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Cadmium and arsenic override NF-xB developmental regulation
of the intestinal UGT1A1 gene and control of hyperbilirubinemia

Miao Liuab, Shujuan Chen?, Mei-Fei Yueh?, Ryoichi Fujiwara?, Camille Konopnicki?,
Haiping HaoP, and Robert H. Tukey®"

aLaboratory of Environmental Toxicology, Departments of Chemistry & Biochemistry and
Pharmacology, University of California, San Diego, La Jolla, CA 92023, United States

bState Key Laboratory of Natural Medicine, Key Laboratory of Drug Metabolism and
Pharmacokinetics, China Pharmaceutical University, Nanjing, People’s Republic of China

Abstract

Humanized UDP-glucuronosyltransferase (UGT)-1 (hUGTI) mice encode the UGT1 locus
including the UGT1A1 gene. During neonatal development, delayed expression of the UGT1A1
gene leads to hyperbilirubinemia as determined by elevated levels of total serum bilirubin (TSB).
We show in this report that the redox-sensitive NF-xB pathway is crucial for intestinal expression
of the UGT1A1 gene and control of TSB levels. Targeted deletion of IKK in intestinal epithelial
cells (WUGT1/IkkBAIEC mice) leads to greater neonatal accumulation of TSB than observed in
control AUG T1/IkkBAF/F mice. The elevation in TSB levels in /UG T1/IkkBAEC mice correlates
with a reduction in intestinal UGT1A1 expression. As TSB levels accumulate in hUG T1/IkkBAIEC
mice during the neonatal period, the increase over that observed in AUG T1/Ikkp’ /F mice leads to
weight loss, seizures and eventually death. Bilirubin accumulates in brain tissue from AUGT1/
1kkBAEC mice inducing an inflammatory state as shown by elevated TNFa, IL-1 8 and IL-6, all of
which can be prevented by neonatal induction of hepatic or intestinal UGT1A1 and lowering of
TSB levels. Altering the redox state of the intestines by oral administration of cadmium or arsenic
to neonatal AUGT1/IkkB"F and hUG T1/IkkBA'EC mice leads to induction of UGT1A1 and a
dramatic reduction in TSB levels. Microarray analysis following arsenic treatment confirms
upregulation of oxidation-reduction processes and lipid metabolism, indicative of membrane repair
or synthesis. Our findings indicate that the redox state in intestinal epithelial cells during
development is important in maintaining UGT1A1 gene expression and control of TSB levels.
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1. Introduction

Neonatal jaundice (hyperbilirubinemia) is characterized by elevated levels of total serum
bilirubin (TSB) and occurs in 50%-60% of newborn children and to a greater extent in
premature infants [1-3]. While jaundice is normally benign, high levels of TSB can lead to
the onset of chronic bilirubin encephalopathy (kernicterus), which is displayed clinically
with abnormal motor control and muscle tone, oculomotor disturbances and hearing
abnormalities [4]. Kernicterus results from saturating levels of unconjugated bilirubin (UCB)
in the CNS being deposited or crystallized in brain tissue, a phenomenon that leads to yellow
staining of selective nuclei and which is felt to underlie the icteric related behaviors
associated with abnormal motor control and auditory disturbances [4-6]. Milder forms of
kernicterus show more subtle CNS disabilities which are classified as bilirubin induced
neurological dysfunction (BIND) [6] and do not usually encompass the more severe clinical
symptoms associated with classical kernicterus. Since circulating bilirubin is metabolized
selectively by UDP-glucuronosyltransferase 1A1 (UGT1A1L) [7], the formation of the
glucuronide is the rate limiting step leading to the elimination of bilirubin. Thus, it is
believed that neonatal jaundice, BIND and the symptoms associated with kernicterus result
from a developmental delay in the expression of the UGT1A1 gene. However, clear
understandings of the cellular and molecular events that control the homeostatic levels of
TSB have not been elucidated.

We have demonstrated that mice humanized with the UGT1 locus (AUGT1 mice) and the
UGTI1A1 gene develop neonatal hyperbilirubinemia [8]. In the majority of neonatal AUGT1
mice, the accumulation of TSB and UCB is not severe enough to cause CNS toxicity.
However, up to 10% of all AUGT1 neonatal mice accumulate higher levels of TSB and
develop severe motor and balance dysfunction and progress into grand mall seizures
approximately two weeks after birth. Since these /UG 71 mice accumulate high levels of
bilirubin in brain tissue and display physical signs that have been documented in children
with chronic bilirubin induced encephalopathy, #UGT1 mice have been used to study the
mechanism(s) associated with the onset of kernicterus [9].

The icteric condition develops in part as a result of repressed expression of hepatic UGT1A1
in neonatal AUGT1 mice [8,10], which is linked to UGT1A1 gene silencing by the pregnane
X receptor (PXR) [10]. In the absence of adequate liver UGT1AL expression, TSB levels are
controlled through developmental expression of UGT1AL in extrahepatic tissues such as the
gastrointestinal tract. In the intestines, this expression pattern occurs in two stages during the
neonatal period. First, there are low levels of intestinal UGT1A1 that correspond with the
steady accumulation of TSB through the first two weeks after birth [11]. Second, the
clearance of TSB in the latter stages of the neonatal period occurs in conjunction with an
increase in intestinal UGT1AL1. We have shown previously that the early neonatal stages of
the icteric response and the accumulation of bilirubin in AUGT1 mice result from
suppression of intestinal UGT1A1 gene expression by breast milk feeding [11]. Placing
newborn AUGTI on a strictly formula diet dramatically induces intestinal UGT1AL1 leading
to a sharp drop in the accumulating TSB levels [11]. Since oral formula treatment resulted in
induction of NF-xB target genes in intestinal tissue, we predicted that IKK/NF-xB signaling
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is the key mechanism for switching UGT1A1 gene expression off or on in response to breast
milk or formula feeding, respectively [11].

