




system (ABI 7900HT). RelativemRNA levels were calculated using the comparative
threshold cycle method (DDCt), in which each gene of interest was normalized to the
endogenous housekeeping gene 36B4.

Enzyme-Linked Immunosorbent Assay Analysis. Serum IL-6 levels were
measured using commercially available mouse-specific enzyme-linked immuno-
sorbent assay kits for IL-6 (R&D Systems, Minneapolis, MN), according to
manufacturer’s instructions. The minimum detectable limit was 1.3 pg/ml.

Western Blotting. Nuclear proteins were isolated from liver tissue, as
described in Supplemental Material (modified from Durk et al., 2014). Total
protein concentration was quantified using the Bradford assay with bovine serum
albumin standards. Protein samples (40 mg) in Laemmli sample buffer (Bio-Rad,
Hercules, CA) were heated at 95�C for 3 minutes and then separated using 10%
SDS- polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Bio-Rad Laboratories Canada,Mississauga, ON, Canada).
Membranes were blocked with 5% skim milk in Tris-buffered saline (TBST) and

incubated overnight at 4�C with anti-PXR.1 (A-20) 1:200 and anti–p-NF-kB p65
subunit (Ser-536) 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA) 1�
antibodies in 2% skim milk TBST. Membranes were washed multiple times with
TBST before incubation with 2� antibodies (anti-goat 1:3000, anti-rabbit 1:5000,
anti-mouse 1:5000; Jackson ImmunoResearch Laboratories, West Grove, PA).
Immunodetectable levels were detected using Super Signal West Pico Chemilu-
minescent Substrate (Thermo Fisher Scientific) and Alpha Ease FC imaging
software (Alpha Innotech, Santa Clara, CA). Gel to gel variability was accounted
for by normalizing to a calibrator as well as b-actin (AC-15, 1:50,000; Sigma-
Aldrich).

Statistics. Statistical analysis was performed using GraphPad Prism 7 (San
Diego, CA) software. All results were expressed as mean6 S.E. Unpaired Student’s
t test was used to compare basal gene expression in PXR (+/+) and PXR (2/2) mice.
Two-way analysis of variance analysis with Holm–Sidak’s multiple comparison test
was used to determine the effect of NF-kB and endotoxin.

Fig. 2. The effect of PHA408 on (A) mRNA levels of inflammatory markers following endotoxin [lipopolysaccharides (LPS)] administration in the liver of PXR (+/+) and
PXR (2/2) mice. Data are presented as percentage of mean6 S.E.M. (n = 5–8), where *significant from saline and #significant from LPS. **,##P, 0.01; ***,###P, 0.001.

Fig. 3. Effect of PHA408 on (A) NF-kB mRNA expression and (B) NF-kB nuclear protein expression and representative Western blot following endotoxin [lipopolysaccharides
(LPS)] administration in the liver of PXR (+/+) and PXR (2/2) mice, and mRNA and protein expression was determined as described inMaterials and Methods. Data are presented as
percentage of mean 6 S.E.M. (n = 5–8), where *significant from saline and #significant from LPS. *,#P , 0.05; **,##P , 0.01; ***,###P , 0.001.
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Results

Basal Hepatic Gene Expression in PXR (+/+) and PXR (2/2).
The basal expression of inflammatory markers and hepatic transporters
was examined in the PXR (+/+) and PXR (2/2) mice. The basal
expression of NF-kB target genes IL-6 and IL-1b was 35%–100%
higher in PXR (2/2) as compared with PXR (+/+) mice (P , 0.005)

(Table 1). Expression of Socs3, which is an IL-6 target gene, was
fivefold higher in PXR (2/2) as compared with PXR (+/+). As
compared with PXR (+/+), the hepatic expression of Abcb1a, Abcb1b,
Abcc2 and Abcb11, and Slco1a4 was 50%–90% lower in PXR (2/2),
whereas levels of Abcg2, Slco2b1, Slc10a1, and Cyp3a were 30%–

110% higher in the PXR (2/2) mice (Table 1).
Effect of NF-kB Inhibition on Inflammatory Response. In both

