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Abstract
Besides helping to maintain a reducing intracellular environment, the thioredoxin (Trx) system
impacts bioenergetics and drug-metabolism. We show that hepatocyte-specific disruption of
Txnrd1, encoding Trx reductase-1 (TrxR1), causes a metabolic switch in which lipogenic genes
are repressed and periportal hepatocytes become engorged with glycogen. These livers also
overexpress machinery for biosynthesis of glutathione and conversion of glycogen into UDP-
glucuronate; they stockpile glutathione-S-transferases and UDP-glucuronyl-transferases; and they
overexpress xenobiotic exporters. This realigned metabolic profile suggested that the mutant
hepatocytes might be preconditioned to more effectively detoxify certain xenobiotic challenges.
Hepatocytes convert the pro-toxin acetaminophen (APAP, paracetamol) into cytotoxic N-acetyl-p-
benzoquinone imine (NAPQI). APAP defenses include glucuronidation of APAP or
glutathionylation of NAPQI, allowing removal by xenobiotic exporters. We found that NAPQI
directly inactivates TrxR1, yet Txnrd1-null livers were resistant to APAP-induced hepatotoxicity.
Txnrd1-null livers did not have more effective gene expression responses to APAP challenge;
however their constitutive metabolic state supported more robust GSH biosynthesis-,
glutathionylation-, and glucuronidation-systems. Following APAP challenge, this effectively
sustained the GSH system and attenuated damage.
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Introduction
Two major antioxidant systems maintain the reduced intracellular environment: the
thioredoxin (Trx) system and the glutathione (GSH) system. These each fuel a wide and
highly overlapping spectrum of enzymatic reduction reactions, including protein cysteine-
disulfide reduction, ribonucleotide reduction, peroxidase reactions, and others. To drive
these reactions, electrons from reduced nicotinamide adenine dinucleotide-phosphate
(NADPH) are used by either a Trx-reductase (TrxR) or glutathione reductase (Gsr) to reduce
the oxidized forms of Trx or glutathione (GSSG), respectively [1, 2].

The Trx system also participates in aspects of metabolism that may not directly involve
transfer of electrons from NADPH and are not redundant with GSH system activities. For
example, a predominant phenotype of mammalian cells or organs lacking cytoplasmic
TrxR1 is induction of drug-metabolism pathways [3–6]. Moreover, an antagonist of the Trx
system, Trx-interacting protein 1 (Txnip, also called TBP-2 or VDUP1), has been shown to
affect bioenergetics. Upon binding to and stabilizing Trx1, Txnip protein inhibits
adipogenesis [7]. Txnip-null mice exhibit increased muscle glycogen content under fasting
[8] and increased adipogenesis [9]. Inhibition of glycolysis is correlated to Txnip
upregulation in tumors [10]; Txnip has been proposed to function as a sensor of glycolytic
flux [11]; and human TXNIP is upregulated in diabetic conditions [12].

Previously we reported the resting liver transcriptome of mice having complete hepatocyte-
specific disruption of a conditional-null allele of the Txnrd1 gene, encoding cytoplasmic
TrxR1 [3]. Down-regulated transcripts in the Txnrd1-null livers include mRNAs for
stearoyl-coenzyme-A desaturase, fatty acid binding protein 5, glucokinase, fatty acid
desaturase 2, fatty acid synthase, ATP citrate lyase, and acyl-CoA thioesterase 1. Repression
of these lipogenic mRNAs suggests the metabolic profile of TrxR1-deficient livers might be
realigned away from lipid biogenesis. By contrast, most up-regulated mRNAs in Txnrd1-
null livers are not associated with bioenergetics, but rather, encode drug-metabolism
enzymes, in particular those on the Nrf2/Keap1 pathway. The Nrf2/Keap1 pathway typically
provides a rapid cytoprotective response to acute environmental or oxidative stress [13, 14].
In unstressed conditions, Nrf2 is constitutively synthesized and bound by Keap1, which is a
cysteine-rich protein that targets Nrf2 for proteasomal degradation. Stress-induced oxidation
of Keap1 cysteines allows Nrf2 to escape proteasomal targeting, dimerize with Maf1, and
induce transcription of target genes bearing antioxidant-response elements (ARE) [15, 16].
Nrf2-response genes include drug metabolism phase I oxidases, e.g., cytochrome P450s
(Cyps); phase II conjugases, e.g., glutathione-S-transferases (Gsts); and phase III exporters,
e.g., ATP-binding cassette-C (Abcc) proteins [17, 18]. In addition, some genes for GSH
biosynthesis and some components of the Trx pathway are induced by Nrf2 [3, 6]. Nrf2/
Keap1 pathway activation in Txnrd1-null livers is associated with in vivo occupancy of Nrf2
protein on AREs of Nrf2 target genes [3]. Chronic hepatic activation of Nrf2 target genes
also occurs in mice with liver-specific disruption of Keap1 or of the autophagy-related gene
Atg5 [19, 20], and this is associated with increased resistance to acetaminophen
(paracetamol, N-acetyl-p-aminophenol, APAP) [19, 20].