In this study, the discovery that breast milk suppresses intestinal UGT71A1 gene expression
led us to examine the contribution of the IKK/NF-xB pathway in controlling the icteric
response in AUGT1 mice. Since NFxB responds to redox changes, such as alterations in
reactive oxygen species (ROS) or antioxidant defense mechanisms [12], we speculated that
changes in intestinal UGT1A1 expression and protection of the icteric response was
controlled in part by redox changes that impact on activation of NF-xB. To this end, we have
tested the hypothesis that the IKK/NF-xB pathway is critical in controlling intestinal
UGT1A1 gene expression during the early phases of neonatal hyperbilirubinemia.

2. Methods and materials

2.1. Chemicals and reagents

Anti-human UGT1A1 antibody was a gift from Dr. Joseph K. Ritter (Virginia
Commonwealth University, Medical College of Virginia, Richmond, VA). An IKKf
antibody was purchased from Cell Signaling Technology (USA). Primers for quantitative
real-time polymerase chain reaction (Q-PCR) were commercially synthesized at Integrated
DNA Technologies, Inc (San Diego, CA). Cadmium chloride hemipentahydrate (Cd),
pregnenalone-16a carbonitrile (PCN), and lipopolysaccharides (LPS) were purchased from
Sigma-Aldrich (St. Louis, MO).

2.2. Animals and treatments

To generate AUGT1 mice with targeted disruption of IKKp specifically in intestinal tissue,
hUGT1 mice (TgUGT1*28/Ugt1~'~ mice) [8] were crossed first with /kkBF mice [13] and
their offspring backcrossed to obtain /UG T1/IkkF mice. Two /oxP recombination sites
flank exon 3 of the 1kkp locus, and the inactivation of the intestinal IKKp kinase activity
was accomplished by the removal of exon 3 in the presence of the Cre-recombinase
expressed from a transgenic Villin-cre gene (Jackson Laboratory, Bar Harbor, Maine) to
create AUG T Ikk™F/Vil-cre mice (hUG T/BIKKAIES). For formula feeding, 10-day old
neonatal mice were placed in a 37 °C incubator without nursing, and formula (37 °C, 0.15
g/ml) was administered every 3h for 3 days. For cadmium (Cd) and arsenic (As) treatment,
10 day old mice were administered Cd (10 mg/kg) or As (10 mg/kg) by oral gavage. At the
end of the planned experiments, mice were euthanized, tissues collected and briefly rinsed in
ice cold 1.15% KCI. All animal experiments were carried out after approval by the
University of California San Diego Institutional Animal Care program.

2.3. Bilirubin measurements

Blood was obtained from the submandibular vein, collected into an Eppendorf tube, and
centrifuged at 5000 x g for 5 min. From a small sample of serum, total serum bilirubin
(TSB) was measured by a Unistat Bilirubinometer (Reichert, Inc., Depew, NY).

Biochem Pharmacol. Author manuscript; available in PMC 2017 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 4

2.4. Western blot analysis

Whole tissue lysate (25 pg) was separated on 4%-12% NUuPAGE Bis-Tris polyacrylamide
gels (Invitrogen, Carlsbad, CA), and the protein transferred to nitrocellulose (Millipore).
Following blocking with 5% nonfat dry milk in Tris-buffered saline solution (10 mM Tris
[pH 8.0], 150 mM NaCl, 0.05%Tween20) forl h, membranes were incubated with primary
anti-UGT1A1 antibody overnight at 4 °C followed by three washes with Tris-buffered saline
solution. Horseradish peroxidase-conjugated secondary antibody was added at room
temperature for 1 h with gentle shaking. After application of chemiluminescence reagents
(Western Lightning from Perkin Elmer Life Sciences), images were obtained in a Bio-Rad
Universal Hood Il equipped with a ChemiDox XRS imaging system.

2.5. Reverse transcription (RT) and real time-PCR

Total RNA was isolated using TRIzol reagents according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). Complementary RNA was prepared using iISCRIPT (Bio-Rad)
and real time PCR was performed using SYBR master mix (Eurogentec, San Diego) with a
pair of gene-specific primers and the cyclophilin (CPH) gene as an internal control gene
using the CFX96 Touch Real-Time PCR Detection System (BioRad). The primers used
were: UGT1A1 forward, 5"-CCATCATGCCCAATATGGTT-3" and UGT1A1 reverse, 5'-
CCACAATTCCATGTTCTC CA-3"; Mouse cyclophilin (mCPH) forward, 5’-
CAGACGCCACTGTCGCTTT-3" and mCPH reverse, 5'-
TGTCTTTGGAACTTTGTCTGC AA-3”; TNFa forward, 5'-
CATCTTCTCAAAATTCGAGTGACAA-3" and TNFa reverse 5’ -TGG
GAGTAGACAAGGTACAACCC-3"; IL-1B forward 5 -GCAACTGTTCCT
GAACTCAACT-3" and IL-1p reverse 5 -ATCTTTTGGGGTCCGT CAACT-3"; IL-6
forward 5"-GAGGATACCACTCCCAACAGACC-3” and IL-6 reverse 5'-
AAGTGCATCATCGTTGTTCATACA-3’; IL-8 forward 5’-
ATGCCCTCTATTCTGCCAGAT-3" and IL8 reverse 5'-GTGCTCCGGT
TGTATAAGATGAC-3"; COX-2 forward 5'-GCAGGATGCCACTCT GAATC-3” and
COX-2 reverse 5'-GCTCGGCTTCCAGTATTGAG-3". Each gene analysis was performed
in triplicate, normalized to the internal control gene CPH, and quantitated based on the

