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ABSTRACT

Dioxin is a ubiquitous environmental pollutant that induces toxicity when bound to the aryl hydrocarbon receptor (AhR).
Significant differences in susceptibility of mouse strains to dioxin toxicity are largely accounted for by the dissociation
constant of binding to dioxins of AhR subtypes encoded by different alleles. We showed that cyclooxygenase-2 (COX-2) and
microsomal prostaglandin E synthase-1 (mPGES-1), components of a prostanoid synthesis pathway, play essential roles in
the onset of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced hydronephrosis of neonatal mice. Although C57BL/6J and
BALB/cA mice harbor AhR receptors highly responsive to TCDD, they were found by chance to differ significantly in the
incidence of TCDD-induced hydronephrosis. Therefore, the goal of the present study was to determine the molecular basis
of this difference in susceptibility to TCDD toxicity. For this purpose, we administered C57BL/6J and BALB/cA dams’ TCDD
at an oral dose of 15 or 80 �g/kg on postnatal day (PND) 1 to expose pups to TCDD via lactation, and the pups’ kidneys were
collected on PND 7. The incidence of hydronephrosis in C57BL/6J pups (64%) was greater than in BALB/cA pups (0%, p �

0.05), despite similarly increased levels of COX-2 mRNA. The incidence of hydronephrosis in these mouse strains paralleled
the levels of renal mPGES-1 mRNA and early growth response 1 (Egr-1) that modulates mPGES-1 gene expression, as well as
PGE2 concentrations in urine. Although these mouse strains possess AhR alleles tightly bound to TCDD, their difference in
incidence and severity of hydronephrosis can be explained, in part, by differences in the expression of mPGES-1 and Egr-1.

Key words: dioxin; hydronephrosis; prostaglandin; mouse strain difference

Dioxins and related compounds are comprised of polychlori-
nated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofu-
rans (PCDFs), and polychlorinated biphenyls (PCBs). Of 419 con-
geners, 29 congeners (7 PCDDs, 10 PCDFs, and 12 PCBs) are
classified as dioxin-like chemicals (van den Berg et al., 1998,
2006), which ubiquitously persist in the environment and bio-
sphere. Therefore, they accumulate in various food items via
biomagnification (Uemura, 2012). Among the 29 congeners,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most potent
and is used as a prototype in toxicology research (Schecter and
Gasiewicz, 2003). The deleterious effects of TCDD include car-

cinogenicity, reproductive and endocrine toxicity, developmen-
tal toxicity, and immunotoxicity (WHO, 2002). The toxicity of
TCDD as well as other dioxin congeners is mediated by the
aryl hydrocarbon receptor (AhR). The essentiality of AhR in the
manifestation of dioxin toxicity is proved using AhR-null mice
(Mimura et al., 1997; Peters et al., 1999). A widely accepted con-
cept to explain dioxin toxicity maintains that the ligand-AhR
(e.g., TCDD-AhR) complex that is associated with its transcrip-
tion partner AhR nuclear translocator (Arnt) can be bound to the
AhR-responsive element (also named xenobiotic responsive el-
ement or dioxin responsive element) present in the promoter

C© The Author 2014. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please email: journals.permissions@oup.com

465



466 TOXICOLOGICAL SCIENCES, 2014, Vol. 141, No. 2

regions of certain genes. This interaction upregulates the tran-
scription of genes such as those encoding cytochrome P4501A1,
AhR repressor (AhRR), and UDP-glucuronosyltransferase (Beis-
chlag et al., 2008; Fujisawa-Sehara et al., 1987; Hoffman et al.,
1991; Puga et al., 2009). The influence of AhR in mediating dioxin
toxicity depends on its binding affinity for dioxin-like chemicals,
which is determined by the structure of its ligand-binding do-
main (Poland and Glover, 1980; Poland et al., 1994).

AhR is encoded by four different alleles in inbred mice as fol-
lows: AhRb-1, AhRb-2, AhRb-3, and AhRd (Okey et al., 1989; Poland
and Glover, 1980). The dissociation constants for TCDD for AhRs
encoded by these AhR alleles differ. The mouse strains having
different alleles manifest different dose response relationships
for TCDD toxicity. For example, DBA/2 mice that harbor AhRd/d