APAP is a widely used analgesic and a classic pro-hepatotoxin. Whereas APAP, itself, is not
cytotoxic, hepatocyte-specific Cyps oxidize APAP into the highly toxic N-acetyl-p-
benzoquinone imine (NAPQI) [21]. At low doses, hepatic APAP is conjugated to either
sulfonate by sulfotransferases or to glucuronate by UDP-glucuronosyl transferases (UGT),
which constitute the hepatocyte’s first lines of defense against APAP toxicity. Conjugation
allows excretion by Abcc 2–4; however, the sulfonation and glucuronidation pathways are
generally overwhelmed by even moderate APAP doses [22, 23]. In particular, the capacity
of the UGT system is limited by hepatic carbohydrate reserves [24], and this has been
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correlated with increased APAP susceptibility following nutritional deprivation [25]. Excess
APAP is converted into NAPQI [21, 26]. At pharmacological doses of APAP, NAPQI is
rapidly conjugated to GSH both spontaneously (k = 3.2×104 M−1 s−1) and by glutathione-S-
transferases (Gsts; kcat/Km = 8×105 to 3×107 M−1 s−1 for different Gsts) [21, 27] and
effectively exported from hepatocytes by Abccs [22, 23]. The Gst pathway, although only
acting after formation of NAPQI, normally has a much higher capacity to respond to APAP
overdose. The clinical standard of care for APAP overdose is administration of N-
acetylcysteine [21], which is a rapidly processed precursor that promotes increased
biosynthesis of GSH in the face of NAPQI-driven depletion [28]. At high doses of APAP,
however, GSH becomes depleted and unconjugated NAPQI accumulates to cytotoxic levels,
leading to hepatocyte necrosis. APAP overdose accounts for most acute liver failure cases in
the U.S. and Western Europe, and has nearly a 30% mortality rate [21].

In this paper we show that hepatocyte-specific Txnrd1-null mice exhibit constitutive shifts
in several metabolic pathways that, in combination, make the liver refractory to APAP
challenge. At a bioenergetic level, TrxR1-deficient livers accumulate increased glycogen,
whose levels normally limit the capacity of the UGT-detoxification pathway. At a drug-
metabolism level, these livers overexpress enzymes for (1) conversion of glycogen into
UDP-glucuronate, (2) conjugation of glucuronate to APAP, (3) reversion of NAPQI back
into APAP, (4) biosynthesis of GSH, (5) conjugation of GSH to NAPQI, and (6) export of
conjugated xenobiotics from the hepatocyte. These findings identify TrxR1 as a regulator
that integrates the hepatocyte’s reductive metabolism/redox homeostasis system with its
bioenergetics and cytoprotective drug metabolism systems.

Materials and methods
Reagents

Except as indicated, all general reagents were of molecular biology or higher grade and were
purchased from standard laboratory suppliers including Fisher, VWR, MP Biomedicals, and
Sigma. Acetaminophen was purchased from Spectrum Chemical Corp. (U.S.P. grade,
#AC100). Fixatives, stains, reagents, and embedding materials for electron microscopy were
purchased from Electron Microscopy Sciences, Inc. or Ted Pella, Inc.

Mouse lines and care conditions
All animal care and use protocols were reviewed and approved by the Montana State
University Institutional Animal Care and Use Committee. The Txnrd1null allele is a true null
that cannot generate TrxR1 protein; the Txnrd1cond allele is a functionally wild-type
(Txnrd1+) allele that coverts to Txnrd1null upon exposure to Cre [29]. Basal characterization
of mice bearing these allelic combinations has been reported [3, 30, 31]. All experiments
used young adult (8- to 20-week old) male mice of the indicated genotypes. Mice were
maintained on a 14:10 h light:dark cycle with unrestricted access to feed (Picolabs #5058)
and water. APAP challenges were administered between 7:00 and 8:30 am. All renewable
resources in this study are available for un-restricted non-profit research unless specifically
restricted by another party.