formula ACt:Ct(tcstcd gene) CéCPH)-

2.6. Microarray analysis

Total RNA was isolated from small intestinal tissue using the RNeasy kit from Qiagen,
according to the manufacturer’s instructions (Qiagen, Valencia, CA). Total RNA (~2 pug per
sample) was sent to UCSD’s BIOGEM facility, where after RNA purity assessment,
microarray analysis was performed on lllumina’s MouseWG-6 v2.0 Expression BeadChip
array platform that consists of more than 45,200 transcripts (Illumina, San Diego, CA). A
total of ten independent arrays (5 control and 5 As-treated) were conducted. The 5 control
sets of values were averaged as were the 5 arsenic treated values for each gene.
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2.7. Statistical analysis

Prism software was used and data are presented as mean + SD. Statistically significant
values are indicated with *P< 0.05, "P< 0.01, ™" P < 0.005. For overall survival analysis,
Kaplan-Meier curves were generated as described in the Graph Pad software.

3. Results
3.1. IKKB knock-out in intestinal epithelial cells (IECS)

Previous studies have indicated that activation of the intestinal IKK/NF-xB pathway by oral
administration of formula or cadmium (Cd) led to dramatic induction of intestinal UGT1A1
expression in neonatal AUGT1 mice [11]. To determine the role of NF-xB in the
developmental regulation of intestinal human UGT1A1, we crossed AUGT1 mice [8] with
Ikkp™* mice and transgenic Vi/lin-Cre recombinase mice to generate /UG T1 mice with
targeted knockout of intestinal IKKB (AUG T1/IkkBAEC mice). The breeding pairs for these
experiments were AUG T1/Ikk™F mice crossed with transgenic (Tg) UGT1/Ugtl*~/
IKKBPEC mice, which generated AUG T1/BIkKATEC and hUG T1/B1kk™F mice in the same
litters. Compared with their littermate control /UG T1/IkkF mice, deletion of the 3rd exon
of the /kkp locus in IECs from AUG T1/IkkBA'EC neonates resulted in greatly reduced
intestinal IKKB mRNA levels with no detectable IKKp protein expression (Fig. 1B and C).
Because of the humanized UGT1 background, both /UG T1/IkkBAEC and hUG T1/Ikk*
mice accumulate TSB levels a few hours after birth (Fig. 1D), and the pattern is
indistinguishable throughout the first 7 days. However, by 10 days after birth there is a
dramatic increase in TSB levels in AUG T1/IkkAEC mice that continue to climb through the
neonatal period. The AUG T1/Ikkp™* mice are healthy and their TSB levels start to clear
after 14 days, a pattern that is consistent with TSB levels in AUGT1 mice [8]. In contrast,
hUG T1/IkkBATEC mice start to lose weight (Fig. 1E), with all these mice progressing into
seizures as a result of severe hyperbilirubinemia. Kaplan-Meir curves show that
approximately 10% of the AUG T1/Ikkp™* mice die by the end of the neonatal period, a
phenomenon that we had observed previously with /UG 71 mice [8], while 100% of the
hUGT1/IkkBATEC mice die by 20 days after birth (Fig. 1F).

When we examined expression levels of proinflammatory cytokine genes in brain tissue
during the early neonatal stage and up to that period when the mice begin to show seizure,
pronounced neuroinflammation with up regulation of 7nfa, //-1 B, /-6and Cox-2 gene
expression in AUG T1/IkkBA'EC mice (Fig. 2) was consistent with elevated TSB levels. This
pattern of cytokine expression in /UG T1/IkkP 'EC mice is similar to what we had
previously observed in AUGTI mice that progress into seizures and show prominent signs of
bilirubin accumulation or kernicterus in brain tissue [9]. The importance of this finding
demonstrates that knockout of the intestinal /kkB gene in AUGT1 mice leads to the temporal
increase in TSB levels that exceed those values normally seen in AUGT1 mice, with the end
result being severe bilirubin induced neurotoxicity and kernicterus formation. Confirming
that intestinal control of UGT1AL by IKKP is crucial in the overall clearance of bilirubin,
we treated neonatal AUG T1/IkkFA'EC mice by oral gavage with the Pregnane X Receptor
(PXR) activator PCN from day-11 to day-13 after birth. This multiple treatment leads to
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induction of liver UGT1A1 gene expression as determined on day 15 with a reduction in
TSB levels (Fig. 3), eliminating any signs of bilirubin induced brain toxicity (Fig. 2).

