhibition were carried out by the co-
incubation of IRHC with the PI3K inhibitor wortmannin 
(W, 100 nM) together with TYR (100 nM) for 15 min before 
exposure to E17G (100 µM) for another 20-min period. To 
ascertain the role of microtubules in the protective effect 
of TYR, IRHCs were pretreated with the microtubule-dis-
rupting agent colchicine (colch, 1 µM) for 30 min and then 
exposed to E17G (100 µM) for another 20-min period with 
or without a 15-min pretreatment with TYR.

To test whether IGF-1R activation follows that of PI3K 
or GPR30, cells was co-incubated with W (100 nM) or G15 
(10 nM) together with IGF-1 (10 nM) for 15 min before 
exposure to E17G (100 μM) for another 20 min. The experi-
ment was repeated using insulin (10 nM or 1 µM) instead 
of IGF-1 to test the specificity of the agonist in the process.

Assessment of Abcb11 and Abcc2 secretory function 
and localization in IRHC

For all studies, transport function of Abcc2 was evaluated 
by analyzing the canalicular vacuolar accumulation (cVA) 
of the fluorescent substrates glutathione methylfluorescein 
(GS-MF) (Roma et al. 2000). CMFDA is a lipophilic com-
pound taken up by passive diffusion across the basolateral 
membrane and converted into glutathione methylfluorescein 
(GS-MF) by the sequential action of intracellular esterases 
and glutathione S-transferases. When necessary, transport 
function of Abcb11 was evaluated by analyzing the canali-
cular vacuolar accumulation (cVA) of the fluorescent sub-
strates CGamF (Maglova et al. 1995; Wang et al. 2002). 
CGamF is a bile salt analog transported selectively by 
Abcb11 (Maglova et al. 1995).

For transport studies, cells were washed twice with 
L-15 and exposed to 0.3 µM CGamF or 2.5 µM CMFDA 
for 15 min. Finally, cells were washed twice with L-15, 
and canalicular transport activity for both substrates was 
assessed by fluorescence microscopy (Roma et al. 2000) 
under an inverted microscope (Zeiss Axiovert 25). Images 
were captured with a digital camera (Q-color5 Olympus 
America Inc., Center Valley, PA), and the cVA of the fluo-
rescent substrates was determined as the percentage of IRHC 
in the images displaying visible green fluorescence in their 
canalicular vacuoles from a total analysis of at least 200 
couplets per preparation.
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To evaluate the intracellular distribution of Abcb11 and 
Abcc2, IRHCs were fixed and stained as previously reported 
(Barosso et al. 2012). E17G concentration used in these 
experiments (200 µM) was higher than that employed in 
functional experiments to render transporter internaliza-
tion more evident. The antibodies used were a polyclonal 
antibody against mouse Abcb11 (1:100) or a monoclonal 
antibody against human ABCC2 (1:100), followed by incu-
bation with Cy2-conjugated donkey anti-IgG (1:200) or 
FITC-labeled goat anti-mouse IgG (1:200). To delimit the 
canaliculi, F-actin was stained with Alexa Fluor 568 phal-
loidin (1:100, 2 h). Cellular nuclei were stained by incu-
bating during 10 min with 1.5 μM DAPI. Cells were then 
mounted and examined with a Nikon C1 Plus confocal laser 
scanning microscope, attached to a Nikon TE-2000 inverted 
microscope.

Synthesis of siRNA

Four 21-nucleotide RNA duplexes (siRNA) targeting rat 
IGF-1R mRNA were designed using the WIsiRNA selec-
tion program (Yuan et al. 2004) taking into account that the 
selected siRNAs do not target insulin receptor that share 
homology with IGF-1R. The control siRNA (scrambled) 
was designed by scrambling the nucleotides of one of these 
specific targets. The siRNAs were synthesized using the 
Ambion’s Silencer™ siRNA Kit. siRNA1, siRNA2, siRNA3 
and siRNA4 targeting rat IGF-1R nucleotides are: 2930-
2951 (5′AAG AGG AAT AAC AGC AGA TTG3′), 4613-4634 
(5′AAA TTG ACT TAA TGG CTG CCC3′), 636-657 (5′AAC 
AAT GAG TAC AAC TAC CGC3′) 1505-1526 (5′AAC CTG 
TGA AAG TGA TGT TCT3′).

IGF‑1R knock‑down in sandwich‑cultured rat 
hepatocytes

Hepatocytes were isolated from female Wistar rats as was 
described previously (Garcia et al. 2001), seeded (9.5×105 
cells/well) onto six-well plates covered with gelled collagen 
(800 µL of rat tail collagen type I mixed with 100 µL of 
0.1 M NaOH and 100 µL of 10× DMEM) and incubated for 
2 h at 37 °C in Williams E medium with FBS 5% containing 
antibiotics (gentamicin, streptomycin, penicillin and ampho-
tericin D), dexamethasone 0.8 mg/L, and insulin 4 mg/L. 
Afterwards, the medium was replaced and cells were incu-
bated for 24 h before transfection.

