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Abstract

Although the pyrazolone derivative sulpyrine is widely used as an antipyretic analgesic drug, side effects, including fatal
shock, have been reported. However, the molecular mechanism underlying such a severe side effect is largely unclear. Here,
we report that the transcription factor CREBH that is highly expressed in the liver plays an important role in fatal shock
induced by sulpyrine in mice. CREBH-deficient mice were resistant to experimental fatal sulpyrine shock. We found that
sulpyrine-induced expression of cytochrome P450 2B (CYP2B) family genes, which are involved in sulpyrine metabolism, in
the liver was severely impaired in CREBH-deficient mice. Moreover, introduction of CYP2B in CREBH-deficient liver restored
susceptibility to sulpyrine. Furthermore, ectopic expression of CREBH up-regulated CYP2B10 promoter activity, and in vivo
knockdown of CREBH in wild-type mice conferred a significant resistance to fatal sulpyrine shock. These data demonstrate
that CREBH is a positive regulator of CYP2B in response to sulpyrine administration, which possibly results in fatal shock.
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Introduction induces transcription of UPR-related genes that promote protein
folding and degradation.

Although the three major UPR systems are shown to function
ubiquitously, recent studies indicate that tissue-specific UPR
systems involving the ATF6o. family proteins play fundamental
roles in the local homeostasis. OASIS (also known as cyclic AMP
- X response element-binding protein 3 like protein 1; Creb3ll) or
response (UPR). The UPR has been shown to involve three major BBF2H7 (Creb312) are important for the bone formation [6,7].
pathways dependent on ATF6a, IRElo/B-XBPI, or PERK [2]. CREB4 (Creb3l4) is specifically expressed in testis and essential for
IREla and IRE‘IB are ER-localizing cndor{ucléases, which the testicular spermatogenesis [8]. CREBH (Creb3l3) is also an
catalyze the splicing of the XBP1 mRNA resulting in the frame ATF6-family member that is highly expressed in the liver and

shift and production of the active form of XBP1 inducing various intestine [9-11]. To date, CREBH has been reported to mediate
proteins involved in UPR [3]. PERK is a kinase that phosphor-

ylates elF2a, leading to translational inhibition to reduce global
protein loading [4]. The ATF6a-dependent pathway is regulated
by the transcription factor ATF60, which is localized in ER in
unstimulated conditions [5]. In response to ER stress, ATF6a

moves from ER to the Golgi apparatus, where it is cleaved by site- [15]. Recently, IREla is shown to be essential for protecting mice

specific proteases, SIP and S2P, liberating the N-terminal basic from hepatotoxicity of an analgesic drug acetoaminophen (APAP)

leucine zipper (b-ZIP) and the transcription activation domains to [16]. XBPl-deficient mice displayed resistance to the APAP-
the nucleus. The translocation of the N-terminus of ATF6a

Endoplasmic reticulum (ER) is a cytoplasmic organelle, which
plays an important role in folding and assembly of newly
synthesized proteins [1]. Accumulation of misfolded or unfolded
proteins in ER induces ER stress and results in refolding or
degradation of the proteins, which is termed unfolded protein

ER stress-dependent induction of acute-phase proteins in the liver,
control of iron homeostasis by regulating the induction of
hepcidin, and mediation of hepatic gluconeogenesis under a
starvation condition [12-14].

The liver is a critical organ for detoxification of various drugs

induced fatal side effect due to feedback hepatic activation of
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IREla, leading to degradation of mRNA of cytochrome P450
genes such as CYP1A2 and CYP2EL, those of which play critical
roles in oxidation of APAP to generate a major APAP metabolite
that causes the fatal side effect. In addition, c-jun N-terminal
kinase, which is activated in response to ER stress, has recently
been identified as a critical determinant of the APAP-induced
fatality [17,18]. Thus, accumulating evidence suggests a potential
link between hepatic ER stress and drug-induced fatality, however,
the function of an ER stress protein CREBH that is remarkably
expressed in the liver has not been studied so far in the context of
drug-resistance or -susceptibility.

In this study, we show that CREBH-deficient mice are highly
resistant to fatal shock induced by an antipyretic analgesic drug
sulpyrine, but not by APAP. The hepatic mRINA expression of the
CYP2B family members, which are important for the generation
of sulpyrine metabolites, is severely reduced in CREBH-deficient
mice. Moreover, ectopic expression of CREBH activates the
CYP2B promoter, and sulpyrine treatment results in hepatic ER
stress and nuclear translocation of CREBH. Furthermore,
transient i oiwo suppression of CREBH protects mice from
sulpyrine-induced fatality. Thus, these results indicate that
CREBH is critically involved in the sulpyrine-induced fatal shock
by regulating hepatic expression of CYP2B family members.

Results

CREBH-deficiency confers mice on resistance to

sulpyrine-induced shock

Because CREBH is remarkably expressed in the liver, we
investigated the potential role of CREBH in detoxification by
analysis of CREBH-deficient mice generated by gene targeting
(Figure S1). We first analysed resistance to the pyrazolone-derived
antipyretic analgesic drug sulpyrine and the non-pyrazolone
antipyretic analgesic drug APAP in CREBH-deficient mice.
Although high-dose acetaminophen administration resulted in
comparable lethality, CREBH-deficient mice were resistant to
sulpyrine (Figure 1A). Next, the antipyretic effect of sulpyrine was
examined in wild-type and CREBH-deficient mice. The reduction
of body temperature in sulpyrine-administrated mice was more
gradual than that in wild-type mice (Figure 1B). Sulpyrine is non-
enzymatically hydrolysed to 4-methylaminoantipyrine (4-MAA).
Then, 4-MAA 1s further metabolized to 4-aminoantipyrine (4-AA)
and 4-formylaminoantipyrine (4-FAA) in the liver (Figure S2) [19].
Therefore, sera were taken from sulpyrine-administrated mice just
prior to the death of a number of wild-type mice, and the blood
concentrations of 4-AA and 4-FAA were measured by a high-
performance liquid chromatography (HPLC) assay (Figure S3).
Compared with wild-type mice, sulpyrine-administrated CREBH-
deficient mice exhibited lower concentrations of 4-AA and 4-FAA
in their sera (Figure 1C). Given that 4-AA plays an important role
in the sulpyrine-mediated antipyretic effect [20,21], the mild
antipyretic effect in CREBH-deficient mice is consistent with the
lower concentrations of 4-AA and 4-FAA.

