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Abstract
Murine regenerating islet-derived 3β (Reg3β) represents a homologue of human hepatocarcinoma-
intestine-pancreas/pancreatic-associated protein and enhanced mouse susceptibility to the
acetaminophen (APAP)-induced hepatotoxicity. Our objective was to determine if and how
knockout of Reg3β (KO) affected the APAP (300 mg/kg, ip)-mediated protein nitration in mouse
liver. The APAP injection produced greater levels of hepatic protein nitration in the KO than the
wild-type mice. Their elevated protein nitration was alleviated by a prior injection of recombinant
mouse Reg3β protein, and was associated with an accelerated depletion of the peroxynitrite
(ONOO−) scavenger glutathione by an up-regulated hepatic glutathione peroxidase-1 (GPX1)
activity. The enhanced GPX1 production in the KO mice was mediated by an 85% activity rise (p
< 0.05) of selenocysteine lyase (Scly), a key enzyme to mobilize Se for selenoprotein biosynthesis.
Knockout of Reg3β enhanced AP-1 protein and its binding activity to the gene promoter of Scly,
up-regulating its gene transcription. However, knockout of Reg3β did not affect gene expression
of other key factors for selenoprotein biosynthesis. In conclusion, our finding unveiled a new
metabolic role of Reg3β in protein nitration and a new biosynthesis control of GPX1 by a
completely “unrelated” regenerating protein Reg3β via transcriptional activation of Scly in coping
with hepatic protein nitration. Linking selenoproteins to tissue regeneration will have profound
implications in understanding mechanism for Se functions and physiological coordination of tissue
regeneration with intracellular redox control.
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Introduction
Regenerating islet-derived 3β (Reg3β) is the mouse homologue of human hepatocarcinoma-
intestine-pancreas/pancreatic-associated protein (HIP/PAP). As a member of the Reg family
involved in tissue regeneration [1,2], Reg3β plays key roles in protecting against liver
injuries produced by oxidants and toxins [3]. Knockout of Reg3β rendered mouse sensitive
to the Fas-induced hepatotoxicity [3], and overexpression of the protein protected against the
analgesic and antipyretic acetaminophen (APAP) toxicity [4]. Metabolically, APAP and its
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reactive metabolite N-acetyl-p-benzoquinoneimine (NAPQI) may react with target proteins
to form NAPQI-protein adducts, leading to liver injury [5, 6]. Meanwhile, protein nitration
has been found to contribute to the APAP-induced hepatotoxicity. There was strong
immune-histochemical staining of nitrated proteins in centrilobular necrotic areas of APAP-
exposed animals [7]. The APAP-induced protein nitration was associated with mitochondrial
dysfunction [8]. However, roles of Reg3b in the APAP-induced hepatic protein nitration and
the underlying mechanism have not been studied. While Reg3β knockout (KO) mice seem to
be an ideal model to answer that question, secondary changes associated with the genetic
manipulation could confound target responses in these global knockouts [9]. Thus,
additional experiments are needed to verify direct findings from the KO mice as actual
primary responses.

Protein nitration derives from reactions between tyrosine residues of target proteins and
peroxynitrite (ONOO−, PN) [10]. As a main post-translational modification, the production
of nitrotyrosine may alter protein function or stability, and consequently contribute to
pathogeneses of various chronic diseases [11–13]. Apparently, the net rate of nitrotyrosine
production is controlled by the balance between the formation and scavenge of PN [10,14].
The formation of PN depends on reactions of nitric oxide (NO) and superoxide anion [10].
Whereas the former, one of the important mediators of APAP-induced hepatotoxicity [15],
can be regulated by inducible NO synthase (iNOS) [16] through PI3K-Akt signaling
pathway [17,18]. The latter can be generated by cytochrome P450 2E1 (CYP2E1) [19] and
converted into H2O2 by superoxide dismutase (SOD) [20]. Meanwhile, glutathione (GSH) is
one of the most effective scavengers of PN [14,21], and enhancing intracellular GSH
protects against the APAP overdose [22]. In general, cellular GSH is controlled by activities
of key enzymes related to GSH synthesis: γ-glutamylcysteine synthetase (γ-GCS) [23] and
glutathione synthetase (GS) [23], GSH regeneration: glutathione reductase (GR) [24], and
GSH consumption: glutathione S-transferase (GST) [25] and cellular glutathione
peroxidase-1 (GPX1) [26].