PXR (+/+) and PXR (2/2) endotoxin-treated animals, the mRNA
levels of IL-6, IL-1b, TNF-a, and inducible nitric oxide synthase were
approximately 40-fold higher than saline controls. This endotoxin-mediated
induction was significantly decreased inmice receiving PHA408 (Fig. 2).
PHA408 also effectively inhibited endotoxin-mediated induction
of NF-kB mRNA (Fig. 3A), as well as the expression of the active
nuclear protein fraction of NF-kB (Fig. 3B) in both PXR (+/+) and
PXR (2/2).
In PXR (+/+) mice, serum concentrations of IL-6 were increased from

176 1 pg/ml in saline to 24096 27 pg/ml in endotoxin-treated animals;
however, preadministration of PHA408 did not significantly alter this
induction (24106 18 pg/ml). In PXR (2/2) mice, serum concentrations
of IL-6 were increased from 3746 4 pg/ml in saline to 16706 12 pg/ml
in endotoxin-treated animals, and preadministration of PHA408 did not
significantly alter this induction (1450 6 14 pg/ml).
Effect of NF-kB Inhibition on Hepatic Gene Expression.

Administration of endotoxin led to significant 30%–70% decreases
in the expression of Cyp3a and the majority transporters, and this
occurred to a similar extent in both PXR (+/+) and PXR (2/2) mice
(Fig. 4). The inhibition of NF-kB with PHA408 attenuated the
endotoxin-mediated changes in both PXR (+/+) and PXR (2/2). In

Fig. 4. Effect of PHA408 on hepatic mRNA expression of (A) ATP-binding cassette transporters, (B) solute carrier transporters, and (C) Cyp3a11 following endotoxin
administration in PXR (+/+) and PXR (2/2) mice. Data are presented as percentage of mean 6 S.E.M. (n = 5–8), where *significant from saline and #significant from
lipopolysaccharides (LPS). *,#P , 0.05; **,##P , 0.01; ***,###P , 0.001.

TABLE 2

Effect of PHA408 on hepatic mRNA expression in PXR (+/+) and PXR (2/2) mice

Results are reported relative to saline controls. Data are presented as percentage of mean6 S.E.M.
of (n = 4–5) mice; *significant from saline; #significant from LPS. *,#P , 0.05; **P , 0.01.

Genes % Control in PXR (+/+) % Control in PXR (2/2)

IL-6 369 6 19** 505 6 51**
IL-1b 96 6 40 90 6 123
TNF-a 84 6 108 40 6 122#

iNOS 110 6 80 116 6 179
Socs3 194 6 61** 69 6 58#

Abcb1a 28 6 16** 38 6 20*,#

Abcb1b 28 6 22** 77 6 28#

Abcg2 168 6 7** 33 6 15*,#

Abcc2 59 6 16* 61 6 12*
Abcc3 84 6 14 65 6 12*
Abcb11 56 6 12* 76 6 13*,#

Slc10a1 101 6 13 62 6 15*,#

Slco2b1 90 6 17 69 6 15*
Slco1a4 41 6 19* 40 6 15*
Cyp3a11 158 6 10** 80 6 12#

PXR 148 6 1** —

iNOS, inducible nitric oxide synthase.
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contrast, whereas endotoxin administration increased the level of Abcb1b,
this change was not seen in PXR (2/2) mice and was not significantly
affected by PHA408. As shown in Table 2, preadministration of PHA408
alone imposed significant decreases in the expression of several trans-
porters in PXR wild-type (Abcb1a, Abcc2, Abcb11, Slco1a4) and PXR-
null mice (Abcb1a, Abcc2, Abcc3, Abcb11, Abcg2, Slco1a4, Slco2b1,
Slco10a1). Sole administration of PHA408 was found to increase
expression of Cyp3a and Abcg2 in wild-type but not knockout mice.
Following endotoxin administration, mRNA expression of PXR,

CAR, FXR, retinoid X receptor (RXR), and peroxisome proliferator-
activated receptor (PPAR)-g was significantly decreased in PXR (+/+)
mice (Fig. 5A, 6A). Preadministration of PHA408 significantly attenu-
ated endotoxin-mediated effects for only PXR. Consistent with these
results, the nuclear portion of the activated form of PXR showed a
significant downregulation in PXR (+/+) mice following endotoxin

administration, and pretreatment with PHA408 significantly attenuated
this effect (Fig. 6). Although a significant increase in PXR mRNA was
seen in mice treated with PHA408 alone, no changes in nuclear protein
expression were seen (data not shown). Endotoxin administration
also imposed significant decreases in the expression of FXR and RXR
in PXR (2/2) mice, whereas levels of PPAR-g and CAR were not
significantly affected (Fig. 5B). Preadministration of PHA408 did not
significantly impact these endotoxin-mediated changes.