CREBH increases serum level of the sulpyrine metabolite
4-AA

To determine which metabolite of sulpyrine was responsible for
fatal sulpyrine shock, we directly administrated 4-AA or 4-FAA to
wild-type mice. The relationship between the administration
volume of both metabolites and their concentrations in the sera
was analysed, and found to be directly proportional (Figure 2A).
Next, we calculated the administration volume of 4-AA and 4-
FAA by their concentrations in sera from wild-type and CREBH-
deficient mice administrated with 2.7 mg/g sulpyrine (Figures 1C
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and 2A). In wild-type mice, blood concentrations of 1150 ng/ul 4-
AA and 9.3 ng/ul 4-FAA corresponded to the administration
volumes of 1.16 mg/g and 0.0074 mg/g, respectively. In addition,
0.89 mg/g 4-AA and 0.0049 mg/g 4-FAA were calculated to be
administrated to CREBH-deficient mice (Figure 2A). Then, wild-
type mice were separately challenged with the calculated
administration volumes (Figure 2B). All mice administrated with
both 4-FAA concentrations survived. In contrast, although all mice
administrated with 0.89 mg/g 4-AA survived, those administrated
with 1.16 mg/g 4-AA succumbed. Next, we examined the survival
rate of mice administrated with various concentrations of both
metabolites. 4-AA required almost similar concentrations to those
in mice administrated with 2.7 mg/g sulpyrine. On the other
hand, the lethal dose of 4-FAA was much higher than the
calculated volume (Figure 2C). Together, these data suggest that
the blood concentration of 4-AA, but not 4-FAA, is well correlated
with sulpyrine-induced fatal shock. Furthermore, we administrated
1.1 mg/g 4-AA, in which 60% of mice did not survive, to wild-
type mice, and compared the time-dependent blood concentra-
tions of 4-AA in the sera between surviving and dead mice.
Compared with surviving mice, dead mice showed higher blood
concentrations of 4-AA in their sera. Considering the survival rate
of both groups, almost 1000 ng/ul 4-AA in serum was the
threshold between survival and death (Figure S4A). To further
investigate the difference of sensitivity to 4-AA and 4-FAA
between wild-type and CREBH-deficient mice, we administrated
1.1 mg/g 4-AA and 4-FAA to wild-type and CREBH-deficient
mice. Consequently, no difference was found in the sensitivity to 4-
AA and 4-FAA between wild-type and CREBH-deficient mice
(Figure S4B). To confirm whether CREBH deficiency conferred
resistance to sulpyrine-induced fatal shock, we transfected human
CREBH expression vectors into CREBH-deficient mice @ viwo,
and tested whether reintroduction of CREBH expression restored
sulpyrine-induced shock in CREBH-deficient mice. Hepatic
expression of hCREBH mRNA and protein was confirmed by
quantitative RT-PCR and immunohistochemical assays, respec-
tively (Figure S5A and S5B). CREBH-deficient mice with
mtroduced hCREBH showed a significantly lower survival rate
than that of control mice (Figure 1D). Accordingly, blood
concentrations of 4-AA and 4-FAA in hCREBH-introduced mice
were markedly higher than those in control mice. In particular,
blood concentrations of 4-AA exceeded the lethal concentration
threshold (Figure 1E). Collectively, these data indicate that
CREBH plays an important role in modulating the 4-AA
concentration in serum and fatal shock induced by sulpyrine
administration.

CREBH-deficient mice are impaired in sulpyrine-induced
expression of CYP2B family genes in the liver

Because CREBH is highly expressed in the liver, we performed
microarray analysis of hepatic samples from wild-type and
CREBH-deficient mice to compare gene expression profiles in
response to sulpyrine. Out of 22690 transcripts, we first defined
genes up-regulated by more than 2.5-fold after sulpyrine
administration to wild-type mice as “‘sulpyrine-inducible genes”
and identified 423 such genes. We next compared sulpyrine-
inducible genes in wild-type and CREBH-deficient mice after
sulpyrine administration, and found that 105, 287 and 31 genes
were down-regulated, similarly expressed and up-regulated in
CREBH-deficient mice, respectively (Figure 3A and Table Sl).
Microarray analysis also revealed that among the down-regulated
genes, expression of CYP2B family genes was severely impaired in
CREBH-deficient mice. CYP2B family genes play a role in
sulpyrine metabolism [22-24]. Therefore, we tested whether
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Figure 1. CREBH-deficient mice are resistant to fatal sulpyrine shock. (A) Wild-type (n=15) and CREBH-deficient (n=15) mice were
intraperitoneally injected with 2.7 mg/g of sulpyrine (left). Wild-type (n=11) and CREBH-deficient (n=10) mice were intraperitoneally injected with
0.7 mg/g of acetaminophen (right). Survival rates were monitored for 48 hr, respectively. (B) Wild-type (n=5) and CREBH-deficient (n =5) mice were
intraperitoneally injected with 2.7 mg/g of sulpyrine. Rectal temperature was measured at every 10 min for 140 min. (C) Wild-type (n=10) and
CREBH-deficient (n=10) mice were intraperitoneally injected with 2.7 mg/g of sulpyrine. Sera were taken at 2 hr 40 min after sulpyrine injection.
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Serum concentrations of 4-AA and 4-FAA were measured by a HPLC assay. N.D., not detected. **, P<<0.01; ***, P<<0.001. (D) CREBH-deficient mice
transfected with hCREBH expression vectors (n=8) or empty vectors (n=8) were intraperitoneally injected with 2.7 mg/g of sulpyrine. Survival rate
was monitored for 48 hr. (E) CREBH-deficient mice transfected with hCREBH expression vectors (n =3) or empty vectors (n =3) were intraperitoneally
injected with 2.7 mg/g of sulpyrine. Sera were taken at 2 hr 40 min after sulpyrine injection. Serum concentrations of 4-AA and 4-FAA were measured
by a HPLC assay. ***, P<<0.001. Data are pooled from two (A, D) independent experiments or representative of three (C) and two (B, E) independent

experiments.
doi:10.1371/journal.pone.0055800.g001

CYP2B family genes in the liver were induced in sulpyrine-
administered mice by northern blot analysis. Sulpyrine adminis-
tration to wild-type mice resulted in strong mRNA expression of
CYP2B family genes. On the other hand, sulpyrine-induced
expression was much lower in livers from sulpyrine-administrated
CREBH-deficient mice (Figure 3B), whereas no difference was
found in the expression of other cytochrome P450 family genes,
such as CYP2A4, CYP2C37 and CYP3A25, which are not
involved in sulpyrine metabolism (Figure 3C). These results
suggest that sulpyrine shock in CREBH-deficient mice might be
suppressed due to the low expression of CYP2B family genes.
CYP2B gene has been shown to be induced by phenobarbital or
dexamethasone, which activates constitutive androstane receptor
(CAR) or pregnane X receptor (PXR) respectively [25-29]. We
found robust induction of CYP2B family genes in the livers from
CREBH-deficient mice treated with phenobarbital or dexameth-
asone by quantitative RT-PCR assays (Figure 3D), suggesting that
CREBH is not involved in CAR-mediated or PXR-mediated
induction of CYP2B family genes. Furthermore, CREBH-deficient
mice pre-treated with phenobarbital were sensitive to sulpyrine
(Figure 3E), indicating that hepatic expression of CYP2B genes
induced by phenobarbital may confer sensitivity to sulpyrine in
CREBH-deficient mice. To test this hypothesis directly, we
administered a human CYP2B6 expression vector to CREBH-
deficient mice @ vivo. Quantitative RT-PCR and immunohisto-
chemical assays confirmed hepatic expression of hCYP2B6 mRNA
and protein, respectively (Figure S6A and S6B). CREBH-deficient
mice with hCYP2B6 expression were more sensitive to sulpyrine
than control mice (Figure 3F). Moreover, blood concentrations of
4-AA and 4-FAA in hCYP2B6-expressing mice were higher than
those in control mice (Figure 3G). Together, these results
demonstrated that the mechanism by which CREBH-deficient
mice exhibit resistance to sulpyrine is due to the lack of sulpyrine-
induced expression of CYP2B family genes in their livers.

CREBH activates the CYP2B10 promoter

To examine whether CREBH controlled the expression of
CYP2B genes, we generated a luciferase reporter plasmid
harbouring the CYP2B10 promoter, and introduced the reporter
plasmid into Huh7 cells together with CREBH expression vectors
to measure the promoter activity by a luciferase assay. Overex-
pression of full-length CREBH activated the CYP2B10 promoter.
In addition, promoter activation by ectopic expression of CREBH
lacking the C-terminus (CREBH-AC), a constitutively active form
of CREBH, was more enhanced than that by full-length CREBH
(Figure 4A), indicating that CREBH positively regulates the
expression of the CYP2B10 gene. Subsequently, to determine a
CREBH responsive region in the CYP2B10 promoter, reporter
plasmids harbouring various lengths of the CYP2B10 promoter
were constructed, and the promoter activities were measured by a
luciferase assay. Reporters containing 2650 or 1450 bp were both
activated. In contrast, reporters containing 1250 bp or less were
not activated, suggesting that the CREBH responsive region may
be located between —1450 and —1250 bp in the CYP2B10
promoter (Figure 4B). In addition to CREBH, CAR positively
regulates CYP2B10 gene expression. The CAR-responsive