Among the 25 selenium (Se)-dependent proteins identified in mammals [27], GPX1 is the
first characterized [28] and the most abundant [29]. While metabolic functions of Se are
presumably performed mainly by various selenoproteins [29,30], biosynthesis of these
proteins is controlled by selenophosphate synthetases 1 and 2 (SPS1 and SPS2),
selenocysteine insertion sequence (SECIS)-binding protein (SBP2), and Se recycling
enzyme selenocysteine lyase (Scly) [31]. As a GSH-consuming enzyme, overexpression of
GPX1 actually sensitized mice to the APAP toxicity [32] by accelerating depletion of
intracellular GSH. Reciprocally, knockout of GPX1 protected primary hepatocytes against
protein nitration induced by authentic PN [33]. Although both Reg3β and GPX1 exert strong
impacts on the APAP hepatotoxicity [4,32], these two distinctly different family proteins
have never been recognized to be functionally related. Likewise, neither Se nor
selenoproteins have been found to be involved in tissue regeneration despite their broad
roles in antioxidant defense [34], thyroid hormone [35], reproduction [36], immune function
[34], anti-tumorigenesis [37,38], cardiovascular diseases [39], and energy metabolism [31].

The initial objective of the present study was to determine if and how the Reg3β knockout
affected the APAP-mediated hepatic protein nitration. To follow through the ultimate
mechanism for the observed genotype difference in this regard, we took stepwise approaches
to elucidate effects and mechanisms of the Reg3β knockout on the formation and scavenging
of PN, synthesis and consumption of GSH, and functional expression of GPX1 and Scly. To
exclude possible confounding effects associated with the global knockout of Reg3β, we
expressed the mouse recombinant Reg3β protein (rcReg3β) in a yeast system and used the
purified rcReg3β to verify our in vitro and in vivo findings. It is most exciting that we
revealed a novel up-regulation of hepatic GPX1 activity by the knockout of Reg3β via
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transcriptional activation of Scly, and provided the first link between tissue regeneration and
selenoprotein synthesis.

Materials and methods
Animals and APAP treatment

Our animal protocol was approved by the Institutional Animal Care and Use Committee at
Cornell University and conducted in accordance with the NIH guidelines for animal care.
The KO mouse breeders were provided by Dr. Jamila Faivre at Institut National de la Sante
et de la Recherche Medicale (INSERM). These mice were generated as previously described
[3] using a C57BL/6J genetic background. Heterozygous breeders of Reg3β (+/−) were used
to produce littermates of KO and wild-type (WT) mice for the planned experiments.
Genotyping was performed by PCR analysis (Supplementary Fig. S1) using the primer pairs
(Supplementary Table S1) as descried previously [3]. Mice were housed in plastic boxes
located in an environmentally-controlled room (23 ± 3°C, 40–60% humidity, and 12/12 h
dark-light cycle), and were given free access to water and a Se-adequate Torula yeast-based
diet [40]. All experimental mice were male and 8-wk of age. The APAP preparation and
injection (intraperitoneally or ip at 300 mg/kg) were the same as previously described [41].
Mice were fasted for 8 h before the injection and killed to collect blood and liver tissue at 5
h after the injection. The blood was centrifuged immediately to prepare fresh plasma for the
determination of alanine aminotransferase (ALT) activity. Liver was frozen in liquid
nitrogen and stored at −80 °C until further analysis. The pre-treatment of purified rcReg3β
protein in the KO mice was also administrated by the ip injection (0, 1 and 6 mg/kg) at 6 h
before the APAP treatment.

Recombinant mouse Reg3β cloning, expression, and purification
To amplify the mature protein sequence of the Reg3β gene (NM_011036.1), total RNA
extracted from the liver of the WT mouse was used to obtain cDNA. The gene was cloned
into the expression vector pPICZαA (Invitrogen, Carlsbad, CA), transformed into E. coli
DH5α, and electroporated into Pichia pastoris X33 for methanol-induced protein expression
(6 d). The expressed Reg3β protein was purified by gel filtration through a Sephadex G-25
column, and ion-exchange chromatography on a Q-Sepharose column (Bio-Rad
Laboratories, Hercules, CA). The purified protein was measured using the bicinchoninic
acid (BCA) protein assay kit (Pierce Chemical Co., Rockford, IL) and confirmed by SDS-
PAGE and Western blot using rabbit Reg3β antibody (provided by Dr. Stephen Hunt,
University College London, UK).