are much less responsive than C57BL/6 and BALB/c mice that
have AhRb-1/b-1 and AhRb-2/b-2 alleles, respectively (Ema et al.,
1994; Poland et al., 1994). The amino acid sequences of AhRs ex-
pressed by C57BL/6 and BALB/c mice are identical except for a
single amino acid residue change in the second 50-amino acid
sequence repeat (PAS boxes); their dissociation constants for
TCDD are 6 and 10 pM (Poland et al., 1994), respectively, in con-
trast to 37 pM in DBA/2 mice. A unique feature of dioxin toxicity
is the extremely large difference in susceptibility among animal
species and strains that correlates with the dissociation con-
stants of dioxin-like chemicals for AhR (Moriguchi et al., 2003).
For example, the lethal dose (LD) 50 values of TCDD for guinea
pigs and hamsters are approximately 0.6 �g/kg (McConnell et al.,
1978; Schwetz et al., 1973) and 1160–5050 �g/kg (Henck et al.,
1981; Olson et al., 1980), respectively. The LD50 values of rats,
mice, monkeys, and others vary within this range. The correla-
tion between LD50 and the dissociation constants is illustrated
by findings that the LD50 values of TCDD of male Hartley guinea
pigs and New Zealand albino rabbits are 0.6 �g/kg and 115 �g/kg,
respectively; and their corresponding dissociation constants of
AhR for TCDD are 0.32 nM and 7.82 nM, respectively (Denison
and Wilkinson, 1985; Schwetz et al., 1973). Among mouse strains,
LD50 and dissociation constant values of DBA/2 mice are 536
�g/kg and 37 pM, respectively, and those of C57BL/6 mice are
114 �g/kg and 9−10 pM, respectively (Ema et al., 1994; Poland
et al., 1994; Shen et al., 1991).

In contrast to these findings, little is known about the role
of AhR in determining susceptibility to specific diseases. To fill
this gap in our knowledge, we chose to study hydronephrosis, a
hallmark of TCDD toxicity, which is induced by lactational ex-
posure to TCDD in rodents (Couture-Haws et al., 1991). Using
this lactational exposure model, our previous studies discovered
that cyclooxygenase (COX)-2 and microsomal prostaglandin E
synthase-1 (mPGES-1) play essential roles in TCDD-induced hy-
dronephrosis in C57BL/6J pups (Nishimura et al., 2008; Yoshioka
et al., 2012a). In our previous study (Yoshioka et al., 2012a), we
unexpectedly found that the incidence of TCDD-induced hy-
dronephrosis in BALB/cA pups seemed to be lower than that of
C57BL/6J pups, both of which express AhR subtypes with simi-
lar affinities for TCDD (Poland et al., 1994). Here, we confirm that
BALB/cA pups do not develop TCDD-induced hydronephrosis,
and show that the expression of early growth response 1 (Egr-
1) that regulates mPGES-1 gene expression may determine the
difference in susceptibility of C57BL/6J and BALB/cA to TCDD-
induced neonatal hydronephrosis.

MATERIALS AND METHODS

Animals and treatments. TCDD (purity, �99.1%) purchased from
AccuStandard (New Haven, MA) was diluted in corn oil contain-
ing 1% n-nonane (Wako Pure Chemicals, Osaka, Japan). Pregnant
C57BL/6J and BALB/cA mice were purchased from CLEA Japan
(Tokyo, Japan). Mice were housed at 23

◦
C and 50% humidity with

a 12-h light/12-h dark cycle. Laboratory rodent chow (Labo MR
Stock; Nosan, Yokohama, Japan) and distilled water were freely
available. The Animal Care and Use Committee of the Graduate
School of Medicine of the University of Tokyo approved the ex-
perimental protocols.

Parturition was checked twice daily, and the day of birth was
designated postnatal day 0 (PND 0). Dams were orally adminis-
tered TCDD (15 or 80 �g/kg, 15 ml/kg body weight) or an equiv-
alent volume of control on PND 1 to expose pups lactationally
to TCDD. Pups were euthanized by inhalation of diethyl ether
(Wako Pure Chemicals, Osaka, Japan) on PND 7 to collect urine
from the bladder and kidney tissue. Dams were randomly as-
signed to a TCDD (N = 4–5) or control group (N = 4).

Histological analysis of kidneys. The right kidneys from male pups
were fixed in 10% neutral-buffered formalin solution, cryopro-
tected in 10% sucrose for 5 h and then in 20% sucrose overnight,
embedded in OCT compound (Sakura Finetek Japan, Tokyo,
Japan), snap-frozen in liquid nitrogen, and then cut into 5 �m
thick sections. The tissue sections were stained with hema-
toxylin and eosin. Severity scores of hydronephrosis ranging
from 0 (undetectable) to +4 (most severe) were used (Bryant et al.,
2001). The incidence of hydronephrosis was defined as a severity
score ≥2 (Bryant et al., 2001; Yoshioka et al., 2012a).