PLOS ONE | www.plosone.org

element, called the Nrl region, is located at —2350 bp (Figure
S7A) [30]. To analyse whether CAR was involved in CREBH-
dependent activation of the CYP2B10 promoter, we compared the
luciferase activities of reporters containing and lacking Nrl in the
presence of CAR or CREBH. Activation of the Nrl-containing
reporter in the prescience of CAR was stronger than that lacking
Nrl. Conversely, in the presence of CREBH, both reporters were
similarly activated (Figure S7B). Moreover, we isolated hepato-
cytes from wild-type and CREBH-deficient mice by perfusion,
introduced CYP2B10 promoter reporter plasmids containing Nrl
into the hepatocytes together with CAR expression vectors, and
then performed a luciferase assay. CAR-induced activation of the
CYP2B10 promoter was comparable between wild-type and
CREBH-deficient hepatocytes (Figure S7C). These results indi-
cated that CREBH and CAR may independently regulate hepatic
expression of the CYP2B10 gene, and may be consistent with the
results of phenobarbital-treated CREBH-deficient mice, in which
the CYP2B gene was induced in a CAR-dependent manner,
thereby conferring sensitivity to sulpyrine (Figure 3D and 3E).

CREBH is activated by sulpyrine-induced ER stress

Previous studies have shown that CREBH is activated in an ER
stress-dependent manner, and mediates the expression of genes
associated with the unfolded protein response [9,12,31]. To clarify
whether hepatic ER stress was induced by sulpyrine administra-
tion, we isolated hepatocytes from wild-type sulpyrine- and
tunicamycin-administrated mice, and then measured the expres-
sion of CCAAT/enhancer binding protein homologous protein
(CHOP) mRNA and the spliced form of X-box binding protein 1
(XBP1), indicator of ER stress, by a quantitative RT-PCR assay
[12]. Sulpyrine administration similarly induced the expression of
CHOP mRNA and splicing of XBPl mRNA in response to
tunicamycin (Figure 4C). To test whether CREBH was cleaved
and its N-terminus was translocated into the nucleus upon
stimulation with sulpyrine, we introduced CREBH expression
vectors into 293T cells, and then analysed the cleavage and
localization of CREBH by western blot and immunofluorescence
assay, respectively. Notably, sulpyrine treatment caused the
cleavage of CREBH (Figure 5A) and nuclear translocation of
CREBH (Figure 5B). The extent of sulpyrine-induced nuclear
localization of CREBH was similar to that by tunicamycin, while
CREBH-AC was steadily localized in the nucleus without
stimulation (Figure 5C). Taken together, these results indicate
that sulpyrine administration possibly induces ER stress in the liver
and results in activation of CREBH, leading to expression of the
CYP2B10 gene.

The CREBH-knockdown mice exhibit resistance to fatal
sulpyrine shock

Despite the strong antipyretic effect, fatal shock induced by
sulpyrine is so clinically problematic that use of this drug is
restricted and even prohibited in several countries [32]. Therefore,
fatality should be precluded in advance for the safe usage of
sulpyrine. We attempted to prevent sulpyrine shock by transient
reduction of CREBH in wild-type mice. First, we selected an
efficient RNAi vector against CREBH wm witro (Figure S8),
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Figure 2. The blood concentration of 4-AA is involved in sulpyrine-induced shock. (A) Calibration curves for relationship between the
administration volumes of 4-AA, 4-FAA and the concentrations of in the sera. (B) Wild-type mice (n=5) were intraperitoneally injected with indicated
volumes of 4-AA and 4-FAA. Survival rate was monitored for 180 min. (C) Wild-type mice (n=5) were intraperitoneally injected with indicated

volumes (0, 0.5, 0.9, 1.0, 1.2, 1.3, 1.4, and 1.5 mg/g) of 4-AA and 4-FAA. Survival rate was monitored for 180 min. Data are representative of two (A-C)
independent experiments.

doi:10.1371/journal.pone.0055800.9g002
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sulpyrine or vehicle alone (control). At 24 hr after injection, livers were taken from these mice. Total RNA was extracted and subjected to northern
blot analysis for expression of the indicated probes. The same membrane was rehybridized with a B-actin probe. (D) Wild-type mice and CREBH-
deficient mice were intraperitoneally injected with 100 mg/kg phenobarbital (n=3) or vehicle alone (control) (n=3) every 24 hr for 3 days (left), or
were intraperitoneally injected with 50 mg/kg dexamethasone (n=7) or vehicle alone (control) (n=3) (right). At 24 hr after the last injection, livers
were taken from these mice. Gene expression of CYP2B10 was analysed by a quantitative RT-PCR assay. N.S., not significant. (E) CREBH-deficient mice
were pre-treated with 100 mg/kg PB (n=5) or vehicle alone (control) (n=>5) every 24 hr for 3 days. At 24 hr after the last injection, the mice were
intraperitoneally injected with 1.1 mg/g of sulpyrine. Survival rate was monitored for 48 hr. (F) CREBH-deficient mice transfected with hCYP2B6
expression vectors (n=8) or empty vectors (n=8) were intraperitoneally injected with 2.7 mg/g of sulpyrine. Survival rate was monitored for 48 hr.
(G) CREBH-deficient mice transfected with hCYP2B6 expression vectors (n=3) or empty vectors (n=3) were intraperitoneally injected with 2.7 mg/g
of sulpyrine. Sera were taken at 2 hr 40 min after sulpyrine injection. Serum concentrations of 4-AA and 4-FAA were measured by a HPLC assay. *,
P<0.05; ***, P<<0.001. Data are pooled from two (E) independent experiments or representative of two (A, B, C, D, F) independent experiments.

doi:10.1371/journal.pone.0055800.g003

transfected the RNAi vector into wild-type mice @ viwo, and
confirmed the efficiency of in vivo knockdown in the liver by a
quantitative RT-PCR assay (Figure 6A). Next, we administrated
sulpyrine to CREBH-knockdown mice, and then measured the
survival rate and blood concentrations of 4-AA and 4-FAA.
CREBH-knockdown mice exhibited resistance to fatal sulpyrine
shock, compared with that of control mice (Figure 6B). In addition,
blood concentrations of 4-AA and 4-FAA in CREBH-knockdown
mice were lower than those in control mice (Figure 6C). Thus,
these results suggest that RNAi-mediated suppression of CREBH
can alleviate fatal sulpyrine shock.

Discussion

It has been almost a century since sulpyrine became a widely-
used therapeutic drug. Despite the severe side effects, sulpyrine is
generally used both in the adults and children as a first-line
antipyretic analgesic in some developed countries as well as a
number of developing countries [32-35]. Severe shock is a fatal
side effect of pyrazolone derivatives including sulpyrine. The
peculiar symptoms such as loss of consciousness, coma, and
convulsions are associated with the shock, eventually leading to a
lethal condition or death in some patients [36,37]. In fact, severe
convulsions were also observed in sulpyrine-administrated mice in
our study (data not shown). Therefore, sufficient caution should be
exercised in sulpyrine medication. However, pathogenic mecha-
nism of sulpyrine-induced shock is poorly understood. In this
study, we identify that 4-AA, one of the sulpyrine metabolites, is
the causative substance of sulpyrine-induced shock. In addition to
sulpyrine, another pyrazolone derivative, aminopyrine is metab-
olized to 4-AA [38], and cause anaphylactic shock as a side effect
[39], suggesting that 4-AA may be the causative substance of the
shock.