Enzyme activity, GSH, and NO analyses
Plasma ALT activity was assayed using a kit as described by the manufacturer’s instructions
(Thermo Scientific, Waltham, MA). Total hepatic GSH was measured by the GSH recycling
assay [42] and oxidized glutathione (GSSG) was assayed using the same procedure after 2-
vinylpyridine and triethanolamine were added to supernatant to incubate for 1 h. As an
indicator of NO production, plasma nitrate and nitrite concentrations were measured as
previously described [33] to test if the impact of Reg3β knockout on hepatic protein nitration
was related to NO formation. Nitrate was reduced to nitrite using nitrate reductase. The
fluorescence was measured with excitation at 360 nm and emission at 450 nm. Hepatic
SOD1 activity was measured using a water-soluble formazan dye kit (Dojindo Molecular
Technologies, Gaithersburg, MD) according to the manufacturer’s instructions. One unit of
SOD1 was defined as the activity needed to inhibit 50% 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt reduction. Hepatic
CYP2E1 activity was assayed in microsomal fractions by the hydroxylation of aniline into
p-aminophenol [43]. Hepatic γ-GCS activity was determined as previously described [23],
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and GS activity was determined by measuring the formation of ADP in reaction mixtures
[23]. Hepatic GR activity was measured and defined as nmol of the oxidized GSH form
reduced, using a molar extinction coefficient of 6.22 ×103 for NADPH [33]. Hepatic GST
activity was determined and defined as nmol of S-2,4-dinitrophenylglutathione formed per
min with 1-chloro-2,4-dinitrobenzene as substrate [33]. Hepatic GPX1 activity was
determined by the coupled assay of NADPH oxidation using H2O2 as substrate and
expressed as nmol of GSH oxidized per minute and mg of protein [33]. Hepatic Scly activity
was measured by the release of hydrogen selenide that reacts with lead acetate, and amounts
of the produced hydrogen selenide were calculated using an apparent molar coefficient for
lead selenide of 2.35 ×104 [44]. For testing possible direct effects of the rcReg3β protein on
Scly activity, the purified rcReg3β protein (0, 0.1, or 1.0 μg) was mixed with 100 μg of liver
homogenate protein and incubated for 30 min at room temperature before the Scly activity
assay.

In vitro analysis of protein nitration
Liver samples of WT and KO mice were homogenized in 50 mM potassium phosphate
buffer, pH 7.8, 0.1% Triton X-100, 1.34 mM diethylenetriaminepentaacetic acid, and
centrifuged at 14,000 g for 10 min at 4 °C to collect the supernatants. Thereafter, 130 μg of
liver homogenate protein (20 μl) of WT and KO mice wase incubated with rcReg3β (0, 0.1,
and 1.0 μg/20 μl) or GSH (0, 0.13, and 1.3 μg/20 μl) for 30 min at room temperature.
Subsequently, 16.4 nmol of PN (Calbiochem, San Diego, CA) was mixed with the reaction
mixture for 5 min at 37°C [41], and the reaction was terminated by putting the samples on
ice. After the PN treatment, 50 μg of protein from the mixture was used for analysis of
nitrotyrosine formation by Western blotting.

Western blot analysis
Protein concentrations of liver homogenates were determined using BCA protein assay
reagent (Pierce). Liver homogenates (40 to 100 μg proteins/lane) was subjected to SDS-
PAGE gels (12 % gel) and transferred to nitrocellulose membranes [33]. Membranes were
incubated with appropriate primary antibodies (Supplementary Table S2) overnight at 4°C,
and were washed and incubated with either anti-mouse (Pierce) or anti-rabbit secondary
antibody (Bio-Rad) at room temperature for 1 h. Signals were detected with SuperSignal
West Pico Kit (Pierce) and exposed to imaging films (Kodak, Rochester, NY) according to
the manufacturer’s instructions. Densitometry of the target bands was analyzed using Image
J (National Center for Biotechnology Information, NCBI).

Quantitative PCR (qPCR) analysis of gene expression
Total RNA was isolated with TRIzol Reagent (Invitrogen, Carlsbad, CA) from liver tissue.
The RNA integrity and quantity were assessed by Agilent Bioanalyzer 2100 using RNA
6000 Labchip kit (Agilent Technologies, Amstelveen, The Netherlands). Reverse-
transcription was performed using Superscript and oligo(dT) primer following the
manufacturer’s protocol (Invitrogen). Real-time qPCR was conducted with SYBR Green
Master Mix reagents (Applied Biosystems, Foster City, CA) and an ABI 7700 (Applied
Biosystems). Primers used are shown in Supplementary Table S1. The normalized
expression levels of genes were calculated as 2−ΔΔCt.

Transcriptional regulation of Scly
The proximal promoter region of Scly, defined as 2,000 bases upstream of the transcription
start site, was retrieved from the NIH/NCBI Entrez Gene database (http://
www.ncbi.nlm.nih.gov/gene). A widely-used transcription factor database, Transcription
Element Search System (TESS) (http://www.cbil.upenn.edu/cgi-bin/tess/tess) was used to
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identify putative binding sites for transcription factor in the promoter region of Scly.
Chromatin was isolated from liver of WT and KO mice, fragmented, and immune-
precipitated using an Imprint® Chromatin Immunoprecipitation (ChIP) kit (Sigma, St. Louis,
MO) according to the manufacturer’s directions. The immunoprecipitated DNA was
quantified by PCR. Primer sequences are shown in Supplementary Table S1. Relative
binding intensity was measured by Image J (NCBI).