Enzyme assays and western blots
Assays for TrxR, Trx, and GSH+GSSG from livers were performed as described previously
[30]. Serum ALT levels were determined using the Catachem, Inc. system (#C164-0B) as
per the manufacturer’s protocols. Livers were cleared of blood by cardiac saline perfusion
and portal drainage, snap-frozen in liquid nitrogen, and stored at −80°C. Western blots were
performed as described previously [3, 30] using rabbit antiserum raised against full-length
mouse Sec-to-Cys TrxR1 or full-length mouse Trx1, both of which were kindly provided by
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G. Merrill at Oregon State University. For enzyme assays, rat TrxR1 and its Sec-to-Cys
variant were expressed in E. coli and purified using a 2’, 5’-ADP Sepharose column (GE
Healthcare) as described previously [32]. Enzymatic activities of wild-type and the Sec-to-
Cys mutant TrxR1 were determined using 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) as a
model substrate, with formation of product monitored as the increase in absorbance at 412
nm (ξ412 nm = 13.6 mM−1 cm−1). In all other assays, the oxidation of NADPH was
monitored as the decrease in absorbance at 340 nm (ξ340 nm = 6.22 mM−1 cm−1). Enzymatic
reactions were calculated and plotted with the GraphPad Prism 5 software.

Histology and electron microscopy
For H&E staining, samples were harvested into 10% buffered formalin, fixed at room
temperature for 12–72 h, embedded in paraffin, and 5-µmeter sections were prepared. For
periodic acid Schiff’s (PAS) staining, samples were harvested into 6:1 of ethanol to glacial
acetic acid overnight and paraffin embedded. Sections were incubated in fresh 1% periodic
acid (Alpha Aesar, #30472-18) at room temperature, washed, and reacted with fresh Schiff’s
reagent (EMD #6073-71) at 60–65°C for 5 min. Samples were counter-stained with
hematoxylin and mounted. For TEM, livers were perfused with 3 ml sterile saline followed
by 5 ml 10% neutral-buffered formalin. Liver was diced into ~ 2 mm cubes, and fixed for
12–18 h in Karnovsky’s fixative (3% glutaraldehyde, 3% formaldehyde, 0.2 M cacodylate,
pH 7.4). Samples were then rinsed 2×10 min in 0.1 M Na/KPO4, pH 7.2, post-fixed in 2%
OsO4, pH 7.4, and rinsed as before. Blocks were dehydrated, embedded in Spurr’s low-
viscosity medium (Ted Pella, Inc.) by the manufacturer’s protocols, and 60- to 90-n meter
sections were prepared with a diamond knife, mounted on grids, and stained with uranyl
acetate and lead chloride as per the supplier’s protocols (Electron Microscopy Science, Inc.).
Images were taken on a Zeiss LEO 912 transmission electron microscope using a digital
image capture system with an electronically embedded scale-bar.

Light microscopy images were taken under bright-field conditions at room temperature in
Permount on a Nikon Eclipse 80i microscope, a Nikon DS Ri1 digital camera, and Nikon
NIS Elements BR acquisition software.

Glycogen analyses
Glycogen purification by alkaline digestion and ethanol precipitation followed classical
protocols [33]. Liver pieces (0.1 g) were hydrolyzed in 10-volumes of 30% KOH in a
boiling water bath for 1h, cooled to room temperature, and glycogen was precipitated with
2-volumes of ethanol on ice for ≥ 1 h. Glycogen was collected by centrifugation, washed
with 70% ethanol, resuspended in 1 ml of 10 mM Tris-Cl, pH 7.5, 0.5 mM EDTA, and
stored frozen. For turbidity assays, samples were thawed, mixed to homogeneity, and
two-100 µl portions of each sample were removed. One portion from each liver was adjusted
to 2 mM CaCl2 and digested with 1 unit of α-amylase (Tokyo Chemical Industry, Inc.,
#A0447) at 37°C for 1h to convert glycogen to glucose. α-amylase-digested and undigested
samples were diluted to 1 ml with water and precipitated with 2 ml ethanol in glass test
tubes on ice for 30 min. Precipitated glycogen was resuspended by vortexing and tubes were
photographed against a dark background. To quantify glycogen, samples or a standard curve
of bovine glycogen (Sigma #G0885) were digested with 0.01 unit/µl α-amylase, incubated
for 1 h at 37°C to convert glycogen to glucose, and reactions were stopped with 2 µl 0.5 M
EDTA. Glucose content was determined using Sigma’s glucose assay system (#GAGO20).