In this study, we demonstrate that CREBH mediates sulpyrine-
induced fatal shock. Upon ER stress, CREBH is previously
reported to translocate to the Golgi apparatus, and cleaved by S1P
and S2P as well as SREBPs. The cleaved cytosolic lesion of the N-
terminal CREBH traffics to the nucleus [12]. We show that
CREBH was activated by sulpyrine-induced ER stress, and
trafficked to the nucleus to activate transcriptional induction of
CYP2B family genes in the liver. CYP2B induced by CREBH
increased the serum concentration of 4-AA, which has the
antipyretic effect. Furthermore, CREBH-deficient mice with
ectopic expression of hCREBH or CYP2B6 became sensitive to
sulpyrine, suggesting that CREBH or CYP2B was a critical trigger
for the sulpyrine-induced fatal shock. CAR and PXR are known as
the transcriptional activators of CYP2B family genes. Although,
we originally hypothesized that CREBH was involved in the
induction of CYP2B family genes collaborated with CAR or PXR,
our data suggested that CREBH induced transcription of CYP2B
family genes independently of either CAR or PXR.
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APAP is a widely used antipyretic analgesic drug. It has been
recently reported that hepatic XBP1-deficient mice were resistant
to APAP-induced hepatic dysfunction due to low expression levels
of mRNAs of CYPIA2 and CYP2E1, both of which are metabolic
enzymes for APAP to produce NAPQI by hydroxylation of
acetaminophen [16,40-42]. NAPQI is normally detoxified by
glutathione conjugation. However, NAPQI is accumulated in the
liver by the mass administration of APAP and the hepatic
dysfunction, it binds to biopolymer which induces hepatic necrosis
[43]. Although subclasses of CYP enzymes, which expression were
reduced in the mutant mice were different (i.e. CYP2B or
CYPIA2/CYP2E1 for CREBH or XBPI, respectively), mice
deficient in ER stress related transcription factors showed
resistance to the fatal side effect of antipyretic analgesic drugs
because of the low CYP expression. However, the mechanism of
the reduced CYP expression by the deficiency of each transcrip-
tion factor is different. The XBP1 deficiency leads to upregulation
of the ribonuclease IRE1la, which degrades mRNA for CYP1A2/
CYP2E1, suggesting the indirect reduction of CYP1A2/CYP2E1
by the XBP1-deficiency [16]. On the other hand, CREBH directly
induces CYP2B expression upon sulpyrine stimulation. The
difference might be caused by the property or injected dose of
these drugs. Furthermore, tunicamycin, which is known to activate
CREBH, upregulated CYP2B10 strongly in the liver (Figure 4C).
Thus, other hepatic ER stress inducible drugs might be able to
induce CYP2B family genes via CREBH activation.

Recently, some NSAIDs have been reported to induce ER
stress. Indomethacin treatment induces ER stress in murine
podocytes [44], and CHOP expression in gastric mucosal cells of
guinea pig, resulting in apoptosis [45]. The CHOP-mediated
apoptosis is also stimulated by other NSAIDs such as celecoxib
and sulindac sulfide, in human gastric cells and colon epithelial
cancer cells, respectively [46] [47]. The gastric ulcer is the
representative side effect in NSAIDs [48]. On the other hand, the
incidence rate of cancer has been shown to lower by a long-term
NSAIDs medication [49,50]. Although these molecular mecha-
nisms remain unclear, the involvement of NSAIDs-induced ER
stress in these phenomena is suggested [51,52]. Treatment of some
NSAIDs such as indomethacin, diclofenac, etodolac, ibuorofen,
celecoxib, and ketoprofen increase intracellular Ca*" levels, and
stimulate Cia®" influx across the cytoplasmic membrane, leading to
the increment of membrane permeability, mitochondrial dysfunc-
tion, and apoptosis [53]. Whether Ca?' is also involved in
sulpyrine-induced ER stress should be examined in the future.

In this study, we demonstrate that CREBH-dependent expres-
sion of CYP2B in the liver is one of the molecular mechanisms of
fatal shock induced by sulpyrine in a mouse model. However,
whether this mechanism also applies to humans remains unclear
and it would be of interest to test whether the hepatic expression
level of CREBH (and CYP2B) is relevant to sulpyrine-induced
shock in humans. Furthermore, given that transient knockdown of
CREBH prior to sulpyrine administration mitigates the shock in
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Figure 4. Sulpyrine treatment causes ER stress. (A) Huh7 cells were transiently transfected with luciferase reporter plasmids containing the
CYP2B10 promoter together with control, h\CREBH-F, or hCREBH-AC expression vector. Relative luciferase activities were shown as fold increases over
the background levels shown by lysates prepared from control vector-transfected cells. Error bars are means = S.D. of triplicates. (B) Huh7 cells were
transiently transfected with luciferase reporter plasmids containing the indicated length CYP2B10 promoter together with control or hCREBH-F
expression vector. Relative luciferase activities were shown as fold increases over the background levels shown by lysates prepared from control
vector-transfected cells. Error bars are means = S.D. of triplicates. (C) Wild-type mice were intraperitoneally injected with 2.7 mg/g of sulpyrine (n=3)
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perfusion apparatus. Gene expression of CHOP, spliced XBP1, and CYP2B10 was measured by a quantitative RT-PCR assay. **, P<<0.01; ***, P<<0.001.
Data are representative of three (A, B) and two (C) independent experiments.

doi:10.1371/journal.pone.0055800.9g004

mice, therapeutic application of a molecule that inhibits CREBH
action might be beneficial for patients that are sensitive to
sulpyrine.

Materials and Methods

Generation of CREBH-deficient mice

The CREBH gene was isolated from genomic DNA extracted
from ES cells (V6.5) by PCR using TaKaRa LA Taq™ (TaKaRa)
[54]. The targeting vector was constructed by replacing a
fragment encoding the exons of CREBH with a neomycin-
resistance gene cassette (neo), and a herpes simplex virus
thymidine kinase driven by PGK promoter was inserted into the

amplification by using primer CREBHKO_LA_F and CREBH-
KO_LA_R, to generate a 5.0 kb long fragment, and CREBH-
KO_SA_F and CREBHKO_SA_R, to generate a 1.0 kb short
fragment. The sequences of primers are listed in Table S2. After
the targeting vector was transfected into ES cells, G418 and
gancyclovir doubly resistant colonies were selected and screened
by PCR and southern blotting using the probe indicated in Fig
S1A. Homologous recombinants micro-injected into
C57BL/6 female mice, and heterozygous Il progenies were
intercrossed in order to obtain CREBH-deficient mice. CREBH-
deficient mice and their wild-type littermates from these
intercrosses were used for experiments. Male mice (8-11 weeks
old; approximately 25 g weight) were used in the present study. All

were

genomic fragment for negative selection. A genomic DNA
containing the murine CREBH gene was isolated from PCR

A B

animal experiments were conducted with approval of the Animal
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Figure 5. Cleavage of CREBH and its translocation into nucleus were induced by sulpyrine. (A) 293T cells were transiently transfected
with 2 ug HA-tagged hCREBH-F expression vectors, and they were cultured with sulpyrine (2 mM) or tunicamycin (5 pg/ml) for 6 hr. Whole-cell
lysates were prepared and the size of CREBH was analysed by western blot analysis using anti-CREBH monoclonal (upper panel) and anti-actin
antibodies (lower panel). **, CREBH-full ; *, CREBH-AC. (B) 293T cells were transiently transfected with 2 ug HA-tagged hCREBH-F expression vectors,
and they were cultured with sulpyrine (2 mM) or tunicamycin (5 pg/ml) for 6 hr. The cell lysates of nuclear fractions were prepared. The nuclear
translocation of CREBH was analyzed by western blot analysis using anti-CREBH monoclonal (upper panel) and anti-Sp1 monoclonal antibodies (lower
panel). (C) 293T cells were transiently transfected with HA-tagged hCREBH-F expression vectors and HA-tagged hCREBH-AC expression vectors, and
they were cultured with mock, sulpyrine (2 mM) and tunicamycin (5 ug/ml) for 4 hr. Cells were stained with anti-HA mouse antibody, then stained
with Alexa Fluor 594-conjugated anti-mouse IgG (red) together with DAPI (blue). Stained cells were analysed using a confocal microscope. Bars,
10 um. Data are representative of three (A) and two (B,C) independent experiments.

doi:10.1371/journal.pone.0055800.g005
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were intraperitoneally injected with 2.7 mg/g of sulpyrine at 24 hr after transfection. Survival rate was monitored for 48 hr. *, P<<0.05. Sera were
taken at 2 hr 40 min after sulpyrine injection. Serum concentrations of 4-AA and 4-FAA were measured by a HPLC assay. ***, P<<0.001. Data are
representative of two (A, C) independent experiments or pooled from three (B) independent experiments.

doi:10.1371/journal.pone.0055800.g006

Research Committee of the Graduate School of Medicine at
Osaka University.

