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ABSTRACT Interleukin (IL)-6 decreases hepatic expression of numerous transporters. Although IL-6 signaling
occurs through STATS3, the extent of the involvement of the STAT3 signaling pathway has not been elucidated.
PURPOSE: Our objective was to investigate whether IL-6-mediated effects occur through STAT3, and whether
PXR plays a role in this regulation. METHOD: PXR null (-/-) or wild-type (+/+) male mice were pre-dosed with
a selective STAT3 inhibitor S31-201 (7.5 mg/kg ip) or vehicle (n=5-8/group) 30 minutes before receiving a single
dose of IL-6 (1 pg ip) or saline. Animals were sacrificed after 6 hours and liver samples were analyzed using qRT-
PCR and western blotting. RESULTS: As compared to saline controls, IL-6 decreased the expression of Cyp3a,
Abcbla, Abce3, and Slcolad 20-70% similarly in PXR (+/+) and (-/-) mice at 6 hr, while downregulation of
Abcbl11, Abcc2, Slc10aland Slco2bl was only seen in PXR (+/+). Pre-administration of S31-201 attenuated IL-
6-mediated changes of most transporters in PXR (+/4) and PXR (-/-) mice. At early times after IL-6 administration
(10-120 minutes), transcript levels of Socs3, PXR, Abcbla, Abcc3, Abebl1, Slcola4 and Slco2blwere increased
in PXR (+/+) mice. CONCLUSIONS: Our findings demonstrate that IL-6 imposes a significant downregulation
of numerous ABC and SLC transporters in liver primarily through activation of the STAT3 signaling pathway.
Based on time-dependent changes in transporter expression, downregulation likely occurs downstream of STAT3
activation. As IL-6 is elevated in many diseases, understanding the underlying mechanism(s) involved in
transporter dysregulation will allow us to predict potential drug-disease interactions.

INTRODUCTION
IL-6 is one of the key cytokines involved in the involvement of PXR [14, 15]. IL-6-mediated
inflammatory response and a major regulator of the downregulation of CYP3A4 in human hepatocytes
acute-phase immune response in the liver [1, 2]. has been reported to occur through PXR
Much evidence has demonstrated that IL-6 downregulation [16]. Moreover, 1L-6 mediated
significantly downregulates the expression and downregulation in the expression of PXR and its
activity of drug metabolizing enzymes [3-9]. target genes (P-glycoprotein and CYP3A4 or
Likewise, a substantial downregulation of numerous Cyp3all) has been demonstrated in primary cultures
ABC and SLC transporters is seen in IL-6 treated of both human and mouse hepatocytes, indicating
rodents and primary cultured human hepatocytes, conservation of this regulatory pathway [17].
demonstrating the importance of this cytokine in the However, in vivo studies examining direct
regulation of these drug disposition proteins in the involvement of PXR following IL-6 administration
liver [10-13]. However, the underlying mechanism are lacking.
of IL-6-mediated downregulation of hepatic IL-6 is classically known to activate gene
transporters is not fully known. expression via the Signal Transducer and Activator
Activation of pregnane-X-receptor (PXR) is of Transcription (STAT3) signalling pathway [18,
involved in the wupregulation of many drug 19]. Binding of IL-6 to its receptor IL-6R triggers the
transporters and drug metabolizing enzymes and is tyrosine-kinase activity of the Janus-kinase-family
also thought to be involved in inflammation- member JAK3.

mediated downregulation as IL.-6 has been shown to
decrease PXR expression. Indeed, IL-6-mediated
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Activated JAK3 then phosphorylates STAT3
resulting in its dimerization and translocation to the
nucleus where it activates transcription of several
target genes including other inflammatory cytokines
[20, 21] (Fig.1). Indeed, STAT3 plays an important
role in cytokine-mediated induction of acute-phase
response genes in vivo. Of note, expression of the
IL-6/STAT3 target gene, Suppressor of cytokine
signaling 3 (Socs3) increases rapidly in response to
IL-6; providing a negative feedback loop for
regulation of cytokines [22-24].