Statistical analysis
Treatment effects or genotype differences were analyzed using one-way ANOVA, and mean
differences were tested by post hoc Tukey’s multiple range tests using Minitab® 14 software
(Minitab Inc., State College, PA). Data are presented as means ± SEM. Differences were
considered to be significant at p < 0.05.

Results
Knockout of Reg3β aggravated the APAP-induced liver injury and protein nitration

While the single ip injection of APAP (at 300 mg/kg for 5 h, Fig. 1A) caused liver injuries
in both genotypes, plasma ALT activity was 1.8-fold greater (p < 0.01) in the KO than the
WT mice after APAP treatment (Fig. 1B). Likewise, the APAP injection induced hepatic
nitrotyrosine formation in both genotypes, but the intensity was much greater in the KO
mice than in WT mice (Fig. 1C).

To clarify if the above-observed impact of Reg3β knockout on the APAP-induced liver
injury and protein nitration was a primary response, we pre-treated the KO mice with an ip
injection of 1 or 6 mg/kg of the purified rcReg3β protein at 6 h before the APAP
administration (Fig. 1D). The purified protein was confirmed by SDS-PAGE (Fig. 1E) and
Western blot (Fig. 1F). Compared with the vehicle (PBS)-treated control, the pre-treatment
of rcReg3β resulted in a dose-dependent suppression on the APAP-induced plasma ALT
activity rise (p < 0.05, Fig. 1G) and hepatic nitrotyrosine formation (Fig. 1H).

Knockout of Reg3β did not affect PN formation
Because Reg3β was shown to stimulate hepatic Akt phosphorylation [4], and Akt signaling
was involved in up-regulating iNOS for production of NO [17], one of factors for PN
formation [10], we determined the effects of Reg3β knockout on hepatic Akt protein and
phosphorylation in mice treated with or without APAP (Fig. 2A). Compared with the WT
mice, knockout of Reg3β did not alter liver Akt protein, but suppressed the phosphorylation
of Akt in the liver tissue, leading to 63 % (p < 0.05) and 57 % (p < 0.001) lower ratio of p-
Akt (Thr308)/Akt and p-Akt (Ser473)/Akt, respectively, in the KO mice than the WT mice
treated with PBS. Meanwhile, the APAP-induced Akt phosphorylation at Thr308 was much
higher (p < 0.05) in KO mice than that in WT mice. And, the APAP treatment elevated Akt
phosphorylation (p < 0.05) at Ser473 residue only in the KO mice. Hepatic iNOS protein
band was detectable only in the APAP-treated KO mice (Fig. 2B). Plasma nitrate/nitrite
concentrations were 53% lower (p < 0.05) in the PBS-treated KO mice than the WT mice,
and were elevated 112 % (p < 0.01) by the APAP treatment only in the KO mice. This
resulted in no significant difference in plasma NO between the two genotypes after the
APAP injection (Fig. 2C).

Because superoxide anion, another factor for PN formation, can be generated by CYP2E1
[19] and converted to H2O2 by SOD1 [20], we determined hepatic activities of CYP2E1 and
SOD1 as indicators of PN formation and turnover [26,45]. There was no genotype difference
in protein expressions of liver SOD1 and microsomal CYP2E1 (Fig. 3A) before or after the
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APAP treatment. The same was also true of the hepatic activity of SOD1 (Fig. 3B) and
microsomal CYP2E1 (Fig. 3C).

Enhanced protein nitration in the KO mice was involved in down-regulated PN scavenge
The baseline level of hepatic GSH, one of the most effective scavengers of PN [14,21], in
KO mice was 36% lower (p < 0.01) than that in WT mice. The APAP treatment led to a
greater loss (p < 0.05) of hepatic GSH in the KO mice than in the WT mice (Fig. 4A). The
ratio of GSSG/GSH was higher in the KO mice than in the WT mice (Fig. 4B). To reveal if
the genotype difference in the APAP-induced hepatic protein nitration was associated with
the suppression of PN scavenge related to the changed hepatic GSH, we first incubated liver
homogenates of both genotypes with the same amount of authentic PN and found a much
stronger nitrotyrosine formation in the KO homogenate (Fig. 4C). Subsequently, we added 2
levels of the purified rcReg3β protein (0.1 or 1 μg) into the homogenate reaction mixture
(130 μg) to determine whether the Reg3β protein functioned as a direct player or helper in
scavenging PN. As shown in Fig. 4D, the purified rcReg3β protein exerted no impact on the
PN-mediated protein nitration of liver homogenates of either genotype. In contrast, adding
GSH at the level of 0.13 μg, comparable to the genotype baseline difference (3.34 μmol/g),
or 10-fold of that level (1.30 μg) into the liver homogenate resulted in a dose-dependent
suppression of the PN-mediated protein nitration.