Reagents

Sulpyrine Monohydrate, Phenobarbital Sodium were pur-
chased from Wako. Dexamethasone was purchased from SIGMA.
4-Aminoantipyrine was purchased from nacalai tesque. 4-For-
mylaminoantipyrine was purchased from Aldorich Chemistry.
Tunicamycin was purchased from Enzo Life Science. Anti-HA
HRP, anti-actin HRP, anti-CREBH goat polyclonal immuno-
globulin G, anti-goat immunoglobulin G HRP, anti-Spl rabbit
polyclonal immunoglobulin G were purchased from Santa cruz.
Alexa Fluor 488-conjugated anti-mouse immunoglobulin G, Alexa
Fluor 594-conjugated anti-mouse immunoglobulin G, anti-rabbit

PLOS ONE | www.plosone.org

10

immunoglobulin G HRP were purchased from Invitrogen. 4, 6-
diamidino-2-phenylindole (DAPI) was purchased from Wako.

High performance liquid chromatography

HPLC equipment, consisting of Nanospace SI-2/3201 pump
(SHISEIDO), Nanospace SI-2/3023 autosampler (SHISEIDO),
Nanospace SI-2/3010 degasser (SHISEIDO), and Accela PDA
Detector (Thermo Scientific ) was used. A detector was operated at
254 nm wavelength. Separation was achieved with an pBonda-
pak™ C18 10 um 125 A 3.9%150 mm column (Waters). The
following eluent were used: 8% methanol in 0.01 M sodium
acetate, adjusted to pH 3.0 with concentrated hydrochloric acid
[55]. The column was maintained at room temperature and the
flow-rate was 1000 pl/min. Serum samples were directly injected
into the system after simple filtration with a membrane filter.
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Aliquots of 4-AA and 4-FAA stock solution were diluted in the
eluent and analyzed with the HPLC to obtain a standard curve.
We compared the difference of the area under the curve of the
sera with stock solution.

RNA interference

293T cells were cotransfected with 2 g or 1 pg RNAi vectors
targeting mouse CREBH in BLOCK-T Pol II miR RNAi
Expression Vector Kit (Invitrogen) and HA-tagged mCREBH
expression vector. 24 hr after transfection, whole-cell lysates were
prepared and subjected to Western blot analysis.

In vivo transfections

Twenty micrograms of expression plasmids for hCREBH or
hCYP2B6, or RNAI vectors for mCREBH were mixed with 30 pl
Lipofectamine 2000 reagent (Invitrogen) in 170 ul of Phosphate
buffered saline (PBS), and the complexes were injected intrave-
nously via orbital sinus [56].

Expression plasmids

Human CREBH c¢DNA was amplified using primers
hCREBH_full R for Full, hCREBH_AC_R for AC, and the
common primer hCREBH_common_F using human liver cDNA
as the template and then ligated into the FcoRI and Not sites of a
pcDNA vector for the N-terminal HA-tagged proteins (Invitro-
gen). Human CYP2B6 cDNA was amplified using primers
CYP2B6_F and CYP2B6_R using human liver cDNA as the
template and then ligated into the BamHI and Notl sites of a
pcDNA vector for the N-terminal HA-tagged proteins. Human
CAR cDNA was amplified using primers CAR_F and CAR_R
using human liver cDNA as the template and then ligated into the
EcoRI and Notl sites of a pcDNA vector for the N-terminal HA-
tagged proteins. Murine CREBH c¢DNA was amplified using
primers mCREBH_F and mCREBH_R using murine liver cDNA
as the template and then ligated into the and BgllI and NotI sites of
a pcDNA vector for the N-terminal HA-tagged proteins. The
sequences of primers are listed in Table S2.

Real-time RT-PCR

Total RNA of livers and hepatocyte were isolated with TRIzol
reagent (Invitrogen), cDNA was generated using 5 pg of RNA and
Verso cDNA Kit (Thermo Scientific). Real-time RT-PCR was
performed on an ABI 7300 real-time PCR system (Applied
Biosystems) using GoTaq qPCR Master Mix (Promega). All data
were normalized to the B-actin expression, and the fold difference
relative to the B-actin was shown. Amplification conditions were:
50°Ci (2 min), 95°C (10 min), 40 cycles of 95°C (15 s), and 60°C
(60 s). Primers of hCREBH, mCREBH, CYP2B6, CYP2B10,
CHOP, spliced XBPI and B-actin were purchased from Invitro-
gen. The sequences of primers are listed in Table S2.

Immunohistochemical assay

Wild-type mice were transfected with HA-tagged pcDNA-
CREBH or CYP2B6 expression vectors m vivo. At 24 hr after
transfection, livers were taken and fixed with 4% paraformalde-
hyde (Wako) and cryoprotected in 10% sucrose for 10 min and
20% sucrose for 10 min, and embedded in OCT compound
(SAKURA). 8 pm in thickness of liver cryostat sections were fixed
in acetone, and washed with PBS. Sections were incubated with
anti-HA (1:100) in Tris-HCI buffer saline (TBS) containing 1%
bovine serum albumin, then incubated with Alexa Fluor 488-
conjugated anti-mouse immunoglobulin G (1:100). To stain the
nucleus, sections were cultured with DAPI (1:10000). The stained
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sections were mounted with Mountant, PermaFluor (Thermo
SCIENTIFIC) and analyzed using a fluorescence microscope
(FV1000-D IX81; Olympus).

Microarray analysis

Total RNA of livers were isolated with TRIzol reagent
(Invitrogen), RNA quality was assessed with an Agilent Bioana-
lyser 2100 and only RNA with minimal degradation and distinct
18S and 28S rRNA bands were used for analysis. Fragmented and
biotin-labeled cDNA was synthesized from 100 ng purified mRNA
with GeneChip 3'IVT Express Kit Assay (Affymetrix). The cDNA
was hybridized to Mouse Genome 430A 2.0 Array (Affymetrix).
Hybridized chips were stained and washed and were scanned with
GeneChip Scanner 3000 (Affymetrix). Genespring software
(Silicon Genetics) was used for data analysis.

Northern blot analysis

Total hepatic RNA was extracted using the TRIzol reagent
(Invitrogen). Fifteen pg of total RNA was electrophoresed,
transferred to a nylon membrane, and hybridized with ¢cDNA
probes as described previously [57]. cDNA probes specific for
CREBH, B-actin, CYP2B10, CYP2B9, CYP2B13, CYP2B19,
CYP2A4, CYP2C37, and CYP3A25 were obtained by PCR with
a set of specific primers from a mouse liver cDNA. The sequences
of primers are listed in Table S2.

Luciferase reporter assay

The Luciferase reporter plasmids were transiently cotransfected
into Huh7 cells with the control Renilla luciferase expression
vectors using Lipofectamine 2000 reagent (Invitrogen). Luciferase
activities of total cell lysates were measured using the Dual-
Luciferase Reporter Assay System (Promega). The CYP2BI10
promoter was amplified using primers CYP2B10 promoter_I for
1450 bp, CYP2B10 promoter_F for 1250 bp, CYP2B10 promo-
ter_F for 1050 bp, CYP2B10 promoter_F for 250 bp, and
CYP2B10 promoter_common_R using murine genomic DNA as
the template. Luciferase reporter was generated by Mlul fragment
of the insertion the CYP2B10 promoter into the Mlul site of pGL3
luciferase reporter. Luciferase reporter harboring CYP2B10
promoter for 2650 bp was generated by inserting the Miul
fragment of the CYP2B10 promoter for 2650 bp into the Mlul
site. of luciferase reporter harboring CYP2B10 promoter for
1450 bp. The CYP2B10 promoter for 2650 bp was amplified
using primers CYP2B10 promoter_F for 2650 bp and CYP2B10
promoter_R for 2650 bp using murine genomic DNA as the
template. The sequences of primers are listed in Table S2.