3.2. IKKB knock-out in the IECs inhibits human UGT1A1 expression in neonatal intestine

Since TSB levels in AUG T1/IkkBAEC mice are elevated in comparison to /UG T1/IkkBF
mice, we examined the expression levels of the UGT1A1 gene during neonatal development.
During peak TSB levels (days 12-14) there is a statistically significant reduction in intestinal
UGT1A1 gene expression in AUG T1/IkkBAEC mice (Fig. 4). When intestinal tissue was
collected from mice at 14 days after birth and analyzed by Western blot analysis for
expression of UGT1A1, levels of protein expression were reduced in accordance with
UGT1A1 gene expression patterns. It is interesting to note that as TSB levels increase in
hUG T1/IkkBATEC mice between 14 and 16 days after birth (Fig. 1D) and the average weight
of the mice is decreasing (Fig. 1E), there is a dramatic increase in intestinal UGT1A1 gene
expression (Fig. 4A). It is unclear why intestinal UGT1AI gene expression spikes in

hUG T1/IkkBATEC mice (day 14-16), but the increase is unable to facilitate a reduction in
TSB levels.

It has been demonstrated that treatment of glial cells with bilirubin drives an inflammatory
response that is linked to activation of NFxB [9,14,15], while the development of kernicterus
in brain tissue of hUGT1 mice coincides with NF-xB activation [9]. Since our findings
indicate that the IKK/NF-xB pathway in intestinal epithelial cells plays a key role in
maintaining homeostatic/ basal levels of human UGT1A1 gene expression during the
neonatal period, we examined if increasing TSB levels during development contributed to
the UGT1A1 gene expression patterns in the small intestine through an IKK/NF-xB
mechanism. To examine this possibility, /UG T1/IkkBA/EC mice were bred to restore the
murine Ugt1 background creating transgenic UG T1/IkkBAEC mice (TgUGT1/ IkkpAIEC
mice). TgUG T1/IkkBAEC mice are genetically similar to AUG T1/IkkBAEC but do not
accumulate serum bilirubin during neonatal development. Thus, any change in UGT1A1
gene expression would eliminate the probability of elevated bilirubin contributing to the
response. When expression levels of intestinal UGT71A1 gene expression were analyzed in
TgUGT1/IkkBAEC mice during the neonatal period, there was a statistically significant
reduction in UGT1AI gene expression between days 12 and 14 when compared to
expression levels in TgUGT1/Ikk3™F mice (Fig. 5). This finding suggests that the lowered
UGT1A1 gene expression in the /kkB-null mice occurs as a result of the absence of the
IKK/NF-xB pathway. Since NF-xB is a redox-sensitive transcription factor [16], the balance
between reactive oxygen species (ROS) and the activation of antioxidative mechanisms
(AOM) appears to be crucial in constitutive regulation of intestinal UGT1A1 gene
expression during development.

3.3. Control of the oxidative state in the intestines is important for UGT1AL expression

The absence of NF-xB, which is an important redox-sensing mechanism in intestinal
epithelial cells [17,18], indicates that an imbalance in ROS/AOM may contribute to
intestinal UGT1A1 gene expression in /UG T1/IkkBAEC mice. To examine this possibility,
we treated neonatal /UG T1/IkkBAEC mice with cadmium (Cd) by oral gavage. Cadmium is
a bivalent cation and unable to generate free radicals directly [19]. However, the generation
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of ROS can occur secondarily since Cd has a high affinity for thiols, such as found with
glutathione [20], thus disturbing the oxidized/reduced environment of the cell. Other forms
of ROS following Cd exposure may occur through Cd disruption of mitochondrial oxidative
phosphorylation, or Cd induced NADPH oxidase activity [21]. To counter or minimize ROS
production, Cd exposure can lead to the activation of strong antioxidative mechanisms,
many of which are displayed in signaling cascades that lead to transcriptional activation of
cellular defense mechanisms.

When we treated 10 day old AUG T1/IkkAEC and hUG T1/1kkBF mice orally with 10
mg/kg Cd, TSB levels dropped dramatically by the time the mice were 12 days old (Fig.
6A). Analysis of intestinal and liver UGT1A1 gene expression demonstrated that Cd induced
intestinal UGT1A1, but had no effect on liver UGT1A1 gene expression (Fig. 6C and D).
While a disturbed redox balance is proposed to occur following Cd exposure, the role of NF-
xB in sensing this disturbance has a limited role in the control of UGT1A1 gene expression,
since comparable levels of expression are noted in both /UG T1/IkkBA'EC and hUGT1/
Ikkp™* mice. However, when we measured anti-inflammatory cytokine markers such as
Tnfa and 11-1B, Cd treatment led to a statistically significant reduction in both cytokines in
IECs isolated from AUG T1/IkkBAEC and hUG T1/IkkBF mice (Fig. 7A and B). The
reduction in these cytokines by Cd indicates that strong antioxidative mechanisms have been
induced, since the induction of Tnfa and 11-1p by chemical treatment is often linked to an
inflammatory reaction associated with the production of ROS [22]. When we examined
antioxidative sensitive gene expression, such as the Gstal and GstaZ genes, both were
induced in IECs following Cd exposure (Fig. 7C and D). It is also interesting to note that Cd
treatment and lowering of TSB values in /UG T1/IkkFA'EC mice rescues these mice from
bilirubin toxicity, since over 95% of the treated mice show no signs of toxicity and grow
without incidence into adult mice (Fig. 6B).