Decreased GSH was associated with up-regulated GPX1 activity in the liver of KO mice
To reveal biochemical mechanisms for the lower baseline level of hepatic GSH in the KO
mice, we measured activities of 5 GSH-related enzymes. Knockout of Reg3β did not alter
activities of 2 rate-limiting enzymes of GSH synthesis, GCS and GS (Figs. 5A and B), or the
key enzyme in GSH regeneration, GR (Fig. 5C). Meanwhile, activity of the GSH consuming
enzyme GST was 15% lower in the KO mice than the WT mice, but the difference was not
significant (Fig. 5D). In contrast, the KO mice had 34% greater hepatic GPX activity (p <
0.01, Fig. 5E) and 41% greater hepatic GPX1 protein (p < 0.05, Fig. 5F) than the WT mice,
respectively.

Elevated hepatic GPX1 in the KO mice was correlated with enhanced Scly function
To reveal if the knockout of Reg3β specifically up-regulated hepatic GPX1 production, we
determined hepatic protein levels of other selenoproteins (selenoprotein P, SeP and
selenoprotein K, SelK). These proteins showed similar increases in the KO mice despite no
changes in their mRNA levels (Figs. 6A and B). To explore if there was an overall up-
regulation of selenoprotein biosynthesis in the KO mice, we determined gene expression of
key factors for selenoprotein biosynthesis including SPS1, SPS2, SBP2, and Scly [31,46],
and found a significant increase in only Scly mRNA level (Figs. 6C and D). Because Scly is
a key enzyme for biosynthesis of selenoproteins, in particular GPX1 and SeP [29–31,47], we
measured its activity and found an 85% increase in the KO mice compared with the WT
mice (Fig. 6E). To exclude a possible direct inhibition of the Scly activity by Reg3β, we
compared the enzyme activity in the liver homogenates of both genotypes before and after
the addition of the purified rcReg3β in reaction mixture (Fig. 6F).

Knockout of Reg3β up-regulated transcription of Scly
Because up-regulation of the Scly activity in the KO mice was accompanied with the rise in
its mRNA level, we postulated an induced Scly transcription by the Reg3β knockout. To
search for potential transcription factors for this proposed event, we analyzed the promoter
region of Scly (2000 base pair upstream of the transcription start site) using TESS. The
analysis identified 4 transcription factors, nuclear factor 1 (NF-1), Yin Yang 1 (YY1),
activator protein 1 (AP-1) and glucocorticoid receptor (GR), with the highest frequencies of
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binding sites in the promoter region of Scly (Fig. 7A). Further qPCR analysis showed that
gene expressions of only the AP-1 family members c-jun, c-fos, and JunB were significantly
up-regulated by the knockout of Reg3β (p < 0.05, Fig. 7B). Consistently, the KO mice had
greater amounts of hepatic c-Jun protein (Fig. 7C). Because AP-1 was suggested to bind the
promoter region of rat Scly [48], we conducted ChIP assay to determine if c-Jun actually
bound these sites of mouse Scly (Supplementary Table S3 and Fig. S2). In fact, c-Jun was
able to bind all these putative sites and the binding was enhanced (p < 0.05) in 2 out of the 4
sites by the knockout of Reg3β (Fig. 7D).

Discussion
The most direct finding of the present study is that knockout of Reg3β rendered mice
susceptible to the APAP-induced protein nitration. Remarkably, pre-treating the KO mice
with the purified rcReg3β protein before the APAP administration attenuated the induced
hepatic protein nitration and plasma ALT rise. Previous studies have shown that
overexpression of Reg3β protects against Fas- or APAP-induced liver failure and stimulates
liver regeneration with early activation/deactivation of STAT3 [3,4], whereas knockout of
Reg3β sensitizes liver to oxidative stress and delays liver regeneration with persistent TNF-
a/IL6/STAT3 signaling [3]. Although the lack of appropriate reagent or functional assay for
the Reg3β protein did not allow us to estimate the physiological level or the recovery of the
protein after the ip injection in the liver, our study reveals a novel protection of Reg3β
against hepatic nitrotyrosine formation mediated by the APAP overdose. While future
research will be needed to assess if the injected doses of rcReg3β (1 or 6 mg/kg) are
physiological or pharmacological, the effectiveness of the Reg3β pre-treatment in protecting
mice against the APAP toxicity illustrates a new strategy to treat the APAP overdose [49]. It
extends previous findings [4] on the role of Reg3β in APAP hepatotoxicity, and helps clarify
PN and the PN-induced nitrotyrosine formation as a main mechanism for the APAP-induced
hepatotoxicity [21].