We optimized transfection of primary hepatocytes by 
adding 5 µl of lipofectamine with 70 nM of siRNA per well, 
followed by a 6-h incubation at 37 °C. After transfection, 
hepatocytes were washed and overlaid with gelled collagen 
for 1 h at 37 °C to obtain a collagen sandwich configura-
tion (Barosso et al. 2012). After 48 h of culture in sandwich 
configuration, total RNA was isolated using Trizol reagent 

and IGF-1R mRNA levels were determined. cDNA was syn-
thesized from 1 µg of total RNA with the Superscript III 
Reverse Transcriptase using random hexamers according to 
manufacturer’s instructions. Real-time PCR reactions were 
carried out on a MX3000P system (Agilent Technologies, 
Santa Clara, CA, USA) with Platinum Taq DNA Polymer-
ase. The amount of template was quantified with SYBR 
Green. Primers were used at a final concentration of 1 µM. 
Primer sequences were: IGF-1R (1073, F) 5′ATT CTG TGA 
CGT CTG CCC AG3′ and IGF-1R (1214, R) 5′TTC ACG TAG 
CCA GTC ACC AC3′. The thermal protocol was 95 °C for 
10 min followed by 40 cycles of 95 °C for 15 s, 59 °C for 
30 s and 72 °C for 30 s. Relative levels of IGF-1R normal-
ized to GADPH mRNA were calculated based on the  2−ΔCt 
method (Pfaffl et al. 2002; Zucchetti et al. 2014). Specific-
ity of each reaction was verified with a dissociation curve 
between 55 and 95 °C with continuous fluorescence meas-
ure. siRNA2 produced a significant decrease in IGF-1R 
mRNA level. Hence, siRNA2 was chosen in the studies of 
IGF-1R knock-down, (see Fig. 4).

Assessment of Abcc2 and Abcb11 localization 
and secretory function in hepatocytes cultured 
in collagen sandwich

To evaluate the intracellular distribution of Abcc2 and 
Abcb11, SCRH were treated with E17G (200 µM, 20 min) 
or vehicle (DMSO, control) and then fixed with 4% para-
formaldehyde in PBS for 30 min, blocked and permeabilized 
with 3% BSA and 0.5% Triton X-100 for 30 min. After that, 
cells followed the same procedure indicate for IHRC for the 
incubation with primary and secondary antibodies. At least 
three areas of confluent cells from each culture dish were 
randomly examined by confocal microscopy.

Assessment of Abcc2 secretory function in hepatocytes 
cultured in collagen sandwich

The functional status of Abcc2 was evaluated by determi-
nation of the pseudocanalicular accumulation of GS-MF, 
as previously described (Miszczuk et al. 2015). In brief, 
CMFDA was added to the medium and time-lapse imaging 
was done every minute during 8 min with a fluorescence 
microscope. Between 70 and 100 pseudocanaliculi were 
selected in each image, and the average of time fluorescence 
of GS-MF was measured. The slope of the line was esti-
mated as a measure of initial transport rate (ITR).

Isolation and culture of rat hepatocytes

Isolated hepatocytes were obtained by collagenase perfu-
sion, and cultured in 3-cm Petri dishes at a density of 2 × 106 
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cells/mL (Garcia et al. 2001). After a 24-h culture period, 
cells were subjected to treatments.

Immunoblot analysis of IGF‑1R phosphorylation

The activation of IGF-1R was confirmed evaluating the 
phosphorylation in the Tyr-1135-36 amino acid (Kato et al. 
1994) via western blotting in hepatocyte primary cultures. 
Cells were exposed to DMSO (control) or E17G (100 µM) 
for 15 min, in the presence or absence of G15 (10 nM) for 
experiment activation sequence. Then, cells were lysed and 
western blot was performed (Barosso et al. 2015). Mem-
branes were first exposed overnight to anti (p-Tyr-1135-36) 
IGF-1R antibody (1:1000) and revealed, then stripped and 
re-probed with an anti-actin antibody (1:1000). pIGF-1R and 
actin bands were quantified by densitometry with ImageJ 
1.48.

Immunoblot analysis of Akt phosphorylation

The activation of PI3K was confirmed by evaluating the 
phosphorylation status of Akt, a final PI3K effector, via 
western blotting.

Cells were exposed to DMSO (control) or E17G (100 µM) 
for 15 min, in the presence or absence of TYR. Then, cells 
were lysed and western blot was performed (Barosso et al. 
2015). Membranes were first exposed overnight with an anti 
(p-Ser-473) Akt antibody (1:2000). The membranes were 
then stripped and re-probed with an anti-total Akt antibody 
(1:1000). p-Akt and total Akt bands were quantified by den-
sitometry with ImageJ 1.48.