Quantitative real-time reverse transcriptase-PCR (qRT-PCR). The left
kidneys of pups were minced in TRIzol (Invitrogen, Carlsbad,
CA), and total RNA was isolated from the aqueous phase of
the suspension using a NucleoSpin RNA II kit (Macherey-Nagel,
Duren, Germany). Synthesis of cDNA was performed using an
oligo-dT20 primer and SuperScript III (Invitrogen).

Gene expression levels were quantitated using a LightCycler
System (Roche Molecular Biochemicals, Indianapolis, IN) and
a premix containing SYBR Green (Thunderbird; Toyobo, Osaka,
Japan). Specific primers were designed using Primer3 software
(Rozen and Skaletsky, 2000) and their sequences are described
in previous reports (Yoshioka et al., 2012a,b), except for COX-2
(sense 5′-TGTGAACAATCAAACAAAATGATG-3′ and antisense 5′-
GCGTAA ATTCCAACAGCCTAAGT-3′). Cross-contamination be-
tween samples or nonspecific amplification was assessed using
water instead of DNA templates. Melting curve analyses of the
products were conducted for every PCR reaction to verify speci-
ficity. The mRNA expression levels were calculated using the
delta Ct method and normalized with Ct for cyclophilin B.

PGE2 assay. Urine was collected using 29-gauge syringe needles
from the bladder of pups on PND 7. An enzyme immunoassay kit
was used to measure PGE2 concentrations according to the man-
ufacturer’s instructions (Cayman Chemicals, Ann Arbor, MI).

Urine osmolality assay. Urine osmolality was measured using a
freezing point depression method with a Fiske 210 Micro-Sample
Osmometer (Advanced Instruments, Norwood, MA) according to
the manufacturer’s instructions.

Chromatin immunoprecipitation assay. Chromatin immunoprecip-
itation (ChIP) assay was performed using a SimpleChIP Plus
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kit (Cell Signaling Technology, Danvers, MA) according to the
manufacturer’s instruction. Kidneys were harvested from a
selected female pup of each dam, because there were no
gender differences in the onset of hydronephrosis and gene
profiles (Yoshioka et al., 2012a, 2014). After chromatin di-
gestion, a rabbit polyclonal antibody against Egr-1 (Santa
Cruz Biotechnology, Santa Cruz, CA; Cat No sc-110) was
used for chromatin immunoprecipitation. Semi-quantitative
PCR to detect the mPGES-1 promoter was conducted us-
ing the primers 5′-CACCTCCATTCCTCTGCTTC-3′ (sense) and
5′-CGGGCCAAGTCCTGAGTAG-3′ (antisense), and LA Taq Hot
StartVersion (Takara Bio, Otsu, Japan). PCR products obtained
after 25, 30, 32, 35, 37, 38, and 40 cycles were separated us-
ing electrophoresis through 2% agarose gels and analyzed for
the band density, and 35-cycle was optimal for the quantifi-
cation. Quantitative PCR to amplify the COX-2 promoter was
performed using a LightCycler System and a premix contain-
ing SYBR Green (Thunderbird; Toyobo) with the primers 5′-
CCCGGAGGGTAGTTCCATGAAAGACTTCAAC-3′ (sense) and 5′-
GGTGGAGCTGGCAGGATGCAGTCCTG-3′ (antisense). The signal
relative to input was calculated using a formula from the man-
ufacture’s protocol as follows:

Percent input = 2% × 2(C[T]2%input sample−C[T]IP sample)

where C[T] = threshold cycle.

Statistical analysis. To minimize litter effects, the data for indi-
vidual pups with the same variables such as sex, strain, and
TCDD dose were averaged for each litter and then averaged
among litters. The data represent the mean ± standard error of
the mean (SEM) for the number of litters. Differences in mean
values between groups were analyzed using one-way ANOVA
followed by pairwise comparisons using the Bonferroni post hoc
test. p values �0.05 were defined as significant.

RESULTS

Incidence and Severity of TCDD-Induced Neonatal Hydronephrosis of
C57BL/6J and BALB/cA Pups
Spontaneous hydronephrosis was not observed in control
C57BL/6J or BALB/cA pups on PND 7. On PND 7, the administra-
tion of 15 �g TCDD/kg to C57BL/6J dams induced hydronephro-
sis in 64% of their pups. The incidence and severity of hy-
dronephrosis of C57BL/6J pups observed in this study is con-
sistent with those observed in previous studies (Couture-Haws
et al., 1991; Nishimura et al., 2008; Yoshioka et al., 2012a). In con-
trast, no hydronephrosis was observed in neonates of BALB/cA
dams given either 15 �g TCDD/kg or 80 �g TCDD/kg (Table
1 and Fig. 1).