Preparation of primary mouse hepatocytes

Mice were anaesthetized, and subsequently the abdomen was
opened to expose the liver. The perfusion needle (26 G
TERUMO) was inserted into the portal vein, and the perfusion
was started with 50 ml 37°C SC-1 solution consisting of 8000 mg/
1 NaCl, 400 mg/1 KCl, 88.7 mg/l1 NaH2PO4-H20, 120.45 mg/1
Na2HPO4, 2380 mg/1 HEPES, 350 mg/l NaHCO3, 190 mg/1
EGTA, and 900 mg/I glucose (pH 7.25). When the perfusion was
started immediately after cutting the ventral aorta. After all of SC-
1 solution was flowed, the perfusion was continued to 100 ml 37°C
SC-2 solution consisting of 8000 mg/1 NaCl, 400 mg/l KCI,
88.7 mg/1 NaH2PO4-H20, 120.45 mg/1 Na2HPO4, 2380 mg/1
HEPES, 350 mg/l1 NaHCO3, and 560 mg/l CaCl2-2H20
(pH 7.25) added 0.2 pg/ml collagenase D from Clostridium
histolyticum (Roche) and 0.02 pg/ml trypsin inhibitor from chicken
egg white (SIGMA). After all of SC-2 buffer was flowed, steeped
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the liver to SC-2 buffer, and breached a hepatic capsule, and shaken
gently on ice. The liver was crumbled gently with an autopipetter,
and filtered with a gauze. The hepatocytes were separated by low
speed centrifugation (400 r.p.m.), and the obtained pellets were
washed with ice-cold SC-2 buffer to purify the cells [58].

Immunofluorescence analysis

293T cells were transfected with 2 ug HA-tagged hCREBH
expression vectors by Lipofectamine 2000 reagent (Invitrogen).
After 24 hr, the cells were stimulated with 2 mM sulpyrine or
5 nug/ml Tunicamycin for 4 hr, and washed with PBS, and then
fixed with 4% paraformaldehyde (Wako) for 10 min at room
temperature. After 15 min permeabilization with 0.2% Triton X-
100, cells were washed with PBS, and blocked with Blocking One
(nacalai tesque) for 10 min, and incubated with anti-HA (1:100) in
TBS containing 1% bovine serum albumin, then incubated with
Alexa Fluor 594-conjugated anti-mouse immunoglobulin G
(1:100). To stain the nucleus, cells were cultured with DAPI
(1:10000). The stained cells were mounted with ProLong Gold
antifade reagent (Invitrogen) on glass slides and analyzed using a
fluorescence microscope (FV1000-D IX81; Olympus).

Western blot analysis

293T cells were lysis buffer containing 1% Nonidet P-40,
150 mM NaCl, 20 mM Tris-HCI, 1 mM EDTA, pH 7.5, and
protease inhibitor cocktail (Roche). The cell lysates were separated
by SDS-PAGE and transferred to PVDF membranes, and
subjected to Western blot analysis using the indicated antibodies
as described previously [59].

Isolation of nuclear fractions

Cells were treated with indicated stimulants. Treated cells were
washed with PBS, lysed by Buffer A (10 mM HEPES-KOH
(pH 7.8), 10 mM KClI, 0.1 mM EDTA (pH 8.0), 0.1% Nonidet P-
40) and incubated on ice for 5 min. Lysates were centrifuged at
5000 r.p.m. for 5 min, then the pellets were re-suspended by Buffer
C (50 mM HEPES-KOH (pH 7.8), 420 mM KCI, 0.1 mM EDTA
(pH 8.0), 5 mM MgCly, 20% Glycerol) and protease inhibitor
cocktail (Roche) and incubated on ice for 30 min. To isolate nuclear
fractions, lysates were centrifuged at 14000 r.p.m. for 10 min. The
resulting supernatants contained the nuclear fractions.

Statistical analysis
We used unpaired student’s t-test and log-rank test to determine
statistical significance among experimental data.

Supporting Information

Figure S1 Targeted disruption of the murine CREBH
gene. (A) The structure of the murine CREBH gene, the targeting
vector and the predicted disrupted gene. Open boxes denote the
coding exon. H, Hincll; B, BamHI. (B) Southern blot analysis of
offspring from the heterozygote intercrosses. Genomic DNA was
extracted from mouse tails, digested with HincIl and BamHI,
separated by electrophoresis and hybridized with the radiolabelled
probe indicated in (A). Southern blotting gave a single 2.5-kb band
for wild-type (+/+), a 1.7-kb band for homozygous (—/—) and
both bands for heterozygous (+/—) mice. (C) Northern blot
analysis of liver cells taken from wild-type and CREBH-deficient
mice. Total RNA (15 pg) extracted from livers was separated by
electrophoresis, transferred to nylon membrane and hybridized
using the CREBH fragment as a probe. The same membrane was
rehybridized with a B-actin probe.

(TIF)
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Figure S2 Illustration of the metabolite of sulpyrine.
Sulpyrine is non-enzymatically hydrolysed to 4-methylaminoanti-
pyrine (4-MAA), which is further metabolized to 4-aminoantipyr-
ine (4-AA), and 4-formylaminoantipyrine (4-FAA) in the liver.
(TIF)

Figure S3 HPLC chromatograms for the identification
of 4-AA and 4-FAA. (A) Representative HPLC chromatograms
of 4-AA standard (left) and 4-FAA standard (right). (B) A
representative HPLC' chromatogram of serum sample of sulpyr-
ine-administrated mouse. Data are representative of three (A, B)
independent experiments.

(TIF)

Figure S4 Almost 1000 ng/ul 4-AA in the sera is the
threshold of live-and-dead. (A) Wild-type mice were intra-
peritoneally injected with 1.1 mg/g of 4-AA. Sera of alive group
(n=4) and dead group (n = 3) were taken at indicated time points.
Serum concentration of 4-AA were measured by a HPLC assay.
The assay was performed on mice only when they were alive.
N.D., not detected. *** P<0.001. (B) Wild-type (n=15) and
CREBH-deficient (n = 5) mice were intraperitoneally injected with
1.1 mg/g of 4-AA and 4-FAA. Survival rates were monitored for
180 min and 48 hr. Data are representative of two (A, B)
independent experiments.

(TIF)

Figure S5 In vivo transfection of human CREBH. (A, B)
CREBH-deficient mice were transfected with HA-tagged
hCREBH expression vectors (n=4) or empty vectors (n=4). At
24 hr after transfection, livers were taken from these mice. Gene
expression of hCREBH was analysed by a quantitative RT-PCR
and an Immunofluorescence assay. The sections were stained with
anti-HA mouse antibody, then stained with Alexa Fluor 488-
conjugated anti-mouse IgG (green) together with DAPI (blue).
Stained cells were analysed using a confocal microscope. Bars,
100 um. *** P<0.001. Data are representative of two (A, B)
independent experiments.

(TIF)

Figure S6 In vivo transfection of human CYP2B6. (A, B)
CREBH-deficient mice were transfected with HA-tagged
hCYP2B6 expression vectors (n =4) or empty vectors (n=4). At
24 hr after transfection, livers were taken from these mice. Gene
expression of hCYP2B6 was analysed by a quantitative RT-PCR
and an Immunofluorescence assay. The sections were stained with
anti-HA mouse antibody, then stained with Alexa Fluor 488-
conjugated anti-mouse IgG (green) together with DAPI (blue).
Stained cells were analysed using a confocal microscope. Bars,
100 um. *** P<0.001. Data are representative of two (A, B)
independent experiments.