RNA isolation, transcriptome analyses, and semi-quantitative RT-PCR
Total RNA was prepared from freshly harvested liver using the Ambion Ribopure system
(#AM1924). RNA was resuspended in water, evaluated for quality by denaturing gel
electrophoresis, and equivalent portions (10 µg) of each were used to generate a fragmented
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oligo-(dT)-primed biotinylated cRNA using the Ambion MessageAmp-II Biotin Enhanced
(#AM1791) system. Biotinylated cRNAs were hybridized to Affymetrix mouse 430 2.0A
expression arrays. Data collection and analysis was as described previously [3]. Three
biological replicates (separate animals) were used for each condition and data is shown for
each animal. As described previously [3], signals were considered reliable if the average raw
hybridization signal for one of the conditions within a comparison was ≥ 100 units. mRNA
levels were considered different between conditions if average signals differed by ≥ 2-fold
and P values were ≤ 0.05. For semi-quantitative RT-PCR, RNA was prepared and quality-
validated as above, and 5.0 µg of each RNA sample was used to generate an oligo-(dT)-
primed first-strand cDNA. An equal portion of each cDNA (1.0 µl) was used in each PCR
reaction, as described previously [30]. Signal intensities were plotted and the slope of linear
amplification represented the relative mRNA level. Primer pairs used for RT-PCRs were
described previously [3, 29, 30].

Results
Metabolic switch in livers of mice lacking hepatocytic TrxR1

The transcriptome of resting TrxR1-deficient livers [3] suggested that their bioenergetic
profile might be substantially different than those in normal livers. Although glycogen levels
vary diurnally [34, 35], circadian gene expression is indistinguishable between wild-type
and Txnrd1null/null livers [3]. To assess glycogen levels, alkaline digests were here prepared
from equal amounts of +/+, null/+, and null/null livers harvested at 10:00 am. Based on the
turbidity of ethanol-precipitates of these lysates and the loss of this turbidity in α-amylase-
treated control samples, null/null and null/+ livers were found to have substantially more
glycogen than did +/+ livers (Figure 1A). Analyses of the glucose content of α-amylase-
digested samples showed that null/null and null/+ livers contained 3.0- and 3.5-fold more
glycogen per mass of tissue, respectively, than did the +/+ livers (Figure 1B), and this was
reflected in the intensity of staining of liver sections by periodic acid-Schiff’s reagent (PAS;
Figure 1C). This difference in glycogen content was not overtly apparent in sections stained
by hematoxylin and eosin (H&E) [3]; however transmission electron microscopy (TEM)
revealed that, whereas periportal hepatocytes in control livers contained abundant
cytoplasmic lipid vesicles (“ve”), periportal hepatocytes in null/+ and null/null livers
contained fewer vesicles, but instead exhibited vast tracts of granular hyaloplasm (“hy”)
(Figure 1D). These cells resembled the glycogen-engorged hepatocytes that have been
reported in some forms of hereditary glycogenesis [36] or have been induced in some rodent
models [37]. Hyaloplasm was not membrane-delimited. The down-regulation of mRNAs for
lipogenic functions [3], the decrease in lipid-filled vesicles, and the increased glycogen
stores observed in TrxR1-deficient livers indicates that loss of hepatocyte TrxR1 causes a
metabolic switch that favors glycogen accumulation and, by corollary, that TrxR1 in
hepatocytes drives a more lipogenic metabolic profile.

Acute APAP challenge diminishes hepatic Trx and TrxR activities in normal mice
APAP challenge causes rapid depletion of hepatic glycogen and GSH [38, 39]; however, to
our knowledge, the impact of APAP on the Trx pathway has not been reported. Mice were
treated with 100 or 1000 mg/kg APAP (LD50 ~ 338 mg/kg) and, after 4 h, levels of GSH
+GSSG and of Trx or TrxR activities, were measured in liver homogenates. Besides
depleting hepatic GSH+GSSG levels to near-zero, high-dose APAP challenge caused 10-
fold and 4-fold decreases in total TrxR or Trx activities, respectively (I).

Direct inhibition of TrxR1 activity by NAPQI
To investigate the mechanisms underlying loss of hepatic TrxR activity in APAP-challenged
mice, we tested whether APAP, its precursor acetanilide, its UGT-generated glucuronate
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conjugate p-acetamidophenyl-β-D-glucuronide (p-AAPG), or its Cyp-generated oxidation
product NAPQI could directly target TrxR1. TrxR1 activity was unaffected by APAP,
acetanilide, or p-AAPG (Figures S1A, B), indicating these compounds were neither
substrates nor inhibitors of the enzyme. By contrast, NAPQI caused irreversible inhibition of
Trx reduction by TrxR1 with a second order rate constant of 2.37×103 M−1 min−1 (Figure
2A), yet only partial inhibition of juglone reduction by TrxR1 (Figures S1C, D).
Importantly, TrxR1 variants lacking the Sec residue still support NADPH-dependent juglone
reduction [40]. Our results indicate NAPQI is a potent inhibitor of TrxR1 and that this
inhibition is likely mediated through direct targeting of the Sec residue in the enzyme.