Expression of AhR-Target Genes in Response to TCDD
We next determined the effect of lactational exposure to TCDD
on the transcription of AhR target genes CYP1A1 and AhRR
(Mimura et al., 1999; Mimura and Fujii-Kuriyama, 2003) in the
kidneys of neonatal C57BL/6J and BALB/cA mice. The basal lev-
els of these mRNAs were significantly low and similar between
the two mouse strains (Figs. 2A and B). Pups of both mouse
strains exposed to TCDD significantly increased the expression
of these two genes in the kidney tissues compared with controls
(Figs. 2A and B). It has been reported that C57BL/6J and BALB/cA
mice harbor AhR that binds TCDD with high affinity and that
maternal exposure to AhR agonist, 3-methylcholanthrene, in-
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FIG. 1. Histology of a representative kidney of a 7-day-old C57BL/6J and BALB/cA
pup lactationally exposed to TCDD. TCDD (15 or 80�g/kg) or control was admin-

istered to dams on PND 1, and pups were exposed to TCDD via lactation. Hema-
toxylin and eosin staining of the kidneys of C57BL/6J pups treated with control
(A) or 15 �g TCDD/kg (B), BALB/cA pups treated with control (C) or 15 �g TCDD/kg
(D), or 80 �g TCDD/kg (E). Scale bars indicate 500 �m.
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FIG. 2. Expression of genes regulated by AhR. CYP1A1 (A) and AhRR (B) on PND 7
pups. See the legend to Figure 1 for a TCDD exposure protocol. RT-PCR analysis
of mRNA levels normalized to that of Cyclophilin B (CypB).

duces CYP1A1, a representative AhR target gene, at almost same
levels in C57BL/6 and BALB/c fetal lungs (Poland et al., 1994; Xu
et al., 2005). Likewise, CYP1A1 and AhRR transcript levels in-
duced by TCDD in BALB/cA pups were comparative with those
in C57BL/6J pups when BALB/cA dams were administered TCDD
at a dose of 80 �g/kg compared with C57BL/6J dams given TCDD
at a dose of 15 �g/kg (Figs. 2A and B). Thus, a remarkable differ-
ence in the incidence of TCDD-induced hydronephrosis between
these two mouse strains cannot be explained by the affinity and
transactivation activity of AhR subtypes to TCDD, suggesting
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TABLE 1. Incidence and Severity of Hydronephrosis in C57BL/6J and BALB/cA Pups

Severityb

Dose (�g/kg) Na[pups(dams)] 0 1 ≥2 Incidencec (%)

C57BL/6J 0 13 (4) 11 2 0 0
15 11 (5) 0 4 7 64

BALB/cA 0 12 (4) 11 1 0 0
15 11 (4) 9 2 0 0
80 8 (4) 6 2 0 0

aNumber of pups and dams in each group.
bNumber of pups of each severity score.
cNormalized incidence of hydronephrosis (see the Materials and Methods section).

that there is another yet unidentified factor that may determine
susceptibility to TCDD-induced neonatal hydronephrosis.

Analysis of PGE2 Levels and TCDD-Induced Expression of Genes En-
coding PGE2 Synthases
To identify a factor that determines susceptibility to TCDD-
induced neonatal hydronephrosis, we administered TCDD to
C57BL/6J and BALB/cA dams and compared the PGE2 synthetic
pathway, including COX-2 and mPGES-1 enzymes in the pups,
because this pathway is responsible for the onset of TCDD-
induced neonatal hydronephrosis (Nishimura et al., 2008; Yosh-
ioka et al., 2012a). The levels of PGE2 in the urine of C57BL/6J pups
lactationally exposed to TCDD were significantly higher com-
pared with those of control pups (Fig. 3A). In contrast, the levels
of PGE2 in the urine of BALB/cA pups exposed at a dose of 80 �g
TCDD/kg were nearly half compared with those in the C57BL/6J
pups exposed at a dose of 15 �g TCDD/kg (Fig. 3A). Further, the
urinary concentration of PGE2 in TCDD exposed C57BL/6 pups
with hydronephrotic kidneys was significantly higher than that
with nonhydronephrotic kidneys (Supplementary fig. S1).