(TIF)

Figure 87 CREBH and CAR independently activate
CYP2B10 promoter. (A) Illustration of luciferase reporter
plasmids containing the CYP2B10 promoter with or without the
CAR responsive element called Nrl region. (B) Huh7 cells were
transiently transfected with luciferase reporter plasmids containing
the CYP2B10 promoter with or without Nrl region together with
control or hCREBH-F expression vector. Relative luciferase
activities were shown as fold increases over the background levels
shown by lysates prepared from control vector-transfected cells.
Error bars are means * S.D. of triplicates. N.S., not significant.
#kk P<<0.001. (C) Hepatocytes of Wild-type mice and CREBH-
deficient mice were taken by a perfusion apparatus. Hepatocytes
were transiently transfected with luciferase reporter plasmids
containing the CYP2B10 promoter with Nrl region together with
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control or hCAR expression vector. Relative luciferase activities
were shown as fold increases over the background levels shown by
lysates prepared from control vector-transfected cells. Error bars
are means £ S.D. of five ways. N.S., not significant. **, P<<0.01;
#%k P<<0.001. Data are representative of three (B, C) independent
experiments.

(TIF)

Figure S8 RNAi vector for CREBH suppressed the
expression of CREBH in vitro. 293T cells were transfected
with 2 ug HA-tagged mCREBH-F expression vectors together
with indicated volumes of RNAI vectors targeting for mCREBH.
At 24 hr after transfection, whole-cell lysates were prepared, and
the knockdown efficiency of RNAi vectors for mCREBH was
analysed by western blot analysis using anti-HA antibody. Data
are representative of two independent experiments.

(TIF)

References

1. Malhi H, Kaufman R]J (2011) Endoplasmic reticulum stress in liver disease.
J Hepatol 54: 795-809.

2. Hetz C, Glimcher LH (2009) Fine-tuning of the unfolded protein response:
Assembling the IRElalpha interactome. Mol Cell 35: 551-561.

3. Pavitt GD, Ron D (2012) New Insights into Translational Regulation in the
Endoplasmic Reticulum Unfolded Protein Response. Cold Spring Harb
Perspect Biol.

4. Harding HP, Zhang Y, Ron D (1999) Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 397: 271-274.

5. Mori K (2010) Divest yourself of a preconceived idea: transcription factor ATF6
is not a soluble protein! Mol Biol Cell 21: 1435-1438.

6. Murakami T, Saito A, Hino S, Kondo S, Kanemoto S, et al. (2009) Signalling
mediated by the endoplasmic reticulum stress transducer OASIS is involved in
bone formation. Nat Cell Biol 11: 1205-1211.

7. Saito A, Hino S, Murakami T, Kanemoto S, Kondo S, et al. (2009) Regulation
of endoplasmic reticulum stress response by a BBF2H7-mediated Sec23a
pathway is essential for chondrogenesis. Nat Cell Biol 11: 1197-1204.

8. Nagamori I, Yomogida K, Ikawa M, Okabe M, Yabuta N, et al. (2006) The
testes-specific bZip type transcription factor Tisp40 plays a role in ER stress
responses and chromatin packaging during spermiogenesis. Genes Cells 11:
1161-1171.

9. Omori Y, Imai J, Watanabe M, Komatsu T, Suzuki Y, et al. (2001) CREB-H: a
novel mammalian transcription factor belonging to the CREB/ATF family and
functioning via the box-B element with a liver-specific expression. Nucleic Acids
Res 29: 2154-2162.

10. Lee JH, Giannikopoulos P, Duncan SA, Wang J, Johansen CT, et al. (2011) The
transcription factor cyclic AMP-responsive element-binding protein H regulates
triglyceride metabolism. Nat Med 17: 812-815.

11. Luebke-Wheeler J, Zhang K, Battle M, Si-Tayeb K, Garrison W, et al. (2008)
Hepatocyte nuclear factor 4alpha is implicated in endoplasmic reticulum stress-
induced acute phase response by regulating expression of cyclic adenosine
monophosphate responsive element binding protein H. Hepatology 48: 1242
1250.

12. Zhang K, Shen X, Wu J, Sakaki K, Saunders T, et al. (2006) Endoplasmic
reticulum stress activates cleavage of CREBH to induce a systemic inflammatory
response. Cell 124: 587-599.

13. Vecchi C, Montosi G, Zhang K, Lamberti I, Duncan SA, et al. (2009) ER stress
controls iron metabolism through induction of hepcidin. Science 325: 877-880.

14. Lee MW, Chanda D, Yang J, Oh H, Kim SS, et al. (2010) Regulation of hepatic
gluconeogenesis by an ER-bound transcription factor, CREBH. Cell Metab 11:
331-339.

15. Liska DJ (1998) The detoxification enzyme systems. Altern Med Rev 3: 187—
198.

16. Hur KY, So JS, Ruda V, Frank-Kamenetsky M, Fitzgerald K, et al. (2012)
IRElalpha activation protects mice against acetaminophen-induced hepatotox-
icity. J Exp Med 209: 307-318.

17. Gunawan BK, Liu ZX, Han D, Hanawa N, Gaarde WA, et al. (2006) c-Jun N-
terminal kinase plays a major role in murine acetaminophen hepatotoxicity.
Gastroenterology 131: 165-178.

18. Henderson NC, Pollock K], Frew J, Mackinnon AC, Flavell RA, et al. (2007)
Ciritical role of c-jun (NH2) terminal kinase in paracetamol- induced acute liver
failure. Gut 56: 982-990.

19. Geisslinger G, Bocker R, Levy M (1996) High-performance liquid chromato-
graphic analysis of dipyrone metabolites to study their formation in human liver
microsomes. Pharm Res 13: 1272-1275.

20. Pierre SC, Schmidt R, Brenneis C, Michaclis M, Geisslinger G, et al. (2007)
Inhibition of cyclooxygenases by dipyrone. Br J Pharmacol 151: 494-503.

PLOS ONE | www.plosone.org

The Side Effect of Sulpyrine by CREBH

Table S1 A list of the sulpyrine-inducible genes studied.

(TIFF)

Table S2 Primers list used in this study.
(TIFF)

Acknowledgments

We thank C. Hidaka for excellent secretarial assistance; Y. Magota and M.
Enomoto for technical assistance; and members of Takeda’s lab for
discussions.

Author Contributions

Conceived and designed the experiments: NK MY KT. Performed the
experiments: NK MY HS JSM SM TK. Analyzed the data: NK MY KT.
Contributed reagents/materials/analysis tools: MS JO YU HK. Wrote the
paper: NK MY KT.

21. Swaminathan J, Ramalingam M, Sethuraman V, Sundaraganesan N, Sebastian
S (2009) Vibrational spectroscopic studies and DFT calculations of 4-
aminoantipyrine. Spectrochim Acta A Mol Biomol Spectrosc 73: 593-600.

22. Kraul H, Truckenbrodt J, Huster A, Topfer R, Hoffmann A (1991) Comparison
of in vitro and in vivo biotransformation in patients with liver disease of differing
severity. Eur J Clin Pharmacol 41: 475-480.

23. Henschel L, Hoffmann A (1991) [Assessment of biotransformation capacity
following oral administration of various model substances as cocktail].
7. Gastroenterol 29: 645-649.

24. Lautenschlager MT, Viktor S, Muller UA, Hoffmann A (1996) [Comparison of
serum concentrations of caffeine, 4-methylaminoantipyrine, sulfamethazine and
debrisoquin following oral administration of these substances as a cocktail in type
II diabetics before and after insulin therapy]. Pharmazie 51: 750-753.