A down-regulation of PN scavenger GSH in the liver of KO mice provides a strong
explanation to their aggravated protein nitration after the APAP overdose compared with the
WT mice. Three lines of evidences support this view. First, the KO mice did not have
greater NO level than the WT mice following the APAP administration, despite the induced
iNOS protein production, activation of Akt phosphorylation at Ser473, and greater level of
Akt phosphorylation at Thr308. Intriguingly, the KO mice showed a lower baseline of NO
production than the WT mice. Second, knockout of Reg3β did not affect protein production
and activity of upstream PN-forming superoxide-related enzymes SOD1 or microsomal
CYP2E1 [19,20,26,45]. Third, hepatic GSH was much lower in the KO mice than in the WT
mice at the baseline, and was nearly diminished after the APAP administration.
Furthermore, the addition of the same amount of PN to the liver homogenates produced
remarkably more nitrotyrosine in the KO mice than in the WT mice. This probably resulted
from the decreased PN scavenging. More convincingly, adding GSH to the liver
homogenates of KO mice produced a dose-dependent suppression on the PN-induced
protein nitration. It is noteworthy that Reg3β protein itself was not directly involved in the
PN-mediated protein nitration because adding the protein at multiple doses into the liver
homogenate of KO mice showed no effect on the reaction. This further supports a functional
regulation of hepatic GSH by the knockout of Reg3β as the mechanism for the accelerated
protein nitration in the APAP-overdosed KO mice.

Searching for biochemical mechanism for the attenuated hepatic GSH in the KO mice led us
to the most significant discovery that knockout of Reg3β up-regulated selenoenzyme GPX1
via enhanced Scly function [31,47]. Among the five major GSH-synthesis, regeneration, or
consuming enzymes assayed in the present study, GPX1 was the only one affected by the
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Reg3β knockout. The 34% elevation of hepatic GPX activity in the KO mice signified a
strong reason for the aggravated APAP toxicity in these mice because GPX1 uses GSH as a
substrate in its catalytic reactions of hydroperoxide removal [26] and thus competes against
the need for GSH to directly scavenge PN in the early phase of APAP overdose [22].
Mirochnitchenko et al. [32] showed that overexpression of GPX1 sensitized mice to the
APAP toxicity by accelerating hepatic GSH depletion. Reciprocally, our laboratory
demonstrated a protective role of GPX1 knockout in primary hepatocytes against the PN-
induced protein nitration and cell death by sparing cytosolic GSH from the voided
enzymatic reaction [50]. Meanwhile, the increased hepatic GPX1 activity in the KO mice
led us to observe a corresponding elevation of hepatic GPX1 protein. Most fascinatingly, we
serendipitously discovered protein nitration of Scly in the APAP-treated KO mouse liver
from a preliminary proteomic analysis. This enzyme breaks down selenocysteine into
alanine and selenide that synthesize selenophosphate as a donor of Se for the biosynthesis of
selenoproteins, and thus plays a key role in mobilizing Se from the decomposition of
selenocysteine for selenoprotein synthesis [51]. A recent study has shown that knockout of
Scly decreased SeP and SelS, along with GPX1 activity [31]. Because of the concurrent rise
of GPX1 and Scly activity in the liver of KO mice, we postulated a possible overall up-
regulation of selenoprotein biosynthesis in these mice mediated by elevated function of Scly
[31,47]. Indeed, these mice had greater levels of hepatic SeP and SelK in addition to GPX1
than the WT mice, without changes in their mRNA levels. Thereby, we have herein revealed
a novel in vivo regulation of selenoprotein biosynthesis, via Scly, by a previously unknown
or completely-unrelated factor of the tissue regenerating protein Reg3β. Although
mammalian selenoproteome and machinery of selenoprotein biosynthesis is well-
characterized [27,51,52], current understanding of regulation of selenoprotein biosynthesis
has been limited to only Se [53]. Evidently, our findings link this biosynthesis to tissue
regeneration and offer the first evidence for the involvement of Se in a completely new
metabolic process beyond its recognized roles in antioxidant defense [34], thyroid hormone
metabolism [35], reproduction [36], immune function [34], anti-tumorigenesis [37,38],
cardiovascular diseases [39], and energy metabolism [31]. Meanwhile, unveiling this link
will provide a completely new clue to help explain yet resolved pathogenesis mechanisms of
tissue degenerations in the classical Se/vitamin E deficiency diseases [54] and the anti-
cancer function of Se [37,38]. Illustrating this link will also render Se or selenoproteins as a
new regulator or modulator of tissue regeneration.