Mice having genetic disruption of hepatocyte TrxR1 expression are refractory to further
APAP-induced loss of TrxR or Trx activities, and to GSH-depletion

In an unchallenged state, mice lacking hepatocyte TrxR1 are overtly normal, maintain a
normal GSH redox state, and show no evidence of hepatic oxidative stress [3, 30, 31]
(Figures S2A, B). The total TrxR activity in Txnrd1null/null livers is not zero, which can be
explained by a combination of activity derived from mitochondrial TrxR2 as well as TrxR1
expression in non-hepatocyte cells of the liver, which are not affected by the conditional
knockout [3, 30]. Although treatment of wild-type mice with 100 or 1000 mg/kg APAP
resulted in loss of 24% or 91% of the total liver TrxR activity after 4 h as compared to
untreated livers, respectively (Figures 2B, S2D), the same doses in null/+ livers resulted in
loss of only 8% and 61% of TrxR activity compared to untreated heterozygous levels, and in
null/null livers, these doses resulted in TrxR activity loss of only 3% and 42% compared to
untreated mutant mice, respectively (Figure 2B; S2D). This suggested that mice in which
hepatocyte TrxR1 was chronically diminished were resistant to further acute inhibition of
hepatic TrxR activity by APAP.

Both the Trx activity and the GSH levels in either null/+ or null/null livers were also highly
refractory to APAP-induced depletion at 4 h (Figures 2C&D; S2E&F). Most strikingly,
although GSH levels in wild-type animals were depleted to near-zero at 4 h following 1000
mg/kg challenge, both the heterozygous and the homozygous mutant livers had significantly
increased GSH levels at this time (Figure S2F).

Western blots revealed that, for both Trx1 and TrxR1, the diminution of hepatic enzyme
activities following APAP challenge was greater than was the decrease in protein levels
(Figure 2E&F). Moreover in +/+ livers, APAP treatment caused shifts in the molecular
weights of anti-Trx- and anti-TrxR-reactive bands that were consistent with it inducing
DTT-resistant fusion of Trx1 to TrxR1, but this did not occur in either null/+ or null/null
livers (Figures 2E&F, black and red arrows in lane 7; Figure S3). Thus, for both Trx and
TrxR, it appeared that APAP induced inhibition of the activities of the enzymes uniquely in
wild-type livers, and this may have, in part, been due to irreversible binding of Trx to TrxR.
In combination, these results indicate that APAP challenge disrupts both the GSH and the
Trx systems in normal liver, but that null/+ or null/null livers are refractory to these effects.

The increase in GSH levels seen at 4 h post APAP-challenge in the TrxR1-deficient livers,
as well as the maintenance of TrxR and Trx activities in these livers, was strikingly different
from the precipitous GSH depletion and the TrxR- and Trx-activity diminution seen in
normal mice (Figures 2C-E). To determine whether this resulted from sustained levels or
from more rapid recovery of depleted pools of these critical redox-active species, we
measured their levels at time points between 0 and 4 h following high-dose challenge of
mice having +/+ , null/+, or null/null livers. Results showed that, in +/+ livers, GSH pools
fell to near-zero within 1 h of APAP challenge and remained near-zero throughout the time-
course (Figure 3A, green line). TrxR activity decreased 2.5-fold by 1 h, and then continued
to decline out to 4 h, whereas Trx activity showed slower inhibition following APAP
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challenge (Figure 3A, blue and red lines, respectively). Both null/+ and null/null livers
underwent a similar precipitous decline in GSH levels by 1–2 h, but levels rapidly recovered
to resting or higher levels by 4 h (Figure 3B&C, green lines). For TrxR and Trx, the null/
null livers and, to an intermediate level the null/+ livers, exhibited continuously sustained
activities compared to unchallenged levels (Figures 3C&B, blue and red lines, respectively).
These results indicate that TrxR-deficient mice more robustly recover GSH levels and they
are resistant to loss of TrxR or Trx activities following APAP challenge.

In the TrxR1-deficient livers, like in wild-type controls, high-dose APAP challenge caused
rapid loss of hepatic glycogen stores, which initiated centrolobularly and spread periportally
(Figure S2C and data not shown). At 4 h, controls and TrxR1-deficient livers both showed
zonal clearance of 75–100% of the glycogen by PAS staining (Figure 3B). Because TrxR1-
deficient livers had ~ 3-fold more glycogen than control livers prior to challenge, their
APAP-induced glycogen consumption was ~ 3-fold greater (Figure S2C).