Isolated perfused rat liver (IPRL)

In anesthetized female rats, the bile duct was cannulated with 
PE-10 tubing (Intramedic, BD, Franklin Lakes, NJ, USA). 
Livers were perfused in situ via the portal vein in a non-recir-
culating single-pass design with Krebs–Ringer bicarbonate at 
37 °C, equilibrated with 5%  CO2/95%  O2, at a constant flow 
rate of 30 mL/min. Taurocholate (2.5 μmol/L) and 1-chloro-
2,4-dinitrobenzene (CDNB, 0.5 μmol/L) were added to the 
perfusion medium for bile salt and DNP-glutathione secretion 
studies. After a 20-min equilibration period, the inhibitor TYR 
(100 nM final concentration) or its solvent (DMSO, 370 µL/L) 
was added to the reservoir. Fifteen minutes later, a 5-min basal 
bile sample was collected, followed by administration of E17G 
(3 µmol/liver, intraportal single injection over a 1-min period) 
or its solvent (DMSO/10% BSA in saline), and bile was col-
lected at 5-min intervals for an additional 40-min period. 
Experiments were considered valid only if initial bile flow 
(after equilibration) was greater than 30 µL/min/kg. Viability 
of the liver was monitored via lactate dehydrogenase activ-
ity in the perfusate outflow; experiments exhibiting activities 

over 20 U/L were considered invalid. Transport activities 
of Abcc2 and Abcb11 were evaluated by measuring biliary 
DNP-glutathione and taurocholate excretion, respectively. 
DNP-glutathione content was assessed in all samples by high-
performance liquid chromatography, as described previously 
(Mottino et al. 2001), using authentic standards. Total bile 
salt concentration was assessed using the 3α-hydroxysteroid 
dehydrogenase procedure (Barosso et al. 2012; Zucchetti et al. 
2014) and the result was assumed as TC concentration.

For canalicular transporter localization studies, in a new 
set of experiments, a liver lobe was excised 40 min after the 
addition of E17G, frozen immediately in isopentane pre-
cooled in liquid nitrogen, and stored at – 70 °C for further 
immunofluorescence and confocal microscopy analysis. 
Liver sections were obtained with a Zeiss Microm HM500 
microtome cryostat, air-dried, and fixed with 3% paraform-
aldehyde in phosphate-buffered saline for co-localization 
studies. After fixation, liver slices were incubated overnight 
with the specific antibodies to Abcb11, Abcc2, and occludin, 
and this was followed by 1 h of incubation with the appropri-
ate cyanine 2-conjugated or cyanine 3-conjugated donkey 
anti-IgG. Occludin staining was carried out to demarcate 
the limits of the canaliculi (Misra et al. 2003; Donner et al. 
2007). All images were taken with a Nikon C1 Plus con-
focal laser scanning microscope. To ensure comparable 
staining and image capture performance for the different 
groups belonging to the same experimental protocol, liver 
slices were on the same day, mounted on the same glass 
slide, and subjected to the staining procedure and confocal 
microscopy analysis simultaneously. Image analyses of the 
degree of Abcb11 and Abcc2 endocytic internalization were 
performed on confocal images with ImageJ 1.48 (National 
Institutes of Health), as described elsewhere (Barosso et al. 
2012; Zucchetti et al. 2013).

Statistical analysis

Results are expressed as mean ± standard error of the media 
(SEM). One-way ANOVA, followed by Newman–Keuls’ 
test, was used for multiple comparisons. The four-param-
eter dose–response curves were compared using GraphPad 
Prism software (GraphPad Software Inc., La Jolla, CA, 
USA). Values of p < 0.05 were considered to be statistically 
significant.

Results

IGF‑1R participates in E17G‑induced impairment 
of canalicular secretory function

To characterize the role of IGF-1R, we carried out con-
centration–response studies in which the concentration of 
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E17G was modified in the presence of a fixed concentra-
tion of the inhibitor TYR (100 nM) (Fig. 1). Curves were 
adjusted assuming that the parameter minimal effect (bot-
tom) was equal to 100% (similar to control) and that the 
Hill slope coefficient was 1. TYR significantly prevented 
E17G-induced decreases in cVA of GS-MF (Fig. 1a) and 
CGamF (Fig. 1b) since there was a shift of the curve to the 
right. IC50 of GS-MF and CGamF accumulation induced 
by E17G (114 ± 10 and 107 ± 8 µM, respectively, n = 3) 
were significantly increased in the presence of TYR by 296 
and 178%, (E17G+TYR, IC50: 338 ± 58 µM, E17G+TYR 
191 ± 14 µM, p < 0.05, n = 3).

Additionally, experiments with the specific IGF-1R ago-
nist, IGF-1 (0.1–20 nM), show that this treatment did not 
modify cVA of GS-MF, as compared to the control, thus 

indicating that the activation of IGF-1R is necessary but not 
sufficient to impair canalicular secretory function of Abcc2 
(see Additional Fig. 1a).

TYR prevented E17G‑induced internalization 
of canalicular transporters Abcb11 and Abcc2

Internalization of Abcc2 and Abcb11 was analyzed in immu-
nostained IHRC with a confocal laser scanning microscope. 
Confocal images in Fig. 2 show that E17G produces a redis-
tribution of Abcc2 (Fig. 2a) and Abcb11 (Fig. 2b) from the 
canalicular membrane into intracellular vesicles (arrows). 
The pretreatment of IRHCs with TYR markedly prevented 
this delocalization. Neither E17G nor Tyr treatment modi-
fied actin distribution.

Knock‑down of IGF‑1R prevents both, the impairment 
of Abcc2 transport activity and the endocytic 
internalization of transporters induced by E17G

To confirm the participation of IGF-1R in E17G-induced 
cholestasis alteration, we evaluated Abcc2 transport function 
and the localization status of Abcc2 and Abcb11 in SCRH 
transfected with siRNA targeting rat IGF-1R mRNA. Four 
different siRNAs were tested; among them, siRNA2 pro-
duced a significant decrease in IGF-1R mRNA level (see 
Fig. 3a) and it was chosen to study Abcc2 function in SCRH.