As the underlying mechanisms responsible for
transporter dysregulation following IL-6
administration have not been fully elucidated, our
objective was to clarify whether these changes occur
through STAT3, and whether PXR is involved.
Therefore, we administered a specific inhibitor of
STAT3, S31-201, to PXR (+/+) and PXR (-/-) mice
prior to IL-6 administration in order to elucidate the
effects on hepatic transporters. S31-201 selectively
binds to the Stat3-SH2 domain thereby blocking
Stat3 phosphorylation, STAT3 dimerization and
STAT3-dependent transcription. Selective in vivo
inhibition of STAT3 activation has been previously
demonstrated in rodents with more than 3-fold
selectivity for STAT3 over STAT1 [24]. Moreover,
Johnson et al. [27] reported that S3I-201 did not
prevent lipopolysaccharide (LPS)-induced
endothelial dysfunction; effects which are primarily
mediated through the NF-«B signaling pathway.
Oral and intraperitoneal doses of 5-10 mg/kg have
been demonstrated to effectively suppress STAT3
activation in vivo in mice [25, 26]. In order to
provide insight into direct or indirect involvement of
STATS3 transcriptional activity, the effect of IL-6 at
early time points in wild type mice is also evaluated
in this study.

MATERIALS AND METHODS

Animals and Experimental Design

The animal experiments were performed in
accordance to the guidelines of the University of
Toronto Animal Care Committee and the Canadian
Council on Animal Care. PXR wild-type (+/+)
C57BL/6 mice were purchased from Charles River
Canada (Montreal, PQ, Canada) and PXR knockout
(-/-) C57BL/6 mice were obtained from an ongoing
inbred colony [27]. Ten to twelve week-old male
PXR (+/+) wild-type and PXR (-/-) knockout mice
were treated with a 7.5 mg/kg intraperitoneal (ip)
injection of the selective STAT3 inhibitor S31-201

(AdooQ Bioscience, Irivine, CA) or vehicle
(dimethylsulfoxide/saline). A single dose of IL-6
(R&D system, Minneapolis, MN) (1 ug ip) or saline
was given thirty minutes after administration of S31-
201 or vehicle. Downregulation of numerous hepatic
transporters has been previously reported at 6 hours
following IL-6 administration [10, 14]. Therefore
mice (n=5-8/group) were euthanized six hours after
IL-6 or saline administration. In order to examine
early transcription events, another set of wild-type
C57BL/6 mice (n=5-6/group) were treated with a
single dose of IL-6 (1 pg ip) and sacrificed at early
time points (10, 30, 60 and 120 minutes) and
compared to vehicle treated controls. Animals were
sacrificed at each time point; serum and livers were
collected and immediately snap frozen in liquid
nitrogen to be stored at -80°C for later analysis.
Quantitative Real-time Chain
Reaction

The mRNA levels of each transporter were
quantified using qRT-PCR. Methods for RNA
isolation, cDNA synthesis and qRT-PCR have been
previously described [27]. Briefly, RNA was
extracted from liver tissue using TRIzol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s
instruction and reverse transcribed (RT) to single
stranded complementary DNA (cDNA) using a High
Capacity cDNA RT kit (Applied Biosystems, Foster
City, CA). Quantitative Real-time PCR was
performed using Power SYBR Green detection
system (ABI HT 7900, Applied Biosystems,
Streetsville, ON, Canada). The relative mRNA
expression was calculated using the comparative Ct
(AACt) method and each gene of interest was
normalized to the house keeping gene 36B4. Specific
primer sequence have been previously published
[27] .

Polymerase

Western Blotting

Nuclear protein was extracted from liver tissues as
previously described [27]. Briefly, 100 mg of liver
tissue was homogenized using homogenizing buffer
(250 mM sucrose, 10 mM HEPES, and 10 mM Tris)
containing protease inhibitor cocktail (Sigma-
Aldrich) and centrifuged (12,000 rpm, 15 minutes at
4°C). Then, nuclear pellet was re-suspended in 150-
200 pl nuclear extraction buffer, incubated (30
minutes) and sonicated (3 minutes) before the final
centrifugation (14,000 rpm, 10 minutes at 4°C) after
which the supernatant was collected. This nuclear
protein concentration was quantified using the
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Bradford assay with BSA standards. Forty pg of
protein in Laemmli buffer (Biorad, Hercules, CA,
USA) was separated using a 10% SDS PAGE gel and
transferred to polyvinylidene difluoride (PVDF)
membranes  (Bio-Rad  Laboratories Canada,
Mississauga, ON). Membranes were blocked with
5% w/v skim milk powder in TBST and incubated
over night with primary antibodies anti-PXR.1 (A-
20) 1: 200 and p-Stat3 (sc-8059) 1:200 (Santa Cruz
Biotechnology) in 2% skim milk in TBST. After a
series of washes with TBST, membranes were
incubated with secondary antibodies (anti-goat
1:3000, anti-mouse 1:5000; Jackson
ImmunoResearch Laboratories, Inc., West Grove,
PA). Immunodetectable proteins were quantified
using Alpha Ease FC imaging software (Alpha
Innotech, Santa Clara, CA). B-actin (AC-15,
1:50000, Sigma-Aldrich) and a calibrator were used
to account for loading and gel-to-gel variability.