TrxR1-deficient livers are refractory to APAP-induced pathology
Following APAP challenge in the mutant as compared to control livers, the attenuated
impact on levels of Trx and TrxR activities, and the more robust recovery of levels of GSH
and glycogen, suggested that the mutant livers might sustain less pathological response.
Consistent with this prediction, treatment with 1000 mg/kg APAP caused a 20-fold increase
in serum alanine transaminase (ALT) levels in wild-type mice by 4 h, whereas it had no
significant effect on ALT levels in the homozygous mutants (Figure 4A). Genotype-specific
differences in behavioral responses to APAP-challenge were also evident during the
experiment. At 2 and 4 h post challenge with 1000 mg/kg APAP, all animals were lethargic.
By 8 h, wild-type animals had deteriorated to a state of complete inactivity,
unresponsiveness, and self-isolation, and were not maintained beyond this time. In stark
contrast, by 8 h mice with null/null livers had resumed activity and showed no overt signs of
being adversely affected. Mice with null/+ livers remained lethargic at 8 h, but this was less
severe than the state exhibited by wild-type animals, suggesting the heterozygous animals
had an intermediate pathological response to APAP challenge.

We next examined the histopathology of livers from animals at 0, 2, 4, 8, and 12 h following
APAP challenge. Figure 4B depicts the cross-sectional architecture of a liver lobule, with
zone 3 being centrolobular and associated with venous circulation, zone 1 being periportal
and associated with arterial circulation, and zone 2 being intermediate. APAP-treated wild-
type livers showed classical progression from centrolobular vacuolization at 2 h (Fig, 4D,
frames a-c, zone 3, aqua arrows) to severe sinusoidal congestion by 8 h (Figure 4F, frames
a-c, zone 3, blue arrow). In contrast, whereas both the heterozygous (frames d-f) and
homozygous-mutant livers (frames g-i) showed some histological response to APAP
challenge, including scattered necrosis of large often bi-nucleate hepatocytes at early time-
points in zones 2 and 3 (Figures 4D&E, dark green arrows), centrolobular necrosis was
minimal in these livers (e.g., green arrows in panels d-i) and did not result in congestion as
seen in wild-type livers (Figure 4F). Interestingly, at 4 h in heterozygous and homozygous-
mutant livers, zone 1 hepatocytes had a pale or “open” cytoplasmic morphology (Figure 4E,
pale green arrows) that was distinct from the often similarly pale morphology arising from
the vacuoles in zone 3 hepatocytes (compare pale-green arrows in zone 1 to aqua arrows in
zone 3; see below). The open zone 1 morphology in heterozygous livers was often stable
throughout the time-course and did not presage necrosis in this region (e.g., pale-green
arrows or regions circumscribed by yellow lines in Figures 4F&G, panels d-f). In the case of
homozygous mutant livers, this zone 1 morphology was only transient and reverted to the
untreated morphology by 8–12 h (Figures 4E-G, panels g-i; see below). Morphologically,
zone 2 hepatocytes in all genotypes deviated least from their untreated state following APAP
challenge (e.g., zone 2 regions circumscribed by yellow lines in Figures 4D-G) such that

Iverson et al. Page 7

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



they often appeared as an isthmus of normal morphology within a sea of pale hepatocytes
(e.g., Figure 4E, panels a-f; Figure 4G, panels d-f).

Ultrastructural examination 4 h after challenge with 1000 mg/kg APAP revealed that,
whereas wild-type hepatocytes developed classical APAP cytopathology including
formation of large vacuoles and loss of outer membrane integrity in zone 3 hepatocytes [41],
this effect was less pronounced in null/+ hepatocytes and rarely seen in null/null hepatocytes
(Figure S4). These large vacuoles correlated with the “open” morphology of zone 3
hepatocytes in wild-type livers following APAP challenge (Figure 4E aqua arrows).
Interestingly, the extensive hyaloplasm seen in unchallenged periportal null/+ and null/null
hepatocytes was retained; however the electron-dense granularity was greatly diminished
(Figure S4). This loss of hyaloplasmic granularity correlated with the “open” morphology of
zone 1 hepatocytes noted by H&E staining (Figure 4E green arrows) and likely resulted
from APAP-induced consumption of the glycogen stores (Figures 3BS2C).

APAP resistance in TrxR1-deficient hepatocytes reflects the preconditioned state of
hepatocytes and not a more effective gene expression response to the challenge

Previous studies reported that APAP challenge of normal mice induces a hepatic Nrf2
response [42–44]. Unchallenged TrxR1-deficient mice have a constitutively active Nrf2
pathway [3]; however, it was unclear how this compared to the APAP-induced response in
wild-type mice, or whether the TrxR1-deficient livers might exhibit further induction of a
cytoprotective response in response to APAP challenge. Therefore, we measured the resting
and APAP-induced transcriptomes in wild-type and null/null livers. To avoid artifacts
arising from the severe pathological responses caused by high-dose challenge, sub-
histopathological challenge conditions (100 mg/kg APAP for 8 h) were used.