Figure 3b shows that IGF-1R knock-down prevented the 
functional alteration induced by E17G measured by initial 
transport rate (ITR) of GS-MF. The same figure (panel 
c) presents representative confocal images that show that 
E17G-induced internalization of Abcc2 (arrows) was pre-
vented by IGF-1R knock-down, giving additional support to 
a role of IGF-1R in E17G-induced actions. Cells treated with 
scrambled siRNA showed the same delocalization pattern of 
Abcc2 as E17G. The same phenomenon was observed for 
the immunofluorescence images of the transporter Abcb11 
(Fig. 3d).

IGF‑1R does act complementarily with ERα 
but not with PI3K, in the E17G‑induced canalicular 
secretory failure

The preventive effects of ICI (1 μM) and TYR (100 nM) 
on the decrease in cVA of GS-MF (Fig. 4a) and CGamF 
(Fig.  4b) induced by E17G were lesser in magnitude 
than the effect produced together. On the other hand, the 
preventive effects of TYR (100 nM), W (100 nM) and 
both simultaneously produced similar protection on the 
decrease in cVA of GS-MF (Fig. 5a) and CGamF (Fig. 5b) 
and in the case of GS-MF this effect was reversed in the 
presence of Colch (Fig.  5c). This suggests that IGF-
1R acts in the same pathway of PI3K: their conjoint 
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Fig. 1  Prevention by tyrphostin AG1024 (TYR) of estradiol 17β-d-
glucuronide (E17G)-induced impairment of canalicular vacuolar 
accumulation (cVA) of GS-MF (a) and CGamF (b). IRHCs were pre-
incubated with TYR (100 nM) for 15 min, and then exposed to E17G 
(25–400 µM) for an additional 20-min period. cVAs of CGamF and 
GS-MF were calculated as the percentage of couplets displaying vis-
ible fluorescence in their canalicular vacuoles from a total of at least 
200 couplets per preparation, referred to control cVA values. Data are 
expressed as mean ± SEM (n = 3)
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inhibition did not sum protection and both protective 
effects depend on the polymerization of microtubules. 
It is worth noting that the concentration of the inhibitors 
employed produced the maximal protective effects allow-
ing us to speculate about summing protective effects.

IGF‑1R activation is downstream of GPR30 
and upstream of that of PI3K‑Akt

To evaluate the order in the sequential activation of IGF-
1R, GPR30 and PI3K/Akt, two different experiments were 
performed (Fig. 6). First, western blots of p-IGF-1R (Tyr-
1135-36), an indicator of IGF-1R activation, showed the 
increased amount of p-IGF-1R (Fig. 6a) by E17G. Figure 6a 
shows that this increase reached a peak at 15 min and it was 
decreased in the presence of G15, indicating that IGF-1R 
activation follows that of GPR30. Second (Fig. 6b), pre-
treatment with TYR prevented the phosphorylation of Akt 
(p-Ser-473, an estimate of the activation of PI3K), induced 
by E17G indicating that the activation of IGF-1R precedes 
PI3K/Akt activation.

IGF‑1 decreases the protection produced 
by G15 but not that produced by wortmannin 
in the E17G‑induced canalicular secretory failure

To confirm the temporal activation of IGF-1R, GPR30 and 
PI3K, we employed a different approach using the specific 
ligand IGF-1. If IGF-1R activation follows the activation of 
another protein, when this other protein is inhibited, IGF-1 
would restore the action of E17G, whereas if the activation 
of the other protein follows that of IGF-1R, IGF-1 would 
not restore the action of E17G when the other protein is 
inhibited. G15 prevented the decrease in cVA of GS-MF 
induced by E17G and this prevention was partially abol-
ished by IGF-1 (Fig. 7b), whereas IGF-1 did not affect the 
protection of W in the E17G-induced canalicular secretory 
failure (Fig. 7a), indicating that IGF-1R activation occurs 
after that GPR30 and before that PI3K activation. Figure 8b 
confirms that the “restorative” effect is specific of IGF-1; 

insulin, which has some overlapping effects with IGF-1, did 
not affect G15 prevention of the decrease in cVA of GS-MF 
induced by E17G.

Fig. 2  Insulin-like growth factor receptor-I inhibitor tyrphostin 
AG1024 (TYR) prevented estradiol 17β-d-glucuronide (E17G)-
induced endocytic internalization of Abcc2 and Abcb11 in IRHC. 
a Representative confocal images depicting cellular distribution 
of the canalicular Abcc2 under the different treatments. Note that 
under control or TYR conditions transporter-associated fluorescence 
is mainly localized at the canalicular membrane. E17G (200  µM) 
induced a clear internalization of transporter-containing vesicles 
beyond the limits of the canaliculus (arrows), phenomenon signifi-
cantly prevented by pretreatment with TYR (100 nM, 15 min). The 
same phenomenon was observed for the immunofluorescence images 
of the transporter Abcb11 (b). The densitometric analysis of the 
modification of the distribution of Abcc2 and Abcb11 by the different 
treatments is presented as additional Fig. 2
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Subsequently, IGF-1R is proposed to be in a pathway 
downstream of GPR30, and EGFR is in another path-
way, downstream of ERα; we tested the conjoint action 
of IGF-1 and the EGFR agonist, EGF. The simultane-
ous action of both agonists did not induce a canalicular 

secretory failure, indicating that activation of both path-
ways is not sufficient to produce cholestatic effects (Addi-
tional Fig. 1b).
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IGF‑1R is involved in the decay of bile secretory 
function induced by E17G in the IPRL model

The IPRL model allows us to study the dynamic follow-up of 
changes in the function of biliary secretion produced by the 
administration of E17G. The endocytosis of the transport-
ers that causes the acute reduction of biliary flow and the 
subsequent recovery due to reinsertion of these transporters 
occur differentially over time.