Because COX-2 metabolizes arachidonic acid to
prostaglandin H2, which is converted to PGE2 by PGE2 syn-
thases, we next studied the effect of TCDD on the levels of
mRNA encoding COX-2, microsomal prostaglandin E2 synthase-
1 (mPGES-1), mPGES-2, and cytosolic prostaglandin E2 synthase
(cPGES) in the kidneys of mouse pups. The basal expression
levels of COX-2 mRNA were similar between C57BL/6J and
BALB/cA pups (Fig. 3B), and TCDD exposure increased the levels
of COX-2 mRNA in C57BL/6J and BALB/cA pups (Fig. 3B). There
was no significant difference in the COX-2 induction between
C57BL/6J and BALB/cA pups at a dose of 15 �g TCDD/kg. Among
the three kinds of PGE2 synthases, TCDD exposure induced a
significant increase in the levels of mPGES-1 mRNA in C57BL/6J
pups compared with the control pups, but it did not alter the
levels in BALB/cA pups (Fig. 3C). No alterations in the levels
of mRNAs of the other two PGE2 synthases, mPGES-2 (Fig. 3D)
or cPGES (Fig. 3E), were found in C57BL/6J or BALB/cA upon
lactational exposure to TCDD.

Search for a Novel Factor that Regulates mPGES-1 Gene Expression in
TCDD-Exposed C57BL/6J and BALB/cA Pups
Because we detected a strain difference in the upregulation
of the gene encoding mPGES-1 following TCDD exposure, we
next searched whether cis-acting elements potentially regulated
mPGES-1 gene expression in C57BL/6J and BALB/cA mice using
the mouse SNP database of the Center for Genome Dynamics of
the Jackson laboratory (Mouse Genome Informatics, 2014). The
nucleotide sequences of the cis-acting elements present in the
two mouse strains are identical. Thus, we searched for trans-
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FIG. 3. Strain differences in urinary PGE2 concentration (A) and mRNA levels of
COX-2 (B) and mPGES-1(C), mPGES-2 (D), and cPGES (E) on PND 7. See the legend
to Figure 1 for a TCDD exposure protocol. The mRNA levels are normalized to
that of cyclophilin B (CypB). Histograms show the mean ± SEM for N = 4–5 dams

per group.

acting factors that may influence the expression of the gene
encoding mPGES-1. First, we determined the mRNA levels en-
coding interleukin-1� (IL-1�) and tumor necrosis factor (TNF)-
� in the kidneys of PND 7 pups, because these cytokines in-
duce COX-2 and mPGES-1 synthesis through distinct pathways
(Rzymkiewicz et al., 1995; Srivastava et al., 1994; Subbaramaiah
et al., 2004; Wang et al., 2002). TCDD administration to dams at
15 �g/kg significantly increased the levels of IL-1� mRNA (Fig.
4A) in the kidneys of C57BL/6J and BALB/cA pups compared with
control pups. A similar result was also observed for TNF-� mRNA
levels (Fig. 4B). No significant differences in the basal or induced
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FIG. 4. Gene expression of IL-1� (A) and TNF-� (B) on PND 7. TCDD (15 �g/kg) or

control was administered to dams on PND 1, and pups were exposed to TCDD
via lactation. The mRNA levels were measured using RT-PCR and normalized to
that of cyclophilin B (CypB).

levels of IL-1� (Fig. 4A) and TNF-� (Fig. 4B) mRNAs were observed
between the two mouse strains.

We next determined the levels of expression of early growth
response protein 1 (Egr-1) gene in the kidneys of the two mouse
strains on PND 7, because Egr-1 is a major transcription factor
that induces the expression of mPGES-1 (Naraba et al., 2002). The
basal expression level of Egr-1 mRNA was similar between the
two mouse strains, and TCDD exposure increased Egr-1 mRNA
levels in the kidneys of C57BL/6J pups by a factor of two on PND
7 compared with the control pups. In contrast, TCDD exposure
did not increase the level of Egr-1 mRNA in BALB/cA pups (Fig.
5A).

To determine whether the strain difference in Egr-1 mRNA
levels led to the activation of mPGES-1 transcription, we per-
formed ChIP assays of Egr-1 binding to the mPGES-1 promoter in
vivo. Because the melting curve analyses of qPCR after ChIP as-
says produced ambiguous results possibly because of the com-
plexity in the sequence of mPGES-1 promoter, we conducted
semi-quantitative PCR (Fig. 5B). Binding of Egr-1 to the mPGES-1
promoter was detected only in kidney tissues of TCDD-exposed
C57BL/6J pups, but not in those of control C57BL/6J pups (Fig. 5B).
Under this assay condition, no bands were found in kidney spec-
imens from TCDD-exposed BALB/cA pups and control BALB/cA
pups (Fig. 5B). Furthermore, no bands were obtained using con-
trol rabbit IgG (Fig. 5B). The ChIP-PCR data are displayed quanti-
tatively in Figure 5C.