Both in the absence or presence of sub-lethal APAP challenge, the wild-type and mutant
livers exhibited strikingly different transcriptome profiles (Figure 5A, compare lanes 1–3
with 4–6 for non-challenged livers, or lanes 7–9 with 10–12 for APAP-challenged livers:
Table S1). As reported previously [3], the untreated null/null livers were characterized by an
Nrf2 response and a shift from a lipogenic to a glycogenic bioenergetic profile (Figure 5B;
Table S2). Reflecting their robust recovery of GSH following APAP challenge, mutant
livers showed 1.76-fold higher levels of mRNA encoding the catalytic subunit of glutamate-
cysteine ligase (Gclc). Importantly, in both genotypes, the transcriptome response to APAP
challenge was very subtle (Figure 5C; Tables S1-S3). These results indicated that both the
bioenergetic and the drug-metabolism responses to APAP-challenge were minor compared
to the constitutive transcriptome changes induced by genetic disruption of TrxR1 (Figure
5C). Most notably, in response to APAP challenge, wild-type livers either did not alter, or
subtly down-regulated, a set of potentially beneficial drug-metabolism mRNAs (GstA1,
GstA2, GstM3, and Cbr3) that were among the most strongly up-regulated mRNAs in
untreated mutant livers (Table S3). This suggested that the chronic drug-metabolism
capacity induced in hepatocytes by disruption of Txnrd1 was more potent and more
expansive than was the acute response induced by APAP challenge in livers of either
genotype.

Although heterozygous livers showed similar GSH recovery and glycogen engorgement as
did null/null livers, they exhibited greater pathology (see above). To further investigate this,
we measured levels of sentinel mRNAs in null/+ livers that were differentially expressed
between +/+ and null/null livers. Results showed that, whereas some of these mRNAs were
expressed at similar levels in +/+ and null/+ livers (mRNAs encoding Cbr3, Cyp2b13, and
GstM1), for others the heterozygotes were either intermediate (Abcc4, GstM3, Nqo1, Srx1,
and Cyp2b10) or behaved more similarly to the null/null livers (Abcc3 and Me1) (Figure
5D). Only one of the mRNAs tested, that encoding sulfiredoxin-1 (Srx1), showed a strong
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response to APAP challenge in the wild-type livers (Figure 5D). This further indicated that,
regardless of the TrxR1-status of the hepatocytes, the transcriptome response to APAP was
subtle compared to the transcriptome response to genetic disruption of either one or two
copies of Txnrd1.

Total liver lysates of +/+, null/+, or null/null livers from mice that were challenged 4 h
earlier with 0, 100, or 1000 mg/kg APAP, were separated by SDS-gel electrophoresis and
stained with Coomassie. The null/null lysates, uniquely, showed a strong protein band at 23–
25 kDa under all APAP-treatment conditions (Figure 6A, green arrows). Most other
characteristics of the profiles were similar in all conditions with the exception of the 1000
mg/kg APAP-treated wild-type samples, which showed numerous quantitative and
qualitative differences from the other samples, including a predominant cluster of bands
around ~ 15 kDa (Figure 6A, yellow arrows). The bands indicated with numbered violet
arrowheads were isolated and their major components were identified by mass spectrometry
(MS)(Figure 6B). The band at 23–25 kDa that was enriched in homozygous mutant livers
contained Gsts, with GstP1 and Gst 1, – 2, and/or ~ 3 predominating (band 2). In wild-type
liver, GstP1, at a slightly lower molecular weight, was most abundant (band 4). This was
consistent with our previous identification of the bands by pull-down on GSH-agarose beads
and by western blotting as containing Gsts, most likely of the A- or M-classes in mutant
liver, and P-class in wild-type liver. It was also consistent with our observation that
homozygous mutants overexpress mRNAs encoding A- and M-class, but not P-class, GSTs
[3]. The cluster of bands at ~ 15 kDa in the APAP-treated wild-type liver contained
hemoglobin-α and -β chains (band 1). The presence of hemoglobin chains in lane 7 was
consistent with high-dose challenge of +/+ livers, uniquely, causing hemorrhagic congestion
(Figure 4F). No identified proteins in any of the APAP-treated samples suggested that
APAP, itself, had induced a substantial protective response. The profile of the heterozygous
samples differed from those of the wild-type samples in that they did not contain the
hemoglobin chains, and they differed from those of the homozygous mutants in that they did
not over-accumulate A-and M-class GSTs.

Discussion
The results of this study carry two major implications. First, TrxR1 was shown to be a
determinant of the global metabolic state of the liver. Genetic deletion of Txnrd1 triggered a
metabolic switch that favored glycogen- over lipid-accumulation and high expression of
drug-metabolism enzymes. Second, TrxR1 was identified as a high-affinity target for direct
inactivation by NAPQI, which might contribute to APAP-induced hepatotoxicity.
Interestingly, even though APAP treatment was shown to inhibit hepatic TrxR activity in
vivo, mice in which hepatocytes were genetically TrxR1-deficient were refractory to APAP-
induced hepatotoxicity. Our results indicate that a chronic shift in hepatocyte metabolic
processes resulting from genetic disruption of Txnrd1 preconditions an APAP-resistant state
in the liver, whereas the acute loss of TrxR1 activity caused by APAP challenge, itself, is
insufficient to induce resistance.