Transcription Factor DNA-binding (TransAM)
Assays

Forty ng of liver nuclear extract were used to assay
the specific transcription factor DNA binding
activity using the STAT3 TransAM kit (Active
Motif, CA, USA) in accordance with the
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manufacturer’s instructions. Absorbance (450 nm)
with a reference wavelength of 655 nm was detected
using a plate reader.

STATISTICS

All results were expressed as mean + S.E.M.
Statistical analysis was performed using the
GraphPad Prism 7 software. Two-Way ANOVA
analysis, followed by Tukey’s test, was used to
determine the differences between STAT3 inhibitor
and IL-6-treatment groups (n=5-8 mice per treatment
group). The criterion of significance was (p<0.05).

RESULTS

Effect of STAT3 Inhibition on IL-6 and Socs3
Expression

Following IL-6 treatment, mRNA expression of the
IL-6 target gene Socs3 was significantly increased to
a similar extent in both PXR (+/+) and PXR (-/-)
(Figure 2 A, B). Prior treatment with the STAT3
inhibitor (S31-201) significantly suppressed IL-6 and
Socs3 induction in both PXR (+/+) and PXR (-/-)
mice (p<0.05).
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Figure. 2. Effect of S3I-201 on the mRNA levels of (A) IL-6 and (B) IL-6 target gene Socs3 following IL-6 administration
in the liver of PXR (+/+) and PXR (-/-) mice. Data are presented as percentage of mean + S.E.M (n = 5-8). " Significant
from saline controls and # significant from IL-6 treated; *## P <0.01; *™"### P<0.001
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Effect of STAT3 Inhibition on Hepatic Gene
Expression

IL-6 imposed a significant 20-70% downregulation
in the mRNA expression of Cyp3a, Abcbla, Abcg2,
Abcc3, Slc10al, and Slcola4 in both PXR (+/+) and
PXR (-/-) 6 hours after administration (Figure 3). IL-
6-mediated downregulation of Abcc2, Abcbll,
Slc10al and Slco2bl was seen in PXR (+/+) but not
PXR (-/-) mice. In PXR (+/+) mice, the mRNA level
of PXR was significantly decreased by 50%
following IL-6 treatment relative to control (data not
shown). Additionally, pretreatment of PXR (+/+)
mice with the STAT3 inhibitor, S31-201 attenuated
IL-6 mediated changes of most transporters
compared to controls with the exception of Slcola4.
Likewise, attenuation of IL-6 mediated changes of
most transporters (Abcbla, Abcc3, and Slc10al) was
seen in S31-201 pre-treated PXR (-/-) mice but this
did not reach significance for Slcola4 and Abcg2.
No attenuation in the downregulation of Cyp3all
was seen in either PXR (+/+) or (-/-) mice.
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Earlier Time Course Treatments with IL-6

As measured using TransAM assays, binding
activity of STAT3 to target DNA was increased 10
minute after IL-6 treatment, indicating activation of
STAT3 signalling (Fig 4A). A significant IL-6-
mediated increase in the immunodetectable
expression of STAT3 was also seen within the
nuclear protein fraction at 10 minutes time point
(supplementary figure 1). IL-6 also imposed a
significant induction in the mRNA expression levels
of the IL-6/STATS3 target gene, Socs3 at early time
points (Fig 4B).