Next, we investigated whether Egr-1 was bound to the COX-2
promoter in vivo, because such binding induces COX-2 gene ex-
pression in macrophages in vitro (Diaz-Munoz et al., 2010). Egr-1
was bound to the COX-2 promoter in the kidney of control and
TCDD-exposed C57BL/6J pups, and the band intensity was in-
creased by TCDD exposure (Fig. 5D). In the kidneys of control
and TCDD-exposed BALB/cA pups, Egr-1 binding of the COX-2
promoter was similar to that of C57BL/6J pups (Fig. 5D). No vis-
ible bands were found in the use of control rabbit IgG (Fig. 5D).
Quantitative PCR analysis revealed that the basal levels of Egr-
1 bound to the COX-2 promoter were similar between C57BL/6J
and BALB/cA pups, and that the amounts of Egr-1 bound to
the COX-2 promoter were increased by factors of 2.5 and 2.3 in
TCDD-induced C57BL/6J and BALB/cA pups, respectively, com-
pared with controls (Fig. 5E).

Osmolality of Urine and Expression of Genes Encoding Water Channels
and Electrolyte Transporters in the Kidneys of C57BL/6J and BALB/cA
Pups
We analyzed the expression of genes encoding the water chan-
nel aquaporin 2 (AQP2) and the ROMK and NKCC2 electrolyte
transporters, because our previous studies showed that the ex-
pression of these genes was decreased in hydronephrotic but

not in nonhydronephrotic kidneys of TCDD-exposed C57BL/6J
pups (Nishimura et al., 2008; Yoshioka et al., 2012a, 2014). In the
present study, there was a tendency of decreased mRNA ex-
pression of AQP2 (Fig. 6A) and NKCC2 (Fig. 6B), while the de-
creased expression of ROMK (Fig. 6C) was statistically significant
in the kidneys of TCDD-exposed C57BL/6J pups. A significant
increase in AQP2 mRNA was found in TCDD-exposed BALB/cA
pups (Fig. 6A). Because PGE2 influences AQP2 protein expres-
sion and trafficking (Li et al., 2009; Olesen and Fenton, 2013),
we examined the correlation between urinary PGE2 concentra-
tion and AQP2 mRNA levels in TCDD-exposed C57BL/6J pups
and BALB/cA pups. There were significant inverse correlations
between PGE2 and AQP2 mRNA levels in both TCDD-exposed
C57BL/6J pups and BALB/cA pups (R = −0.92 and −0.90, respec-
tively) (Supplementary figs. S2A and B).

AQP2, NKCC2, and ROMK affect the ability of kidneys to con-
centrate urine (Ares et al., 2011; Nielsen et al., 2002). Therefore,
we determined urine osmolality because TCDD decreased the
levels of ROMK mRNA in C57BL/6J pups and increased the levels
of AQP2 mRNA in BALB/cA pups. Osmolality was significantly
decreased in TCDD-exposed C57BL/6J pups, but not in BALB/cA
pups, compared with the corresponding control pups (Fig. 6D).