E17G bolus administration decreased biliary flow to a 
minimum of approximately 40% in 10 min, and biliary flow 
did not recover throughout the perfusion period (Fig. 8a). 
This was accompanied by a decrease in biliary excretion 
of the substrates Abcc2 and Abcb11, DNP-glutathione 
(minimum 15%, Fig. 8b) and taurocholate (minimum 35%, 
Fig. 8c), respectively. TYR (100 nM) had no effect on this 
initial drop, whereas TYR accelerated the recovery of bil-
iary flow at 15 min after the administration of E17G. On 
the other hand, biliary excretion of DNP-G and taurocho-
late improved 25 min after administration of E17G where 
DNP-G excretion reached a minimum of 60% and taurocho-
late reached a minimum of 80%.

Figure 9 shows that in control livers, the fluorescence 
associated with the transporter was limited to the canalicular 
space; the same phenomenon was observed in TYR-treated 
rat livers. In E17G-treated livers, relocalization of intracel-
lular fluorescence associated with both carriers from the 

canalicular space to the pericanalicular area was apparent, as 
indicated by the decrease in the fluorescence intensity in the 
canalicular area together with the increased fluorescence at 
a greater distance from the canaliculus; this indicates endo-
cytic internalization of the carriers whereas TYR extensively 
prevented the internalization of Abcc2 and Abcb11 (densito-
metric analysis of immunofluorescence images is presented 
in Additional Fig. 3). This supports our contention that IGF-
1R contributes to E17G-induced cholestasis by retargeting 
of the endocytosed transporters.

Discussion

This work describes how IGF-1R, a receptor mainly involved 
in glucose and lipid metabolism, is involved in estradiol-17β-
d-glucuronide (E17G)-induced endocytic internalization of 
Abcb11 and Abcc2, and how IGF-1R interacts with other 
proteins, providing further insights into the intracellular 
signaling pathways involved in E17G-induced cholestasis.

The IGF-1R consists of a 400 kDa α2β2 heterotetramer 
complex with two extracellular α subunits containing ligand 
binding sites. Each α-subunit of IGF-1R can be coupled to 
one of two membrane spanning subunits containing domains 
with intrinsic tyrosine kinase activity (Troncoso et al. 2014). 
IGF-1, ligand of IGF-1R, is an anabolic insulin-like growth 
hormone with an essential role in cell proliferation, growth 
and metabolism, and it is associated with the prevalence of 
pathologies such as obesity and aging (Franco et al. 2006; 
Troncoso et al. 2014). The binding of IGF-1 to the recep-
tor results in the autophosphorylation of specific cytosolic 
tyrosine residues within the IGF-1R receptor, increasing 
the activation of its intrinsic tyrosine kinase activity and 
leading to the phosphorylation of intracellular substrates. 
The phosphorylation of IGF-1R triggers the activation of 
a variety of signaling proteins including, PI3K (Suleiman 
et al. 2007) and the heterotrimeric G protein,  Gi2, which is 
coupled to activation of the Erk1/2 pathway (Kuemmerle 
and Murthy 2001).

Our group has shown that GPR30, a GPCR, and ERα 
accounts in part for the acute cholestasis caused by E17G 
(Barosso et al. 2012; Zucchetti et al. 2014), event that cor-
relates well with the ability of the estrogen to induce endo-
cytic internalization of the canalicular transporters such as 
Abcc2 and Abcb11 (Mottino et al. 2003, 2005). The actions 
of GPR30 and ERα in E17G-induced cholestasis constitute 
different independent pathways. Our group also described 
the activation of PI3K in the GPR30 pathway and the acti-
vation of cPKC in the ER pathway (Boaglio et al. 2010; 
Barosso et al. 2012; Zucchetti et al. 2014). Recently, our 
group has demonstrated that EGFR participates downstream 
of ERα and upstream of Src family protein kinases (Barosso 
et al. 2015).