Discussion

The acute inflammatory response induced by endotoxin administra-
tion has long been associated with a downregulation in the expression of
numerous transporters andmetabolizing enzymes (Petrovic et al., 2007).
The NF-kB signaling cascade is well recognized as the main pathway

Fig. 5. Effect of PHA408 on the hepatic mRNA expression of
nuclear hormone receptors in (A) PXR (+/+) and (B) PXR (2/2)
mice following endotoxin administration. Data are presented as
percentage of mean 6 S.E.M. (n = 5–8), where *significant from
saline and #significant from lipopolysaccharides (LPS). *,#P ,
0.05; **,##P , 0.01; ***,###P , 0.001.

Fig. 6. Effect of PHA408 on (A) hepatic mRNA expression of
PXR and (B) hepatic nuclear protein expression and representative
Western blot of PXR in wild-type mice following endotoxin
administration. mRNA and protein expression was determined
as described in Materials and Methods. Data are presented
as percentage of mean 6 S.E.M. (n = 5–8), where *significant
from saline and #significant from lipopolysaccharides (LPS).
*,#P , 0.05; **,##P , 0.01; ***,###P , 0.001.
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activated during the early response to endotoxin (Pan et al., 2010).
However, few studies have established a direct connection between
NF-kB and PXR signaling and regulation of transporters. Overall, this
study found that not only does endotoxin administration impose a
pronounced downregulation of Cyp3a, transporters, and nuclear recep-
tors, but that these changes were prevented by prior administration of the
NF-kB inhibitor PHA408. Moreover, neither the endotoxin-mediated
downregulation nor the attenuation with NF-kB inhibition appeared to
be dependent on PXR.
The NF-kB signaling pathway is well recognized as a major regulator

of the inflammatory response (Tak and Firestein, 2001; Lawrence,
2009). Our findings demonstrated that endotoxin administration signif-
icantly increased nuclear protein levels of the active phosphorylated
form of NF-kB. Moreover, a reduction of phosphorylated NF-kB to that
of controls was seen in nuclear fractions obtained from endotoxin-
treated mice that were pretreated with PHA408, demonstrating effective
inhibition of NF-kB activation. Likewise, induction of proinflammatory
cytokines was effectively suppressed. The inhibition of NF-kB was also
associated with the attenuation of endotoxin-mediated changes in the
hepatic expression of Cyp3a and transporter genes. This indicates a
principal role of NF-kB in the regulation of these genes. NF-kB has been
previously reported to suppress the transcription of several Cyp enzymes
by binding to their promoter regions (Morgan et al., 2002; Zordoky and
El-Kadi, 2009). Similar to our findings with Abcb1b, TNF-a–mediated
activation of NF-kB signaling was found to induce levels of Abcb1b in
primary cultures of rat hepatocytes, and binding sites for NF-kB p50 and
p65 have been identified in the promoter region (Ros et al., 2001).
Moreover, in cultured human brain endothelial cells, NF-kB activation
was reported to decrease expression of ABCB1/P-glycoprotein (Fan et al.,
2015). Overall, these studies suggest an important role of NF-kB signaling
in the regulation of drug transporters and metabolizing enzymes.
Although evidence of crosstalk between PXR and NF-kB has been