The early effects of IL-6 on hepatic transporter
expression were further examined in PXR (+/+)
mice. At early time points, (10-120 minutes), the
hepatic expression of Abcbla, Abcbl1 and Slco2bl
were significantly increased and by 60 minutes,
levels of Abcc2 and Slcola4 were also increased (Fig
5). Expression of Abcg2, Abcc3, SlcolOal and
Cyp3all were not significantly affected at these
early time points. Interestingly, a 2-3-fold increase
in mRNA and nuclear protein expression of PXR
was seen at 30 to 120 minutes after IL-6
administration (Fig 6A,B).
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Figure. 1. IL-6 signaling pathway. IL-6 activates gene expression by phosphorylating the Signal Transducer and Activator
of Transcription (STAT3), which translocates into the nucleus and activates transcription of acute phase response genes.
S31-201 is highly selective novel inhibitor of STAT3 complex formation that binds to the SH2 domain, inhibits STAT3
phosphorylation and suppresses STAT3-dependent transcriptional activities.
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Figure. 3. Effect of S31-201 pre-treatment on hepatic mRNA expression of (A) ABC transporters, (B) SLC transporters,
and (C) Cyp3all following IL-6 treatment in PXR (+/+) and PXR (-/-) mice. Controls received saline. Data are presented
as percentage of mean + S.E.M (n = 5-8). " significant from saline controls and #significant from IL-6 treated; “* P <0.05.
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Figure. 4. Effect of IL-6 treatment at early different time points on (A) the hepatic nuclear extract of P-STAT3 as measured
by TransAM assay, and (B) the hepatic mRNA expression of Socs3 as measured by qRT-PCR in wild-type mice. Data are
presented as percentage of mean = S.E.M (n = 5-8). " significant from controls; **P <0.01; **P<0.001.
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Figure. 5. Effect of IL-6 treatment at early different time points on the hepatic mRNA expression of (A) ABC transporters,
(B) SLC transporters, and (C) Cyp3all in wild-type mice. Controls received saline. Data are presented as percentage of
mean = S.E.M (n =5-8). " significant from controls; * P <0.05; *P <0.01; **P<0.001.
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Figure. 6. Effect of IL-6 treatment at early different time points on (A) hepatic mRNA expression of PXR and (B) hepatic
nuclear protein expression and representative western blot of PXR in wild-type mice. Controls received saline. mRNA and
protein expression were determined as described in Material and Methods. Data are presented as percentage of mean +
S.E.M (n = 5-8). " significant from controls; “*P <0.01; **P<0.001.
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DISCUSSION

During inflammation, secretion of IL-6 regulates the
expression of numerous genes through activation of
the JAK3/STAT3 signalling pathway [18].
Following IL-6 stimulation, dimerization of JAK3
causes phosphorylation and translocation of STAT3
into the nucleus whereby it regulates transcription of
numerous genes. STAT3 activation after IL-6
exposure has been reported in cultured human as
well as rodent primary hepatocytes [28]. Several in
vivo studies in animal models have demonstrated IL-
6 mediated downregulation of hepatic transporters,
nuclear receptors and drug metabolizing enzymes
[15, 29]. Moreover, IL-6- mediated repression of
hepatic transporters and metabolizing enzymes have
been reported in vitro in primary cultured human
hepatocytes and elevated levels of 1L-6 are thought
to play an important role in clinical disease-drug
interactions [30]. However, studies examining the
direct involvement of the STAT3 signalling pathway
on IL-6 mediated changes in these genes are lacking.
Results from our current study demonstrate that IL-6
administration imposes a downregulation of hepatic
transporters and Cyp3all. Our findings also
demonstrate that prior administration of the selective
STAT3 inhibitor (S31-201), which was found to fully
suppress induction of the IL-6/STAT3 target gene
Soc3, attenuated the downregulation of virtually all
transporters. These findings reveal involvement of
the STAT3 signaling pathway in the regulation of
hepatic transporters but not Cyp3all.

In general, our results indicate that STAT3
inhibition occurs largely independent of PXR but IL-
6 mediated effects appear to be influenced by PXR.
We observed Abcc2, Abcbl1, Slc10al and Slco2bl
downregulation in IL-6 treated PXR wild-type but
not PXR knockout mice, which is consistent with
previous reports [14]. This could stem from either
strain differences in inflammatory responses to IL-6
or a PXR-dependency on the regulation of these
genes. As we found that IL-6 administration
significantly increased mRNA levels of the IL-6
target gene Socs3 to a similar extent in PXR (+/+)
and PXR (-/-) mice, this suggests similar responses
to IL-6. Moreover, nuclear protein expression of P-
STAT3 was not significantly different between 1L-6-
treated PXR (+/+) and (-/-) (data not shown). These
findings imply that PXR may play a role in IL-6
mediated downregulation of Abcc2, Abcbll,
Slc10al and Slco2bl at least in part. It could also
stem from increased dependency on other nuclear

factors in the PXR (-/-) mice. However, for the
remaining genes, PXR did not appear to play a role
in their downregulation.