Arsenic is a potent inducer of oxidative stress [23—-26]. As a second agent to evaluate the
potential of oxidative stress in modulating intestinal UGT1A1 and TSB levels, hUGT1/
IkKBAIEC and hUGT1/ 1kkB™F mice that were 10-days old were treated by the oral route
with 10 mg/kg arsenic. After 24 h, the TSB levels dropped in AUG T1/IkkBAEC and hUGT1/
Ikkp™ mice that corresponded to induction of intestinal UGT1A1 (Fig. 8). Since this
response was rapid and dramatic, we elected to carryout gene expression profiling studies
using microarray analysis. Mice (AUG T1/IkkB"F) were treated with oral As and intestinal
RNA isolated 24 h later. We carried out the gene analysis profiling with RNA samples
isolated from 5 vehicle treated and 5 As treated mice. Microarray analysis was conducted
individually on each sample, and the results from each group combined for final analysis.

A heat map of induced gene expression patterns is shown in Fig. 9. Over 145 genes were
induced greater than 2-fold. One of the remarkable observations is the dramatic induction of
oxidative genes such as the CYPs. Such a response may in part play a role in an ROS
response. When the expression patterns are grouped by metabolic ontology, some of the
robust profiles are those encoding oxidative-reductive processes and lipid and fatty acid
metabolism (Table 1). These processes could be linked to membrane synthesis, implying
membrane repair or cellular proliferation is being engaged by As treatment.
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4. Discussion

Several lines of evidence using /UG T mice indicate that the intestinal tract plays an
important role in the homeostatic balance of serum bilirubin during neonatal development.
When the UgtZ locus is rendered non-functional in mice by interruption of the common
exons (UgtI™~ mice), unconjugated bilirubin rapidly accumulates resulting in severe
hyperbilirubinemia, CNS toxicity and death within 5-7 days after the birth of UgtZ~/~ mice
[27]. The accumulating bilirubin concentration in the brain leads to a disturbed redox status
that triggers Toll-like receptor 2 (TRL2) signaling to provide a defense mechanism that
involves the activation of glia cells [9]. If TSB levels are not reduced early in development,
the inflammatory state created leads to disruption of myelination [28], which we believe
underscores the seizure paradigm that develops. This lethality can be rescued by expression
of the human UGT1 locus and the UGT1A1 gene in AUGTI mice [8], with a steady decline
in TSB levels occurring in a developmental fashion during the later stages of the neonatal
window (days 12-21). In neonatal AUGT1 mice, the human UGT1A1 gene is repressed in
the liver during development by PXR [10] resulting in minimal expression of UGT1A1 [29].
In the absence of hepatic driven clearance of bilirubin by UGT1A1 dependent
glucuronidation, extrahepatic mechanisms facilitating bilirubin glucuronidation serve to
compensate for lack of liver UGT1A1 expression. We have demonstrated that as TSB levels
rise during the first two weeks followed by plasma clearance of bilirubin these patterns are
concordant with expression of intestinal UGT1A1 [11]. These findings indicate that the
early increase in hyperbilirubinemia is controlled in part by intestinal UGT1A1 expression.
Indeed, if we selectively induce intestinal UGT1A1 gene expression during the early
developmental phase when TSB levels are accumulating, the increase in hyperbilirubinemia
can be rapidly reversed. Additional findings have demonstrated that direct knockout of the
liver Ugtlal gene (UgtZ2*EP mice) by loxP recombination and deletion of exons 3 and 4 is
not a lethal mutation [30], confirming that metabolism of bilirubin during development can
occur by extrahepatic UGT1AL sources. Combined, these results indicate that changes in
intestinal UGT1A1 gene expression are controlled early in neonatal development with these
changes having an impact on bilirubin metabolism and clearance.

In previous experiments, we had demonstrated that substituting breast milk with formula led
to induction of intestinal UGT1A1 and reduction in TSB levels in neonatal /UGT1 [11].
Based upon these findings, we had speculated intestinal IKK/NF-xB was being controlled
by unknown factors present in breast milk which had a direct impact on intestinal UGT1A1
gene expression. Since NF-xB can be regulated by the intracellular redox state [12], that is
the balance between ROS production and the development of antioxidant defenses, we
reasoned that changes in the redox state would lead to targeted regulation of the UGT1A1
gene. Since it has been shown previously that the IKK subunit of the IKK complex is
responsible for activation of NFx B in response to proinflammatory stimuli [17,31], we
examined the expression pattern of the intestinal UGT1A1 gene from AUGTI mice that were
deficient in intestinal IKKp activity. Indeed, when regulation of NFxB was impaired in IECs
by targeted knockout of the /kkp3 gene, intestinal expression levels of the UGT1AL gene in
hUGT1/IkkBATEC mice as determined by real-time PCR analysis were statistically lower
than in AUGT1/ IkkFF mice. This reduced UGT1A1 gene expression in AUGT1/1kkpAIEC
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mice led to greater accumulation of TSB levels early in neonatal development which
promoted the onset of bilirubin induced neurotoxicity. The absence of intestinal NF-xB
control, known to be regulated by redox changes, has a dramatic impact on UGT1A1 gene
expression. Importantly, the direct actions of NF-xB on intestinal UGT1A1 gene expression
is independent of TSB levels and the strong antioxidative actions of bilirubin, since deletion
of IKKPB in TgUGT1 mice also leads to developmental reduction in intestinal UGT1AI gene
expression. Thus, with the intestinal lumen serving as a key reservoir for immediate dietary
nutrients through breast feeding, there appears to exist an important balance of oxidative and
antioxidative events that impact on regulation of NFxB and UGT1A1 gene expression.
Although it is unclear how intestinal NF-xB control during neonatal development provides
downstream signaling events important for regulation of UGT1AI gene expression, these
findings led us to speculate that more dramatic changes in the redox state of the intestines
may influence expression of the UGT1A1 gene. To consider this possibility, we elected to
examine the impact of oral Cd on intestinal UGT71A1 expression during neonatal
development.