DISCUSSION

A variety of dioxin toxicities, including cleft palate and hy-
dronephrosis, is mediated by the cytosolic transcription factor
AhR (Mimura et al., 1997; Peters et al., 1999; Schmidt et al., 1996),
and AhR is thought to be a determinant of TCDD toxicity. In
fact, a considerable difference in susceptibility to dioxin toxic-
ity among animal species and strains is attributed to the bind-
ing affinity of TCDD to various AhR subtypes (Bank et al., 1992;
Burbach et al., 1992). However, our present study revealed that
TCDD-induced toxicity does not always depend on the bind-
ing affinity of TCDD. In the present study, the incidence and
degree of hydronephrosis were greater in C57BL/6J pups than
BALB/cA pups (Table 1) and were associated with induced levels
of mPGES-1 mRNA in the kidney and those of PGE2 in urine (Figs.
3A and C) although AhR target genes, such as CYP1A1, AhRR, and
COX-2, were induced in both strains (Figs. 2 and 3B). There are
several studies of laboratory rodents which suggest that factors
other than AhR affinity and AhR transcriptional activation influ-
ence TCDD toxicity. For example, TCDD exposure induces hep-
atic porphyria in SWR but not in DBA/2 mice, although they har-
bor an identical AhR allele (AhRd/d) (Smith et al., 1998). A quan-
titative trait loci (QTL) analysis suggested some modifier genes
that are located on chromosome 11 and 14 in addition to AhR
gene (chromosome 12) (Robinson et al., 2002). Keller and asso-
ciates (Keller et al., 2007) investigated the effects of TCDD on
molar development of C57BL/6J, BALB/cByJ, A/J, CBA/J, C3H/HeJ,
and C57BL/10J mice, which harbor AhR alleles (AhRb-1/b-1 and
AhRb-2/b-2) (Poland et al., 1994) that encode AhR with high binding
affinity for TCDD. Despite similar dissociation constant values
of their AhRs for TCDD, some of the mouse strains exhibit sus-
ceptibility to TCDD-induced disruption of mandibular develop-
ment, whereas C57BL/6J and BALB/cByJ mice do not. Holtzman
and Sprague Dawley rats harbor identical AhR alleles (Kawakami
et al., 2006), but exhibit a large difference in the incidence of
TCDD-induced fetal death because of abnormal vascular devel-
opment under hypoxia in the placenta (Ishimura et al., 2002).
Taken together, these studies using rodents suggest that genetic
factors other than the AhR locus influence an organism’s re-
sponse to TCDD.
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FIG. 5. Egr-1 mRNA levels following TCDD exposure and Egr-1 binding to the mPGES-1 or COX-2 promoters in C57BL/6J and BALB/cA pups. See the legend to Figure 4 for
a TCDD exposure protocol. The Egr-1 mRNA level was measured using RT-PCR and normalized to that of cyclophilin B (CypB). (A). The specific binding of Egr-1 to the
mPGES-1 promoter was analyzed using a ChIP assay (B). Kidneys were collected from pups on PND 7 (N = 4). As a control, chromatin fragments were isolated before
immunoprecipitation (2% input) using semi-quantitative PCR. Immunoprecipitation using rabbit IgG was performed in parallel. PCR products (10 �l) from different

pups were loaded in each lane. The intensity of the bands was measured using ImageJ software (C). Binding of Egr-1 to the COX-2 promoter was analyzed using a ChIP
assay. Kidneys were collected from pups on PND 7 (N = 4). Quantitative PCR was performed on chromatin fragments isolated before and after immunoprecipitation
using an anti-Egr-1 antibody. Immunoprecipitation with normal rabbit serum was conducted to assess specificity. PCR products (5 �l) from different pups were analyzed
(D). Signals relative to input were calculated using a formula included in the manufacturer’s protocol. See the Materials and Methods section (E).

The mPGES-1 gene is activated by transcription factors
NF-�B, Egr-1, hypoxia inducible factor (HIF), C/EBP, AP-1, and
CACCC-binding factor that signal through distinct pathways
(Diaz-Munoz et al., 2010; Maxwell, 2005; Naraba et al., 2002). To
our knowledge, AhR response element (AhRE) was not present
in mPGES-1 promoter. Moreover, there is no strain difference in
transcriptional activity of AhR in CYP1A1 and AhRR gene ex-
pression. These findings suggest that the strain difference in
the induction of mPGES-1 may be due to the factors other than
canonical AhR/ARNT pathway. To explain the strain difference
by a non-canonical pathway, the following speculations could be
plausible. First, AhR/NF-�B may be involved in a mechanism of
the strain difference because TCDD-activated AhR has crosstalk

with NF-�B. For instance, NF-�B subunit RelA that is induced
by inflammation regulates the expression of AhR (Vogel et al.,
2014), and ligand-activated AhR binds RelA (Jensen et al., 2003;
Tian et al., 1999) and RelB (Vogel et al., 2007). There is the possi-
bility that such AhR/NF-�B crosstalk modulates TCDD-induced
mPGES-1 gene expression. Second, AhR/Egr-1 crosstalk may be
able to explain the strain difference because the complex of AhR
and Egr-1 was reported to bind GC box, Egr-1 binding site in hu-
man endothelial cells under a high glucose concentration (Dabir
et al., 2008), which may suggest that activated AhR may play a
key role in Egr-1 recruitment in the neonatal kidney. Thus, yet-
unidentified crosstalk between AhR and Egr-1 may be consid-
ered as a cause of strain difference in Egr-1 binding to mPGES-1
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promoter. Third, the amount of protein of Egr-1, a main tran-
scriptional regulator in the induction of mPGES-1, is increased in
response to TCDD by the enhancement of stability of its mRNA
in human lung epithelial cells (Martinez et al., 2004). Although
the mechanism of TCDD-induced Egr-1 mRNA stability is not
clear, a possible difference in the stability of Egr-1 mRNA be-
tween C57BL/6J and BALB/cA may explain the strain difference
in mPGES-1 expression. Taken together, whether and how Egr-1
is involved in the difference in TCDD-induced hydronephrosis
between mouse strains warrants future studies.