Substantial evidences generated from our mechanistic experiments indicate that knockout of
Reg3β enhanced transcriptional factor AP-1 protein that activated transcription of Scly,
leading to an up-regulation of Scly activity. First of all, adding the purified rcReg3β protein
to the liver homogenates of KO or WT mice did not inhibit Scly activity. Thus, the activity
rise in the KO mice was not caused by the Reg3β absence itself. Second, the activity rise in
the KO mice was accompanied with consistent increases in the enzyme mRNA, suggesting a
potential transcriptional up-regulation [55]. Notably, knockout of Reg3β affected gene
expression of only Scly, but not SPS1, SPS2, or SBP2 that are also key players of
selenoprotein biosynthesis [31,46]. Apparently, the relationship between Scly and Reg3β
was specific. Third, bioinformatics analysis identified AP-1 as one of the top four
transcription factors (NF-1, YY1, AP-1 and GR) with high frequencies of binding sites in
the promoter region of Scly, and mRNA and(or) protein levels of AP-1 family c-jun and c-
fos were actually greater in the KO mice than the WT mice. Fourth, the ChIP assay revealed
four binding sites in the promoter of Scly for c-Jun protein and binding at two of these sites
were up-regulated in the KO mice. Jafari et al. [48] previously reported that AP-1 binding
sites in Scly promoter were related to the regulation of its transcription in the kidney of rats.
Our study has confirmed AP-1 binding to the promoter region of Scly in the liver tissue of
mice and offered a novel regulation for these induced binding activities by the Reg3β
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knockout. However, future research will be needed to identify other transcriptional factors
that also bind the promoter region and their impact on transcription of Scly.

In summary, our study has elucidated a new function of Reg3β in the APAP-induced protein
nitration via modulating tissue levels of PN scavenger GSH, which helps explain the
previously-observed impacts of Reg3β knockout [3] or overexpression [3,4] on toxicities of
APAP and other pro-oxidants. Most strikingly, our research has unveiled that Reg3β, a liver
regenerating protein [3], served as a novel regulator of selenoprotein biosynthesis via the
newly discovered pathway of AP-1→Scly→selenoproteins (GPX1, SeP, and SelK). Overall,
our findings have not only identified new metabolic roles of Reg3β in the APAP-induced
protein nitration, but also linked Se metabolism to tissue regeneration control. These results
will have profound implications in understanding metabolism of Se, functions of
selenoproteins, and physiological coordination of tissue regeneration and repairing.
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Abbreviations

AKT protein kinase B

ALT alanine aminotransferase

AP-1 activator protein 1

APAP acetaminophen

CYP2E1 cytochrome P450 2E1

γ-GCS γ-glutamylcysteine synthetase

GPX glutathione peroxidase

GR glucocorticoid receptor

GR glutathione reductase

GS glutathione synthetase

GSH glutathionnes

GSSG oxidized glutathione

GST glutathione S-transferase

HIP/PAP hepatocarcinoma-intestine-pancreas/pancreatic-associated protein

iNOS inducible NO synthase

IP intraperitoneal

NF-1 nuclear factor 1

NO nitric oxide

PN peroxynitrite
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Reg3β regenerating islet-derived 3β