We felt that Cd was a good compound to examine its impact on UGT1AI1 gene expression
since it does not directly induce oxidative stress, but can disturb the redox state by binding to
redox sensitive proteins within the cell such as glutathione [19]. When Cd was given once a
day for three days by oral administration starting when the mice were 7 days old, this
regiment led to complete reduction in TSB levels in 10-day old AUG T1/IkkBAEC and
hUGT1/IkkBF mice. Analysis of intestinal and liver UGT1AI gene expression
demonstrated that Cd induced UGT1AL1 only in the small intestines. Interestingly, since the
TSB levels were reduced in /UG T1/IkkFA'EC mice, Cd treatment served to rescue the
potential lethality in these mice since they did not develop bilirubin induced neurological
toxicity. The ability to reverse the toxicity attributed to the absence of the IKK/NF-xB
pathway indicates that NF-xB plays a key role in the endogenous expression pattern of
intestinal UGT1A1 but is not crucial when the redox state is dramatically altered as in the
case of Cd treatment since induction of UGT1A1 and lowering of TSB levels occurs in both
hUGT1/IkkBA'EC and hUG T1/1kkBAF mice. It should also be noted that deletion of IKK in
mouse embryo fibroblasts [22] and IECs [17] sensitizes these cells to oxidative stress.
However, when we examined gene expression patterns linked to either ROS or antioxidant
defense mechanism, Cd treatment reduced ROS generated inflammatory markers TNFa and
IL-1B, as well as ROS sensitive heme oxygenase-1 (HO-1) expression. The reduction in
ROS sensitive genes was paralleled by induction by antioxidant responses as evidenced by
induction of Gstal and GstaZ gene expression, along with Cyp2b10. While Cyp2b10 can be
regulated by the constitutive androstane receptor (CAR), induction of CypZ2b10by Cd still
occurs in AUGT1/Car”'~ mice (data not shown), lending support that the potential
antioxidant response leading to Cyp2b10gene induction by Cd occurs concordantly with
that of the Gstal, Gsta2and UGT1AI genes.

While Cd produces oxidative stress through indirect processes, As is a direct activator of
oxidative stress. When we orally treated /UG T1/IkkBAEC and hUG T1/IkkBF mice with
As, intestinal UGT1A1 gene expression was induced followed by a dramatic reduction of
TSB. Through examination of transcriptomics by microarray analysis, oxidative responsive
sensitive genes such as Gstal/Gsta2 are dramatically induced. We also see induction of
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Cyp2b10 gene expression, similar to previous experiments following Cd exposure. Gene
profiling studies implicate a strong burst in oxidative-reduction mechanisms (Table 1)-
confirmed in part by induction of Cyp genes-along with induction of gene panels implicating
membrane synthesis is being regulated. These findings indicate the insult by As results in
the generation of ROS, potentially signaling events to stimulate membrane repair or
synthesis. We know from previous findings the UGT1A1 gene is an Nrf2 target gene
induced in response to oxidative stress [32]. The Nrf2/Keap complex is an ROS sensor
pathway that when activated leads to induction of genes through ARE responses. Indeed, the
Gst genes are known targets for Nrf2. However, some of the more dramatically induced
genes, such Cyp4fi4, Cyp2b10, Ada, and Cox7ahave not been linked to Nrf2 regulation,
and the standard target gene for Nrf2 activation, NgoZ, is not regulated at all following As
treatment. Thus, we cannot dispel the possibility that the impact of ROS is also leading to
cell proliferation, which has been confirmed in previous studies [33].

These findings lend support for an important role for NF-xB in control of constitutive
expression of the intestinal UGT1A1 gene during development. During the normal neonatal
window there may be an interaction with the components of breast milk and processing of
the IKK/NF-xB signaling pathway that is important for constitutive expression of intestinal
UGT1AL. The mechanism behind this interaction is unknown. However, in the absence of
NF-xB function and a sensitization to oxidative stress [17], mild inflammation in the IECs
may be responsible for suppression of intestinal UGT71A1 gene expression. This inhibition
can be overridden by induction of a strong antioxidant response which is generated by Cd or
As treatment. How this process leads to induction of intestinal UGT1A1 gene expression is
unknown. It is interesting to note that formula contains a high concentration of unsaturated
fatty acids, which may play an important role in modulating the redox state in the intestines
following oral feeding. Further studies will be necessary to confirm this response. Thus, the
redox-state during development in the intestinal track plays an important role in gene
expression, with modulation of the UGT1A1 gene facilitating the metabolism while
controlling levels of TSB during development.
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Fig. 1.