reported, we found that the endotoxin-mediated downregulation of
hepatic transporters and Cyp3a generally occurred to a similar extent in
wild-type PXR (+/+) and PXR (2/2) mice. Moreover, the expressions
of these genes were similarly attenuated in both strains after inhibition of
NF-kB signaling with PHA408. These results indicate that PXR is not
involved in endotoxin-mediated downregulation of hepatic transporters
and that the downregulation occurs directly through NF-kB signaling
rather than through PXR downregulation. Previous work in PXR (+/+)
and PXR (2/2) mice found that whereas IL-6 administration imparted
differences in transporter expression between the strains, only slight
differences were seen after endotoxin administration (Teng and Piquette-
Miller, 2005). In contrast, we observed higher basal levels of inflammatory
markers in the PXR-null mice, which were also associated with a
decreased basal expression of most hepatic transporters. However, higher
basal expression of Cyp3a11, Abcg2, and Slc10a1 was seen in PXR (2/2)
mice. Although the underlying cause of the increased inflammatory state
in the PXR-null mice is not known, an increased inflammation of the small
bowel has been reported in PXR-null mice (Zhou et al., 2006). Although it
was proposed that intestinal inflammation suggested an increased NF-kB
activity due to the absence of PXR, this observed inflammation could also
be due to the dysregulation of genes involved in maintaining intestinal
homeostasis.
In addition to PXR, we observed an endotoxin-mediated down-

regulation in the mRNA expression of other nuclear hormone receptors
that are involved in transporter regulation. For example, FXR is
involved in the regulation of Bsep/Abcb11, Mrp2/Abcc2, and Slco10a1
(Tirona andKim, 2005; Kalaany andMangelsdorf, 2006; Urquhart et al.,
2007). Although RXR is a required codimer of numerous nuclear
transcription factors, it has been previously suggested that decreased
hepatic expression of RXR, along with decreased expression of the liver

X receptor (LXR) and PPAR-a, could be responsible for the down-
regulation of multiple genes during inflammation (Beigneux et al.,
2000). In contrast, preadministration of PHA408 did not significantly
alter the endotoxin-mediated downregulation of RXR, FXR, PPAR-g,
andCAR. Therefore, NF-kBmay not play a primary role in the regulation
of these transcription factors after endotoxin exposure. Nevertheless,
whereas endotoxin did not impose changes in the transcript levels of these
genes, it is still possible that effects could occur on their activation.
To determine whether the effects of PHA408 in endotoxin-treated

animals were solely due to NF-kB inhibition or other drug effects, we
also examined the effects of PHA408 in saline-treated mice. Of note, we
found that administration of PHA408 alone caused a downregulation
rather than upregulation of several transporters. As the serum concen-
trations of IL-6, a proinflammatory cytokine, were significantly in-
creased in PHA408-treatedmice, IL-6 induction could be responsible for
these findings. Several in vivo and in vitro studies have reported that
IL-6 treatments impose a downregulation of transporters and metabo-
lizing enzymes (Morgan, 1997, 2001). In contrast, despite the higher
levels of IL-6, PHA408 administration caused an increase in the mRNA
levels of Cyp3a11 and Bcrp in PXR (+/+) but not PXR (2/2) mice. This
indicates that PHA408 could be an activator of PXR. However, animals
were sacrificed hours after administration, whereas induction with most
PXR activators requires 2–3 days of exposure (Teng and Piquette-
Miller, 2005; Anapolsky et al., 2006). Moreover, we did not see an
increase in the protein levels of PXR in the nuclear fraction extracts
obtained from the PHA408-treatedmice. As only a single time point was
examined, this does not fully rule out the possibility that PHA408 is an
activator of PXR.
The overall findings from this study demonstrate that NF-kB is

the main signaling pathway involved in regulation of hepatic drug
transporters during acute inflammation. This is the first study to
demonstrate that selective in vivo inhibition of NF-kB attenuates
endotoxin-mediated changes in the expression of transporters in liver.
Although PXR activation is involved in the induction of several of these
transporters, it does not appear to play a role in their downregulation
after endotoxin treatment. As NF-kB activation is linked to the
pathogenesis of many acute and chronic disease states, this information
can be used to predict potential drug–disease interactions.
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Supplemental Method: 
 