Fig. 3  Insulin-like growth factor receptor-I (IGF-1R) knock-down in 
sandwich-cultured rat hepatocytes. a Graphic depicts the relative lev-
els of IGF-1R mRNA normalized to GADPH mRNA based on the 
 2−ΔΔCt method. siRNA1, siRNA2, siRNA3 and siRNA4 targeting 
rat IGF-1R nucleotides are 2930-2951 (5′ AAG AGG AAT AAC AGC 
AGA TTG3′), 4613-4634 (5′ AAA TTG ACT TAA TGG CTG CCC3′), 
636-657 (5′ AAC AAT GAG TAC AAC TAC CGC 3′) and 1505-1526 
(5′ AAC CTG TGA AAG TGA TGT TCT 3′). The siRNA2 produced 
a significant decrease in IGF-1R mRNA level. Results are referred 
as percentage of scrambled (Sc) and expressed as mean  ±  SEM 
(n = 3). *Significantly different from control. b SCRHs were trans-
fected with specific siRNA or scrambled for 48 h and then exposed 
to E17G (200  μM) for 30  min. The slope of the curve obtained by 
plotting the average GS-MF-associated fluorescence of 70–100 pseu-
docanaliculi versus time was used to estimate the ITR of Abcc2. 
Data are expressed as mean ± SEM (n = 3), *significantly different 
from scrambled, ^significantly different from scrambled and E17G, 
(p < 0.05, n = 3). c, d Representative confocal images showing cellu-
lar distribution of Abcc2 (c) (green) and Abcb11 (d) (green) in SCRH 
under different treatments. Actin network (red) and nuclei (blue) are 
also shown. Under control conditions, Abcc2 and Abcb11 associated 
fluorescence is mainly localized at the canalicular membrane in the 
area delimited by the pericanalicular actin network. E17G induced 
a clear internalization of transporter-containing vesicles beyond the 
limits of the pericanalicular actin (indicated by arrowheads). In cells 
treated with siRNA2 this phenomenon was significantly prevented. 
Scrambled-transfected cells also showed a pattern of Abcc2 and 
Abcb11 delocalization after E17G treatment. None of the treatments 
affected the normal distribution of actin, which showed a predomi-
nant pericanalicular distribution (color figure online)
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The role of IGF-1R in E17G-induced cholestasis was 
evaluated in vitro and in IPRL using different approaches to 
evaluate transport function, transporter localization and pro-
tein activations. The participation of IGF-1R was evaluated 
using the inhibitor TYR and specific siRNA to knock-down 
the receptor. Concentration–response experiments showed 
that TYR displaced the E17G concentration–response curve 
of cVA of Abcc2 substrate and Abcb11 substrate to the right, 

indicating a partial protective effect of these compounds on 
the cholestasis induced by E17G. Protection was confirmed 
with knock-down experiments in SCRHs where cells trans-
fected with siRNA for IGF-1R presented a significantly 
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Fig. 4  Effect of co-incubation with tyrphostin AG1024 (TYR) 
and estrogen receptor α (ERα) inhibitor (ICI) on estradiol 17β-d-
glucuronide (E17G)-induced impairment of canalicular vacuolar 
accumulation (cVA) of GS-MF and CGamF. IRHCs were incubated 
with ICI (ERα inhibitor, 1 µM) and TYR (100 nM), either alone or 
together, for 15 min. Then, IRHCs were exposed to E17G (100 µM) 
for an additional 20-min period. Finally, cVAs of GS-MF (a) or 
CGamF (b) were calculated as the percentage of couplets display-
ing visible fluorescence in their canalicular vacuoles from a total of 
at least 200 couplets per preparation, referred to control cVA values. 
Data are expressed as mean ± SEM (n = 3). *Significantly different 
from control (p < 0.05). ^Significantly different from E17G and con-
trol (p < 0.05). ˅Significantly different from E17G, TYR + E17G and 
ICI+E17G (p < 0.05)
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Fig. 5  Effect of co-incubation with tyrphostin AG1024 (TYR) and 
PI3K inhibitor (W) on estradiol 17β-d-glucuronide (E17G)-induced 
impairment of canalicular vacuolar accumulation (cVA) of GS-MF 
and CGamF. a, b IRHCs were incubated with wortmannin (W, PI3K 
inhibitor, 100 nM) and TYR (100 nM), either alone or together, for 
15 min. Then, IRHCs were exposed to E17G (100 µM) for an addi-
tional 20-min period, finally cVAs GS-MF (a) or CGamF (b) were 
calculated as the percentage of couplets displaying visible fluores-
cence in their canalicular vacuoles from a total of at least 200 cou-
plets per preparation, referred to control cVA values. c IRHCs were 
incubated with W and TYR with or without Colchicine (Colch, 
1 µM). Then, IRHCs were exposed to E17G (100 µM) for an addi-
tional 20-min period, finally cVAs GS-MF was calculated as the per-
centage of couplets displaying visible fluorescence in their canalicular 
vacuoles from a total of at least 200 couplets per preparation, referred 
to control cVA values. Data are expressed as mean ± SEM (n = 3). 
*Significantly different from control (p < 0.05). ^Significantly differ-
ent from E17G and control (p < 0.05). xSignificantly different from 
“without colch” (p < 0.05)
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lower decrease in the initial transport rate of GS-MF after 
being treated with E17G. Western blot studies demonstrate 
that E17G treatment increase IGF-1R phosphorylation in 
Tyr-1135-36, placing the receptor in a pathway activated by 
the estrogen. Confocal images indicated that IGF-1R partici-
pates also in the delocalization of Abcc2 and Abcb11; both 
the inhibitor and the knock-down of the receptor prevented 
internalization of the transporters, as seen in the images and 
quantified by densitometric analysis (Additional Fig. 2).