Ngonatal hUG T1/IkkBATEC mice develops lethal hyperbilirubinemia. (A) The generation of
humanized UGT1/IkkB™F villin-Cre mice (WUG T1/IkkBA'EC mice) and their littermate
control h(UGT1/IkkiBF mice. (B) Intact IKKB mRNA and (C) protein levels in the small
intestine of AUG T1/IkkBAEC and hUG T1/IkkB™* mice. (D) Serum bilirubin levels of
hUGT1/IkkBAEC and hUG T1/Ikk™F mice during their infantile stage. (E) Weight
development of AUGT1/IkkBAEC and hUG T1/IkkF mice from day 8 to day 16. At least
four mice were analyzed in each group or time point. (F) Survival rate of AUG T1/IkkpAEC
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and hUGT1/IkkBF mice during their infantile stage. The Kaplan—Meier estimator used to
predict survival estimates consisted of over 50 mice from multiple litters per strain. The
results are presented as mean + SD (*P< 0.05, **P< 0.005).

Biochem Pharmacol. Author manuscript; available in PMC 2017 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

- Eees -
25- . 25
@l 204 ~= —~ 20+ >k
g =
< 15 E 154 T
g 10- < 104
= (TR
@ 5- 5- *kk
ol— | o ol ammm | | ovma
WT  IKkB™™ IKKBYEC |KkpES WT  IKkBFF IKkBYEC IKKBEC
PCN PCN
D

Fold (116 )

E 33
=
WT Ikk[’f’F Ikk[%‘IEC IkkB‘IEC
PCN

Fig. 2.

Fold (II- 1B)

Fold (Cox-2)

Page 15

C
10+
8.
*kk
i i
44 *Kk
2. %
JEEmml |7
WT  IKkBFF IkkpES Ikk[VEC
PCN
E
201
*%
151
|
51 ok
o[ | | 772
WT |kk[3F/F |kkB\IEC |kkﬁ3|Ec
PCN

Severe hyperbilirubinemia causes UCB accumulation and dramatic inflammatory response
in the brain of AUG T1/IkkBA'EC mice. Mouse blood and brains were collected from 15-day
old wild type (WT), (UG T1/IkkBF (IkkBF/F), hUG T1/1kkBA'EC (IkkBAEC) and PCN
treated AUG T1/IkkBAEC (IKkBA'EC) mice. (A) Mouse total serum bilirubin levels. Shown
above each bar graph is a representation of mouse brain from wild type, mild jaundiced
hUGT1/IkkB*, severe jaundiced UG T1/IkkBAIEC, and PCN treated hUG T1/IkkpAIEC
mice. (B—E) Expression of pro-inflammatory markers in mouse brain. At least four mice
were analyzed in each group and results are presented as mean + SD ("< 0.05, " P<

*kk

0.01, P < 0.005).
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Fig. 3.

thTJ/Ikkﬂ‘”EC mice can be rescued by PCN induced liver UGT1A1 expression. 11-day
old AUGT1/IkkBA'EC and hUGT1/IkkF mice were orally treated with vehicle control (CT)
or PCN (10 mg/kg) every 24 h over a 3-day period. 2 days after the last treatment, samples
were collected and analyzed. (A) Serum total bilirubin levels of /UG T1/IkkBAEC and
hUGT1/IkkF mice before and after PCN treatment. (B) Kaplan-Meier survival rate of
hUGT1/IkkBA'EC and hUG T1/IkkBF mice treated with PCN (10 mg/kg) at 8-10 days of
age. Over 20 mice from each strain were treated with PCN. (C) Small intestinal and (D)
hepatic UGT1A1 mRNA levels of AUGT1/IkkBAEC and hUG T1/IkkB™F mice with or
without PCN treatment. In A, C and D at least four mice were analyzed in each group and
results presented as mean + SD (7P < 0.005).
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IKKp knock-out in the IECs inhibits intestinal human UGT1A1 expression in neonatal
hUGT1/IkkBAEC mice. (A) Small intestinal UGT1A1 mRNA levels of neonatal AUGT1/
IkKBAIEC and hUG T1/IkkF mice. (B) Small intestinal UGT1A1 protein levels of 14-day
old AUGT1/IkkBAEC and hUG T1/IkkBF mice. Three to five mice were analyzed in each
group and results are presented as mean + SD ("~ < 0.05, ""P< 0.01).
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IKgK[S knock-out in the IECs inhibits intestinal human UGT1A1 expression in neonatal
Tg UGT1/IkkBA'EC mice. Small intestinal UGT1A1 mRNA levels of neonatal TgUGT1/
IKKBAIEC and Tg_ UG T1/IkkBF mice were detected by real time PCR. At least three mice
were analyzed in each group and results are presented as mean + SD (*P< 0.05).
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Cadmium can equally induce small intestinal UGT1A1 expression in AUG T1/IkkBAEC and
hUGT1/IkkBF mice. 10-day old AUG T1/IkkBAEC and hUG T1/IkkBF mice were treated
with vehicle control (CT) or cadmium chloride hemipentahydrate (Cd, 10 mg/kg) orally. 48
h after the treatment, samples were collected and analyzed. (A) Total serum bilirubin levels
of UG T1/IkkBAIEC and hUG T1/Ikkp™F mice before and after Cd treatment. (B) Survival
rate of AUG T1/IkkAEC and hUG T1/IkkB"F mice treated with Cd. Approximately 40 mice
of each strain were treated with Cd. (C) Small intestinal and (D) hepatic UGT1A1 mRNA
levels of AUG T1/IkkPAMEC and hUG T1/IkkBF mice with or without Cd treatment. At least
four mice were analyzed in each group and results are presented as mean + SD (**P< 0.01).
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Fig. 7.
Cadmium exposure can lead to the activation of antioxidative mechanisms in AUGT1/