We present a scheme that depicts the possible roles of pro-
teins that can play important roles in the regulation of the
transcription of the mPGES-1 and Egr-1 genes (Fig. 7). Coordi-
nated upregulation of COX-2 and mPGES-1 transcription occurs
in mouse macrophages treated with lipopolysaccharide (Diaz-
Munoz et al., 2010) and in certain tissues treated with proin-
flammatory molecules such as IL-1� and TNF-� (Murakami et al.,
2000). Transcription of the COX-2 and mPGES-1 genes is induced
by common signaling pathways that are mediated by NF-�B and
Egr-1 (Diaz-Munoz et al., 2010; Dixon et al., 2013). In contrast,
there are several reports showing apparently uncoordinated ex-
pression of the genes encoding COX-2 and mPGES-1. For ex-
ample, dimethylcelecoxib, a non-COX-2 inhibiting derivative of
celecoxib, inhibits PGE2 synthesis by inhibiting mPGES-1 expres-
sion. This inhibition was regulated by enhancing the binding of
the NF-�B/histone deacetylase 1 (HDAC1) complex to the Egr-1
promoter, which decreases the amount of Egr-1 protein (Deck-
mann et al., 2012). Our present findings show that TCDD induced
the expression of COX-2 and mPGES-1 mRNAs simultaneously in
C57BL/6J pups. However, TCDD induced COX-2 mRNA only and
failed to induce mPGES-1 mRNA in BALB/cA pups. The latter is
likely due to a reduction in TCDD-induced Egr-1 gene expres-
sion, indicating the non-coordinated gene expression of COX2
and mPGES-1 in BALB/cA pups. The extent to which these tran-
scription factors contribute to the strain-specific regulation of
mPGES-1 and Egr-1 gene expression is unknown. How TCDD ex-
posure regulates the complex signaling pathway that induces
mPGES-1 during kidney development warrants future study.
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FIG. 7. Transcription factors that mediate the gene expression of mPGES-1 and
Egr-1. The table below the scheme summarizes the gene expression data for
Cyp1A1, AhRR, Egr-1, mPGES-1, and urinary PGE2 in TCDD-exposed C57BL/6J and
BALB/cA pups compared with their corresponding controls. + indicates a com-

plex of each trans-regulatory element. The dashed line is a proposed pathway.
Up, upregulated; NC, not changed. (1) (Covert et al., 2005), (2) (Grimmer et al.,
2007), (3) (Deckmann et al., 2012), and (4) (Jensen et al., 2003).

In TCDD-exposed pups with hydronephrotic kidneys, the lev-
els of electrolyte transporters NKCC2 or ROMK are decreased
(Nishimura et al., 2008; Yoshioka et al., 2012a, 2014). The results of
our present findings demonstrate that the level of ROMK mRNA
decreased similarly in TCDD-exposed C57BL/6J but not in TCDD-
exposed BALB/cA pups. It therefore remains to be determined
whether TCDD-induced alterations of the levels of these elec-
trolyte transporters cause hydronephrosis or is a consequence of
this condition. Furthermore, the levels of AQP2 mRNA represent
another remarkable difference between the two mouse strains
(Fig. 6A). PGE2 decreases AQP2 induction and trafficking from in-
tracellular stores to the cellular membrane, which controls per-
meability of water in the collecting duct (Jia et al., 2012; Olesen
and Fenton, 2013). In the present study, there was an inverse cor-
relation between PGE2 and AQP2 mRNA levels in TCDD-exposed
C57BL/6J pups and BALB/cA pups (Supplementary fig. S2). Thus,
Egr-1-dependent regulation of mPGES-1 induction may alter the
level of PGE2, which eventually determines the permeability of
water in the collecting duct via AQP2 in TCDD-exposed C57BL/6J
pups.

We reveal here a distinct difference in the onset of hy-
dronephrosis between C57BL/6J pups and BALB/cA pups that
have AhRs highly responsive to TCDD. We attribute this differ-
ence, in part, to less responsiveness of not only the induction
of mPGES-1 transcription and subsequent PGE2 synthesis, but
also Egr-1, which is a modulator of mPGES-1 gene expression.
AhR is required to ensure the manifestation of dioxin toxicity by
multiple signal transduction networks (Denison et al., 2011), but
the present study presents a new example suggesting that the
difference in dioxin susceptibility in animal strains that express
AhRs with similar affinity for TCDD is regulated by other factors
than AhRs.
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