Nuclear Protein Extraction: Nuclear fractions were extracted from liver tissues with 

homogenizing buffer 5 (w/v)   (in mM: 250 sucrose, 10 HEPES, and 10 Tris) containing 

protease inhibitor mixture (Sigma-Aldrich)  and centrifuged at 12,000 rpm for 10 minutes 

at 4°C. The nuclear pellet was re-suspended in 150-200 μL nuclear extraction buffer 

containing (in mM: 15 Tris-HCL, 60 KCL, 15 NaCL, 5 MgCL2, 0.1 EGTA, 0.5 DDT, 0.1 

PMSF, 300 sucrose, and protease inhibitor), and one tablet phosphoSTOP and 

incubated on ice for 30 minutes with vortexing for 3 second each 5 minutes. Samples 

were sonicated for 3 minutes twice before final centrifugation at 14,000 rpm at 40C for 10 

minutes. Nuclear fractions were used for immunodetection of PXR and NF-κB. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Supplementary Table S1. List of primer sequences used for QPCR 
 

Gene Gene Bank Number Forward (5’   3’ sequence) Reverse (5’   3’ sequence) 

IL-6 
NM-031168.1 

ACCACGGCCTTCCCTACTTC TCTGTTGGGAGTGGTATCCTCTGT 

IL-1β 
NM-008361.3 AGTTGACGGACCCCAAAAGAT CAGGACAGCCCAGGTCAAA 

TNF-α NM-001278601.1 GGTCCCCAAAGGGATGAGA TCTGGGCCATAGAACTGATGAGA 

iNOS 
NM-010927.3 TCAGCAACAACCCCACGTT CAGCGGGCACATGCAA 

Socs3 NM-007707.3 
GCGGGCACCTTTCTTATCC TCCCCGACTGGGTCTTGAC 

Abcb1a NM-011076.2 TACGACCCCATGGCTGGATC GGTAGCGAGTCGATGAACTG 

Abcb1b NM-011075.2 GACCAAGAGAGAAGACTTAGTATGAAAGA CCGCCAAAAGGAAACCA 

Abcg2 NM-011920.3 GATGCCGCTGGAATGCA AAACACTGGTTGGTAGTCAGGAAAA 

Abcc2 NM-013806.2 CCCTGGAATTGGCTCATCTC TCATGGAGCAACCCAAGTTG 

Abcc3 NM_029600.3 AGCTGGGCTCCAAGTTCTG GTGTGAGGTCCGGAGTGTTG 

Abcb11 NM-021022.3 AAGCTACATCTGCCTTAGACACA CAATACAGGTCCGACCCTCTCT 

Slco2b1 NM-001252531.1 
TGCCGCTCTTCTTCATTGG GGGCACCCAGGTCTTGTG 

Slc10a1 NM-011387.2 TCTCTCTGCTCTCTTCCGACTAAAT 
GAATCCTGTTTCCATGCTGATG 

Slco1a4 NM-030687.1 ATTCCTCCACCATCCCAATG ACTGGAGAGCTCTGGGCTTAATG 

Cyp3a11 NM-007818.3 TTTGGTAAAGTACTTGAGGCAGA CTGGGTTGTTGAGGGAATC 

PXR NM-010936.3 AATGGCTACCACTTCAATGTCATG CATGGCCCTTCTGAAAAACC 

CAR XM_006496631.3 CCGAGGAACTGTGTGGTGTGT AGTCAGGGCGTGGAAATGATA 

FXR NM_001163504.1 CTGCTCACAGCGATCGTCAT CACCGCCTCTCTGTCCTTGA 

RXR NM_011305.3 TGCCTGCGAGCCATTGT CCACCTCAGCAGGGTTTGAG 

PPAR-γ NM_011146.3 GATGCACTGCCTATGAGCACTT GTTGGTGGGCCAGAATGG 

NF-κB XM_006501107.1 TGGCCGTGGAGTACGACAA TGTCCACGTGGGCATCAC 

36B4 NM-007475.5 CGTCCTCGTTGGAGTGACA 
 

CGGTGCGTCAGGGATTG 

 
 
 

http://www.ncbi.nlm.nih.gov/nucleotide/260898776?report=genbank&log$=nucltop&blast_rank=2&RID=1GRFSSVX013
http://www.ncbi.nlm.nih.gov/nucleotide/161169006?report=genbank&log$=nucltop&blast_rank=2&RID=1GPZ6JPG013