The role of IGF-1R in the effects of E17G on transport 
activity and transport delocalization was not only demon-
strated in vitro but also in a more complex physiological 
model such as IPRL in which the phenomena of canalicular 
transporters internalization and retrieval can be differenti-
ated. TYR did not prevent the initial effect of E17G on bile 
flow and on the excretion of TC (Abcb11 substrate) and 
DNP-G (Abcc2 substrate), but conversely, TYR improved 
the recovery of these parameters, indicating that the pathway 
in which the IGF-1R participates affects the spontaneous 
reinsertion of canalicular transporters.

There are evidence that support that E17G activates three 
pathways; one that involves ERα, PKC, p38-MAPK, EGFR 
and Src is responsible for the initial endocytic internaliza-
tion of canalicular transporters (Crocenzi et al. 2008; Boa-
glio et al. 2012; Barosso et al. 2012, 2015), the other two 
pathways initiate in GPR30, one involves AC, PKA and is 
also responsible for endocytic internalization of canalicular 
transporters (Zucchetti et al. 2014) and the other involves 
PI3K-Akt, MEK/ERK which is responsible for keeping 
transporters in a subapical space, restraining reinsertion 
(Boaglio et al. 2010; Zucchetti et al. 2014). Once established 
the participation of IGF-1R in E17G induced cholestasis, our 
aim was to locate IGF-1R in one of the pathways activated 
by E17G and to propose a sequence of activation with the 
other proteins in the pathway. IGF-1R and ERα co-inhibition 
produced an additive preventive effect, suggesting that they 
belong to different pathways, whereas IGF-1R and PI3K 

co-inhibition was not additive, suggesting that they share a 
common pathway. Colchicine abolished the protection pro-
duced by TYR similarly to what was previously observed 
with wortmannin (inhibitor of PI3K) (Boaglio et al. 2010). 
On the other hand, through the combination of the inhibi-
tion of one protein and the measurement of the other protein 

Fig. 6  Activation IGF-1R and PI3K/Akt in the presence of the cor-
responding cross inhibitors. a Effect of G15 (GPR30 inhibitor) on the 
specific IGF-1R activation by E17G in primary cultured hepatocytes. 
Primary cultured hepatocytes were treated with G15 (10  nM) for 
15 min, then exposed to E17G (100 µM) for 15 min, and finally IGF-
1R activity was determined by immunoblots using antibodies against 
phosphorylated IGF-1R (p-IGF-1R, Tyr-1135-36) and β-actin. The 
ratio of each p-IGF-1R/β-actin band density was compared to con-
trol bands ratio (100%). b Effect of TYR on PI3K/Akt activation by 
E17G. Isolated rat hepatocytes were incubated with TYR (100 nM) 
for 15  min and the exposed to E17G (100  μM) for another 15  min 
period. PI3K/Akt activity was determined by immunoblots using anti-
bodies against phosphorylated Akt (p-Akt, Ser473) and total Akt. The 
ratio of each p-Akt/total Akt band density was compared to control 
bands ratio (100%). Data are expressed as mean ± SEM (n = 3). xSig-
nificantly different from control (p  <  0.05). *Significantly different 
from E17G and E17G (p < 0.05). +Significantly different from E17G 
(p < 0.05)
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activation by western blot, experiments demonstrated that 
IGF-1R activation occurs after that of GPR30 and preceded 
that of PI3K. Confirming this sequence, the activation of 
IGF-1R with IGF-1 reversed the prevention observed in 
cells treated with E17G when GPR30 was inhibited with 
G15. Results of IPRL are consistent with the placement of 
IGF-1R in the same pathway of PI3K since the pattern of 
lack of action of the inhibitor (TYR) in the initial phase of 
E17G action and the accelerated recovery after reaching the 
nadir of bile flow and substrate excretion are similar to those 
obtained with inhibitors of PI3K (Boaglio et al. 2010) and 
ERK (Boaglio et al. 2012).

Since IGF-1R can be activated by its agonist IGF, we 
tested whether IGF-1R activation alone could affect cana-
licular transport activity. IGF per se could not alter GS-MF 
transport, neither the combination of IGF with EGF, an 
EGFR specific agonist, which together activate two of the 
three pathways branches described so far. Previously, we 

demonstrated that the simultaneous activation of GPR30 by 
G1 and EGFR by EGF provoke a significant decrease in 
Abcc2 transport activity (Barosso et al. 2015). The differ-
ence between both experiments is that G1+EGF activate the 
three pathway branches that are activated by E17G instead of 
the two activated by IGF+EGF (see Fig. 10 were the path-
ways activated by E17G are depicted). This is in line with 
the hypothesis that the activation of the three pathways by 
E17G is necessary to fulfill a significant delocalization of 
canalicular transporters.

The mechanism by which GPR30 activates IGF-1R in the 
presence of E17G results elusive because of our poor knowl-
edge on the molecular mechanisms that trigger this process, 
but several reports in other cell models provide some hints in 
that metalloproteinases (Song et al. 2007) could participate 
releasing IGF from an extracellular source.