25. Honkakoski P, Zelko I, Sueyoshi T, Negishi M (1998) The nuclear orphan
receptor CAR-retinoid X receptor heterodimer activates the phenobarbital-
responsive enhancer module of the CYP2B gene. Mol Cell Biol 18: 5652-5658.

26. Sueyoshi T, Kawamoto T, Zelko I, Honkakoski P, Negishi M (1999) The
repressed nuclear receptor CAR responds to phenobarbital in activating the
human CYP2B6 gene. J Biol Chem 274: 6043-6046.

27. Zelko 1, Negishi M (2000) Phenobarbital-elicited activation of nuclear receptor
CAR in induction of cytochrome P450 genes. Biochem Biophys Res Commun
277: 1-6.

28. Wei P, Zhang J, Egan-Hafley M, Liang S, Moore DD (2000) The nuclear
receptor CAR mediates specific xenobiotic induction of drug metabolism.
Nature 407: 920-923.

29. Moore LB, Parks DJ, Jones SA, Bledsoe RK, Consler TG, et al. (2000) Orphan
nuclear receptors constitutive androstane receptor and pregnane X receptor
share xenobiotic and steroid ligands. J Biol Chem 275: 15122-15127.

30. Swales K, Kakizaki S, Yamamoto Y, Inoue K, Kobayashi K, et al. (2005) Novel
CAR-mediated mechanism for synergistic activation of two distinct elements
within the human cytochrome P450 2B6 gene in HepG2 cells. J Biol Chem 280:
3458-3466.

31. Chin KT, Zhou HJ, Wong CM, Lee JM, Chan CP, et al. (2005) The liver-
enriched transcription factor CREB-H is a growth suppressor protein under-
expressed in hepatocellular carcinoma. Nucleic Acids Res 33: 1859-1873.

32. Tekkok IH (2011) Metamizole is not as safe as we think or assume. Turk
Neurosurg 21: 116-117.

33. Wessel JC, Matyja M, Neugebauer M, Kiefer H, Daldrup T, et al. (2006)
Characterization of oxalic acid derivatives as new metabolites of metamizol
(dipyrone) in incubated hen’s egg and human. Eur J Pharm Sci 28: 15-25.

34. Gladtke E (1983) Use of antipyretic analgesics in the pediatric patient. Am J Med
75: 121-126.

35. Fendrich Z (2000) [Metamizol-a new effective analgesic with a long history.
Overview of its pharmacology and clinical use]. Cas Lek Cesk 139: 440-444.

36. Janke C, Schmeck J, Passani D, Dodidou P, Stuck B, et al. (2003) [Anaphylactic
cardiocirculatory failure after intraoperative application of dipyrone]. Anaes-
thesist 52: 321-325.

37. Jaszczuk E, Graczyk M, Oszukowski P, Brzezinski P (1999) [Anaphylactic shock
leading to death in a young woman after oral administration of metamizole
(Pyralginum-Polfa)—case report]. Przegl Lek 56: 175-176.

38. Volz M, Kellner HM (1980) Kinetics and metabolism of pyrazolones
(propyphenazone, aminopyrine and dipyrone). Br J Clin Pharmacol 10 Suppl
2: 299S-3088S.

39. Reznik ND, Rumiatseva EP, Borisova AP (1972) [Anaphylactic shock due to the
use of amidopyrine]. Klin Med (Mosk) 50: 133.

40. Raucy JL, Lasker JM, Lieber CS, Black M (1989) Acetaminophen activation by
human liver cytochromes P450IIE1 and P450IA2. Arch Biochem Biophys 271:
270-283.

February 2013 | Volume 8 | Issue 2 | 55800



41.

42.

43.

44.

46.

47.

48.

49.

50.

Zaher H, Buters JT, Ward JM, Bruno MK, Lucas AM, et al. (1998) Protection
against acetaminophen toxicity in CYP1A2 and CYP2EI double-null mice.
Toxicol Appl Pharmacol 152: 193-199.

James LP, Mayeux PR, Hinson JA (2003) Acetaminophen-induced hepatotox-
icity. Drug Metab Dispos 31: 1499-1506.

Cohen SD, Khairallah EA (1997) Selective protein arylation and acetamino-
phen-induced hepatotoxicity. Drug Metab Rev 29: 59-77.

Okamura M, Takano Y, Hiramatsu N, Hayakawa K, Yao ], et al. (2008)
Suppression of cytokine responses by indomethacin in podocytes: a mechanism
through induction of unfolded protein response. Am J Physiol Renal Physiol 295:
F1495-1503.

. Tsutsumi S, Gotoh T, Tomisato W, Mima S, Hoshino T, et al. (2004)

Endoplasmic reticulum stress response is involved in nonsteroidal anti-
inflammatory drug-induced apoptosis. Cell Death Differ 11: 1009-1016.
Tsutsumi S, Namba T, Tanaka KI, Arai Y, Ishihara T, et al. (2006) Celecoxib
upregulates endoplasmic reticulum chaperones that inhibit celecoxib-induced
apoptosis in human gastric cells. Oncogene 25: 1018-1029.

Yang H, Park SH, Choi HJ, Moon Y (2010) The integrated stress response-
associated signals modulates intestinal tumor cell growth by NSAID-activated
gene 1 (NAG-1/MIC-1/PTGF-beta). Carcinogenesis 31: 703-711.

Singh G (1998) Recent considerations in nonsteroidal anti-inflammatory drug
gastropathy. Am J Med 105: 315-38S.

Din FV, Theodoratou E, Farrington SM, Tenesa A, Barnetson RA, et al. (2010)
Effect of aspirin and NSAIDs on risk and survival from colorectal cancer. Gut
59: 1670-1679.

Johannesdottir SA, Chang ET, Mehnert F, Schmidt M, Olesen AB, et al. (2012)
Nonsteroidal anti-inflammatory drugs and the risk of skin cancer: A population-
based case-control study. Cancer.

PLOS ONE | www.plosone.org

14

51.

52.

53.

54.

56.

57.

58.

59.

The Side Effect of Sulpyrine by CREBH

Namba T, Homan T, Nishimura T, Mima S, Hoshino T, et al. (2009) Up-
regulation of S100P expression by non-steroidal anti-inflammatory drugs and its
role in anti-tumorigenic effects. J Biol Chem 284: 4158-4167.

Mizushima T (2008) [Strategy for development of NSAIDs with lower risk for
side effects]. Yakugaku Zasshi 128: 255-261.

Tanaka K, Tomisato W, Hoshino T, Ishihara T, Namba T, et al. (2005)
Involvement of intracellular Ca2+ levels in nonsteroidal anti-inflammatory drug-
induced apoptosis. J Biol Chem 280: 31059-31067.

Eggan K, Akutsu H, Loring J, Jackson-Grusby L, Klemm M, et al. (2001)
Hybrid vigor, fetal overgrowth, and viability of mice derived by nuclear cloning
and tetraploid embryo complementation. Proc Natl Acad Sci U S A 98: 6209~
6214.

. Katz EZ, Granit L, Drayer DE, Levy M (1984) Simultaneous determination of

dipyrone metabolites in plasma by high-performance liquid chromatography.

J Chromatogr 305: 477-484.

Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL
(2011) MicroRNA-124 promotes microglia quiescence and suppresses EAE by
deactivating macrophages via the C/EBP-alpha-PU.1 pathway. Nat Med 17:
64-70.

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, et al. (1998)
Targeted disruption of the MyD88 gene results in loss of IL-1- and IL-18-
mediated function. Immunity 9: 143-150.

Tamaki N, Hatano E, Taura K, Tada M, Kodama Y, et al. (2008) CHOP
deficiency attenuates cholestasis-induced liver fibrosis by reduction of hepatocyte
injury. Am J Physiol Gastrointest Liver Physiol 294: G498-505.

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, et al. (2003) Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway.
Science 301: 640-643.

February 2013 | Volume 8 | Issue 2 | 55800