To examine whether IL-6 directly impacts
hepatic gene transcription of transporters through
STAT3 binding sites, we examined their expression
at early time points in PXR (+/+) mice. As expected,
STAT3 was activated within 10 minutes of IL-6
administration along with rapid induction of Socs3.
However, rather than downregulation, we found that
IL-6 administration caused an induction in the
hepatic expression of Abcbla, Abcbl1 and Slco2bl
within 10 minutes and induction of Abcc2 and
Slcola4 within 60 minutes. Time dependent effects
of IL-6 have been seen previously in primary
cultured human hepatocytes. Consistent with our
findings, Yang et al (2012) reported a rapid induction
of Soc3 in IL-6 treated hepatocytes along with a
downregulation of most ABC and SLC transporters
at later time points.  Of particular interest, they
observed significant increases in the mRNA
expression of ABCBI11, SLC22A1, ABCBI,
ABCC2 and ABCG2 after 2-6 hours of IL-6
exposure while downregulation occurred after 24-48
hours. The molecular mechanisms were not
examined. To this point we observed a significant 2-
3-fold induction in the mRNA and nuclear protein
expression of PXR at early time points. As many
transporters are known to be regulated by PXR it is
plausible that rapid PXR activation could be
responsible for this early induction. Indeed, it is well
established that PXR activation by hormone, bile
acids, or xenobiotics lead to the hepatic induction of
several murine transporters including Abcbla,
Abcc2, Abcc3, Abcbll, Slcola4, and Slco2bl [31-
34]. However, it is not known whether a period of
10-60 minutes post-treatment is sufficiently long for
this induction to occur through PXR-mediated
pathways. Moreover, the lack of induction of well-
known PXR target genes such as Cyp3all
diminishes the credibility of this hypothesis. An
alternative explanation for early induction of these
particular  transporters could involve direct
transcriptional activation through STAT3 binding
sites within promoter regions. For example, a
binding site for STAT3 can be found within the
promoter of murine Abcc2. On the other hand, while
IL-6 primarily activates STAT3 in hepatocytes,
initiation of other signalling pathways such as the
mitogen activated protein kinase (MAPK) cascade
are also seen and therefore could also contribute to
our findings.
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Based on the observed time dependent
phenomenon, IL-6-mediated downregulation of
hepatic transporters likely occurs through a pathway
downstream of STAT3 activation. Although STAT3
activation was seen in the nuclear fraction after IL-6
administration, this induction was transient,
suggesting involvement of other transcriptional
factors. It is known that STAT3 activation results in
significant induction of Socs3 expression, which
results in the release of secondary cytokines that are
known to activate NF-kB. Our laboratory recently
demonstrated involvement of NF-xB in the
downregulation of hepatic transporters after
administration of endotoxin [27]. Given these
findings, what we see in this study at 6 hours
following IL-6 administration is most likely due to
STAT3/Socs3-mediated activation of NF-kB. It is
important to note that STAT3 is reported to be NF-
kB dependently recruited to the STAT3-NF-«B
transcriptional complex that is known to control the
transcription of some of the acute phase proteins
[35]. Further studies investigating the involvement
of NF-kB following IL-6 administration are
warranted.

Overall this study establishes a principal role of
the STAT3 signaling pathway in IL-6 mediated
downregulation of hepatic transporters with partial
involvement of PXR. However, the contribution of
NF-kB activation requires further investigation. As
inflammation-mediated changes in gene expression
are thought to be executed through pathways
activated by IL-6 and other pro-inflammatory
cytokines, this information can be used to predict
changes in  the pharmacokinetics and
pharmacodynamics of drugs in diseases associated
with inflammation.
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Supplementary data

Table 1. Gene and common names of ABC and SLC transporters of interest in the Liver

Gene Common Name

ATP-Binding Cassette (ABC) Transporters

Abcbla Mdrla
Abcg2 Berp
Abcc2 Mrp2
Abcc3 Mrp3

Abcbl1 Bsep

Solute Carrier (SLC) Transporters
Slc10al Ntcp
Slcolad Oatplad
Slco2bl Oatp2bl
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Supplementary Figure 1. Effect of IL-6 treatment at early different time points on (A) the hepatic nuclear extract of P-
STAT3 as measured by Western blot in wild-type mice. Data are presented as percentage of mean + S.EM (n = 5-8). *
significant from controls; **P <0.01; ***P<0.001.
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