SBP selenocysteine insertion sequence-binding protein

Scly selenocysteine lyase

Se selenium

SECIS selenocysteine insertion sequence

SelK selenoprotein K

SeP selenoprotein P

SOD superoxide dismutase

SPS selenophosphate synthetases

YY1 Yin Yang 1
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Highlights

• Reg3β knockout aggravated APAP-induced hepatic protein nitration

• Reg3β knockout accelerated GSH depletion via GPX1 up-regulation

• Reg3β knockout enhanced GPX1 activity via Scly up-regulation

• Reg3β knockout up-regulated AP-1 binding activity to the Scly promoter

• Reg3β may link tissue regeneration to metabolism of selenoproteins
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Fig. 1.
Aggravated hepatic protein nitration in the KO mice overdosed with APAP was rescued by a
pre-treatment of rcReg3β protein. (A) Experimental design of the APAP treatment (ip
injection, and PBS as a vehicle control). (B) The APAP-induced rise of plasma ALT
activity, n = 4–6/group. (C) The APAP-induced hepatic nitrotyrosine formation analyzed by
Western blot. (D) Experimental design of the pre-treatment (ip injection) with 1 (Reg-1) or 6
mg/kg (Reg-6) of rcReg3β protein (PBS as a vehicle control). (E) The purified rcReg3β
(arrow) applied to a 12% SDS-PAGE and stained with Coomassie brilliant blue: M, sizes
(kDa) of molecular weight markers; Lane 1, purified fraction of rcReg3β after ion exchange
chromatography. (F) Western blot analysis of the purified rcReg3β (open arrow) using the
rabbit Reg3β antibody. (G) Dose-dependent effect of the rcReg3β protein pre-treatment on
the APAP-induced plasma ALT activity rises, n = 4-6/group. (H) Dose-dependent effect of
the rcReg3β protein pre-treatment on the APAP-induced hepatic nitrotyrosine formation
analyzed by Western blotting.
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Fig. 2.
Knockout of Reg3β did not alter plasma NO production after the APAP treatment. (A)
Western blot analysis of hepatic Akt protein and Akt phosphorylation at Ser473 and Thr308
(left panel) and quantitative analysis of the gel data (right panel) normalized to the levels of
β-actin, n = 5/group, NS, not significant. (B) Western blot analysis of hepatic iNOS protein.
(C) Tissue NO formation measured by plasma nitrate and nitrite concentration, n = 5/group,
NS, not significant.
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Fig. 3.
Knockout of Reg3β did not affect hepatic SOD1 and CYP2E1 protein or activity. (A)
Western blot analysis of hepatic SOD1 and microsomal CYP2E1. (B) Hepatic SOD1
activity, n = 5/group. (C) Microsomal CYP2E1 activity in the liver tissue, n = 4–5/group.
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Fig. 4.
Enhanced nitrotyrosine formation in the KO mice was associated with down-regulated PN
scavenging. (A) Hepatic GSH concentration, n = 5/group. (B) Hepatic GSSG/GSH ratio, n =
5/ group. (C) Western blot analysis of nitrotyrosine formation in liver homogenates of the
WT and KO mice induced by the same amount of extrinsic PN. (D) Western blot analysis of
the pre-incubation effects of rcReg3β or GSH on the PN-mediated protein nitration in liver
homogenates of KO mice. The rcReg3β protein or GSH was incubated with the reaction
mixture for 30 min at room temperature before the PN addition.
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Fig. 5.
Decreased GSH was associated with up-regulated GPX1 activity in the liver of KO mice.
(A–D) Hepatic activities of GCS (A), GS (B), GR (C), and GST (D) in the WT and KO
mice, n = 4–5/group. (E) Hepatic GPX1 activity in the WT and KO mice, n = 5/group. (F)
Western blot analysis of hepatic GPX1 protein (top panel) and densitometric quantitation of
the gel image normalized to the levels of β-actin, n = 5/group (bottom panel).
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Fig. 6.
Elevated hepatic GPX1 in the KO mice was correlated with enhanced Scly function. (A)
qPCR analysis of mRNA levels of hepatic selenoproteins in the WT and KO mice that were
normalized to the levels of Gapdh, n = 9/group. (B) Western blot analysis of hepatic SeP
and SelK. (C) qPCR analysis of hepatic Sps1, Sps2, and Sbp2 mRNA levels in the WT and
KO mice that were normalized to the levels of Gapdh, n = 8–10/group. (D) qPCR analysis
of hepatic Scly mRNA levels in the WT and KO mice that were normalized to the levels of
Gapdh, n = 13–15/group. (E) Hepatic Scly activity in the WT and KO mice, n = 5/group. (F)
Effect of pre-incubation of the rcReg3β protein (0, 0.1, or 1.0 μg) on Scly activity in the
liver homogenates (100 μg proteins) of the WT and KO mice, n = 3–4/group. The pre-
incubation was carried out for 30 min at room temperature before the Scly activity assay.
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Fig. 7.
Knockout of Reg3β up-regulated transcription of Scly. (A) Binding frequencies of the four
most frequent transcriptional factors in the promoter region (2000 base pair upstream of the
transcription start site) of Scly. (B) qPCR analysis of hepatic mRNA levels for NF-1, YY1, c-
jun, c-fos, JunB, FosB, Fra-1, Fra-2, and GR in the WT and KO mice that were normalized
to the levels of Gapdh, n = 4–5/group. (C) Western blot analysis of hepatic c-Jun protein.
(D) The ChIP assay of c-Jun binding to the AP-1 sites in the Scly promoter. The top panel
shows the schematic overview of the AP-1 sites in the Scly promoter (the black box
represents the AP-1 binding sites for each primer sets). The bottom left panel is a
representative DNA gel image to show genotype differences in the binding of c-Jun protein
to different AP-1 sites in the Scly promoter. The bottom right panel is a quantitative analysis
of the ChIP assays based on three independent experiments.

Yun et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