Garcia-Regalado et al. proposed a model of activation 
of PI3K by G protein couple receptors in which it would 
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Fig. 7  Experiments to elucidate the possible sequence by which 
IGF-1R participates in E17G-induced canalicular secretory failure. 
a IRHCs were pretreated with wortmannin (W, 100 nM) and IGF-1 
(10 nM) for 15 min and followed by treatment with E17G (100 µM) 
for 20  min. Finally, IRHCs were exposed to CMFDA (2.5  µM) for 
15 min, and cVA of GS-MF was calculated as the percentage of cou-
plets displaying visible fluorescence in their canalicular vacuoles 
from a total of at least 200 couplets per preparation, referred to as 
control cVA values. *Significantly different from control (p < 0.05); 
+significantly different from E17G and control (p < 0.05). Data are 
expressed as mean  ±  standard error of the mean (SEM; n  =  3). b 

IRHCs were pretreated with G15 (10  nM), IGF-1 (10  nM) or insu-
lin (10 nM, 1 µM) for 15 min and followed by treatment with E17G 
(100  µM) for 20  min. Finally, IRHCs were exposed to CMFDA 
(2.5 µM) for 15 min, and cVA of these fluorescent substrates was cal-
culated as the percentage of couplets displaying visible fluorescence 
in their canalicular vacuoles from a total of at least 200 couplets per 
preparation, referred to as control cVA values. *Significantly different 
from control (p < 0.05); +significantly different from E17G and con-
trol (p < 0.05); xsignificantly different from G15+E17G (p < 0.05). 
Data are expressed as mean  ±  standard error of the mean (SEM; 
n = 3)
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Fig. 8  Tyrphostin AG1024 
(TYR) protects against 
estradiol-17β-d-glucuronide 
(E17G)-induced impairment of 
bile flow and biliary secretion 
of dinitrophenyl-glutathione 
and taurocholate in the perfused 
rat liver. Temporal changes 
in bile flow (a) and in the 
biliary excretion rate of both 
total dinitrophenyl-glutathione 
(DNP-G, b) and taurocholate (c) 
throughout the perfusion period. 
IPRLs were treated with a 
bolus of E17G (3 μmol/liver) or 
with the E17G vehicle DMSO/
BSA 10% in saline (control), 
in the presence or absence 
of TYR (100 nM). aControl 
significantly different from 
E17G, bcontrol significantly 
different from E17G+TYR, c 
E17G significantly different 
from E17G+TYR. (p < 0.05). 
n = 3–4 animals per group
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participate the trafficking of the subunit βγ at the endosomal 
level where it would interact with Rab11a (García-Regalado 
et al. 2008). Based on our results, in our model IGF-1R 
could participate in the trafficking of βγ subunit to Rab11a-
endosome. These Rab11a-endosomes are implicated in the 
microtubule-dependent recycling of canalicular transporters 
(Zucchetti et al. 2011) and according to our results this recy-
cling would be blocked by IGR-IR and PI3K-Akt activation.

IGF-1R is expressed in hepatocyte but in low quantities 
(Qadir et al. 2015) and shares homology with another more 
abundant receptor, the insulin receptor. Hence, the effects 
ascribed to IGF-1R could potentially be the result of the 
activation of insulin receptor. Several pieces of evidence 
give support to a specific role of IGF-1R: first, siRNAs used 
in hepatocyte sandwich experiments were specific to IGF-
1R and do not overlap with insulin receptor; second, TYR 
can inhibit insulin receptor but its IC50 is 5x the IC50 for 
IGR-IR (Párrizas et al. 1997) and greater than the concen-
tration of TYR employed, finally, IGF-1, agonist of IGF-
1R, reverted the protection of E17G-induced cholestasis by 
GPR30 inhibitor but insulin failed to do so even using a 
concentration 100× greater.

In conclusion, this study demonstrates the participation of 
IGF-1R in E17G-induced cholestasis. This receptor is acti-
vated by E17G and this activation is necessary to block the 
retrieval of the canalicular transporters Abcc2 and Abcb11. 
We also placed this protein in one of the three signaling 
pathways that leads to estrogen cholestasis described so far. 
E17G first activates GPR30 and then by other intermediate 
signaling proteins activates IGF-1R to lead through other 
intermediate signaling proteins to the activation of PI3K.

Fig. 9  IGF-1R inhibition prevents estradiol-17β-d-glucuronide 
(E17G)-induced endocytic internalization of Abcb11 and Abcc2 in 
perfused rat liver. a Confocal images of E17G-induced internalization 
of Abcc2 and protection by tyrphostin AG1024 (TYR). Representa-
tive confocal images of immunostained liver samples displaying a 
containing of Abcc2 (green) and occludin (red). b Confocal images of 
E17G-induced internalization of Abcb11 and protection by tyrphostin 
AG1024 (TYR). Representative confocal images of immunostained 
liver samples displaying a containing of Abcb11 (green) and occludin 
(red). In control livers, both Abcc2 and Abcb11 were mainly confined 
to the canalicular space delineated by the tight junction-associated 
protein occludin. Following E17G (3  µmol/liver), some canaliculi 
show intracellular fluorescence associated with Abcc2 or Abcb11 
at a greater distance from the canalicular membrane (arrows), con-
sistent with their delocalization. TYR (100 nM, 15 min previous to 
E17G) prevented the internalization of canalicular transporters, as 
illustrated by a control-like pattern of Abcc2 and Abcb11 distribution. 
TYR itself did not induce any changes in transporters localization. 
The densitometric analysis of the modification of the distribution of 
Abcc2 and Abcb11 by the different treatments is presented as addi-
tional Fig. 3 (color figure online)
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