IkKBAIEC and hUG T1/Ikkp™F mice. 10-day old AUGT1/IkkBAEC and hUG T1/IkkBF mice
were treated with vehicle control (CT) or cadmium chloride hemipentahydrate (Cd, 10
mg/kg) orally. 48 h after the treatment, samples were collected. Small intestinal (A) TNFa,
(B) IL-1B, (C) GSTAL and (D) GSTA2 mRNA levels were analyzed by real time PCR. At
least three mice were analyzed in each group and results are presented as mean + SD (*P<
0.05, **P<0.01, ™ P< 0.005).
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Fig. 8.

O?al arsenic (As) induces intestinal UGT1A1. 10-day old /UG T1/IkkA'EC and hUGT1/
Ikkp™F mice were treated with vehicle control (CT) or arsenic (As-1 mg/kg) orally. 48 h
after the treatment, serum bilirubin levels were measured along with UGT1A1 gene
expression from small intestinal tissue. Five to 8 mice were analyzed in each treatment
group and the results presented as mean + SD (*P< 0.05, ""P< 0.01).

Biochem Pharmacol. Author manuscript; available in PMC 2017 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Liuetal.

< b

+5.81

+3.46

+2.70

FOLD INDUCTION BY ARSENIC

+2.00

Fig. 9.

NCBI acc

Cyp4f14.
Gsta2
Dpep1
Fabp6
Gstal
LOC245069
Reg3a
Arg2
Cyp2b10
Xpnpep2
Slc16a5
Slc25a45
Ada
Adh4
Cox7al
Papss2
Cyp2d22
Car9
Treh
Cyp4v3
Retsat
Gsta4
Adh1
Gstad
Pkm2
Abcd3
Vdr
Cyp2d26
Slc13a2
Enol
Gpx2
Ckb
Cyp4f16
Slc22a1
Hsd17b4
Rbp7
Sult2b1
Ces5
s100g
Gapdh

Page 22

DESCRIPTION

cytochrome P450, family 4, subfamily f
glutathione S-transferase, alpha 2
dipeptidase 1

fatty acid binding protein 6

glutathione S-transferase, alpha 1

similar to Carboxylesterase 2

regenerating islet-derived 3 alpha

arginase type Il

cytochrome P450, family 2, subfamily b
X-prolyl aminopeptidase 2

solute carrier family 16, member 5

solute carrier family 25, member 45
adenosine deaminase

alchohol dehydrogenase 4

cytochrome c oxidase

3-phosphoadenosine 5-phosphosulfate synthase 2
cytochrome P450, family 2, subfamily d
carbonic anhydrase 9

trehalase (brush border membrane glycoprotein)
cytochrome P450, family 4, subfamily v
retinol saturase

glutathione S-transferase, alpha 4

alchohol dehydrogenase 1

glutathione S-transferase, alpha 4

pyruvate kinase 2

ATP-binding cassette 3

vitamin D receptor

cytochrome P450, family 2, subfamily d
solute carrier family 13

enolase 1

glutathione peroxidase 2

creatine kinase, brain

cytochrome P450, family 4, subfamily f
solute carrier family 22

hydroxysteroid (17-beta) dehydrogenase 4
retinol binding protein

sulfotransferase family, cytosolic, 2B, member 1
carboxylesterase 5

$100 calcium binding protein G
glyceraldehyde-3-phosphate dehydrogenase

Microarray analysis. Total RNA from 12-day old #UGT1 mice treated orally with 1 mg/kg
As for 48 h was isolated along with vehicle treated #UGT71 mice and used in microarray
studies. Using the Illumina Mouse Sentrix Expression BeadChip, the expression of each
gene in either vehicle or arsenic treated mice was analyzed by averaging 5 independent RNA
samples from each group. Shown is a heat map of some of the genes that are upregulated at

>2 fold.

Biochem Pharmacol. Author manuscript; available in PMC 2017 June 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Liuetal.

Table 1

Page 23

List of functional pathways that are altered significantly in arsenic treated #UGT1 neonatal small intestine
compared to untreated AUGTI mice.

Pathway description P value

Oxidation-reduction process 5.62E-23
Carboxylic acid metabolic process 3.95E-20
Lipid metabolic process 9.45E-20
Oxoacid metabolic process 4.15E-19
Organic acid metabolic process 9.12E-19
Cellular lipoid metabolic process 2.17E-17

Monocarboxylic acid metabolic process  5.46E-16

Fatty acid metabolic process 9.51E-13

Cofactor metabolic process 7.72E-12

Lipid catabolic process

2.22E-10

In ranking genes we utilized the method described by Cole et al. [34]. The pathways included are all those listed in the Kyoto Encyclopedia of
Genes and Genomes. As the P values increase, the pathways become less and less significant. Shown are some of the pathways with a 2 value

<1079,
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