TrxR1 regulates the metabolic state of liver
To our knowledge, this is the first study to show a direct link between Txnrd1 status and a
metabolic switch between a glycogen-storage versus a lipid-storage phenotype. Disruption
of TrxR1 switched liver bioenergetics toward glycogenesis, indicating that TrxR1 activity
biases the liver toward lipogenesis. As possible mechanisms for this switch, a potential role
of Txnip should be considered (see Introduction). Txnip has been shown to participate in
determining the metabolic state of several cell types and systems [7–10], and has been
correlated with metabolic switches in others [11, 12]. It is thus possible that the metabolic
switch caused by hepatocytic Txnrd1 deletion is a secondary effect related to TrxR1’s
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influence, via reduction of Trx1, on Txnip. Alternatively, it is possible that TrxR1 and Txnip
each independently mediate metabolism through Trx1. Resolving these mechanisms is
outside the scope of the present study but clearly warrants future investigation. Here, we can
conclude that genetic modulation of the Txnrd1 status in mouse liver has similarly
pronounced effects on the metabolic state as have been identified in mouse models with
Txnip deletion.

APAP inhibits both the GSH- and the Trx-systems in normal liver
High dose APAP exposure rapidly depletes liver GSH reserves, which will disrupt all
hepatic GSH-dependent redox reactions. However, the redox functions of the GSH system
are highly overlapping with those of the Trx system, and, indeed, unchallenged hepatocytes
in vivo remain overtly normal in the absence of either GSH, Gsr, or TrxR1 [3, 30, 31, 45,
46]. By contrast, short-term depletion of hepatic GSH with buthionine sulfoximine in mice
genetically lacking hepatocytic TrxR1 inhibits hepatocyte DNA replication [30], indicating
that at least some essential redox reactions require either the GSH- or the Trx-system for
activity. In this study, we show that high dose APAP challenge inhibits hepatic TrxR and
Trx activities in wild-type livers. This indicates that, under these conditions, both the GSH-
and the Trx-system are inhibited and, as a corollary, that all redox reactions requiring either
one of these systems will be disrupted. Potential impacts of this on hepatotoxicity are
discussed below.

Interplay between the metabolic state of TrxR1-deficient liver and susceptibility to APAP
toxicity

Fasting exacerbates APAP hepatotoxicity, and this has been correlated to depleted glycogen
stores [39]. However, to our knowledge, it has not been previously shown that glycogen
engorgement correlates with APAP resistance. Indeed, the capacity of the UGT pathway is
normally insufficient to provide substantial protection against even low-dose APAP
challenge [22]. Importantly, the substrate for UGT is APAP, which is not cytotoxic, so the
UGT pathway preempts formation of NAPQI, the cytotoxic metabolite. TrxR1-deficient
livers contained glycogen levels of ~ 40 µg/mg tissue (Figures 1B, S2C). This correlates to ~
60 mg, or ~ 0.33 mole-equivalents of glucose or glucuronate, in a 1.5 g liver, and this was
consumed very rapidly upon challenge with 1000 mg/kg APAP (Figure 3B, S2C). This
APAP dose is equivalent to 30 mg, or 0.2 moles, in a 30 g mouse. Although we do not know
how much glycogen is going toward energetic demands versus conjugation, the molar-ratio
of consumed glycogen to administered APAP in these animals was high enough that
glucuronidation could have contributed substantially to detoxification, thereby effectively
curtailing cellular formation of NAPQI.

Interactions of APAP with drug metabolism enzymes in null/null or null/+ livers
Although null/null and null/+ livers accumulated similar levels of glycogen, the null/+ livers
exhibited greater pathology following APAP challenge. This can be explained by the
different degrees to which drug metabolism pathways were activated in each genotype. For
example, null/null hepatocytes but not null/+ hepatocytes overexpress the mRNA for Nqo1
(Figure 5D), an enzyme that catalyzes the conversion of NAPQI into APAP [47]. APAP and
NAPQI are in equilibrium in APAP-challenged hepatocytes, with Cyps catalyzing the
formation of APAP into NAPQI and Nqo1 playing a protective role by reversing this
reaction. Increasing Nqo1 activity will shift this equilibrium toward APAP, thereby lowering
cytoplasmic NAPQI concentrations [22, 47]. Although mRNAs encoding several Cyps were
up-regulated in null/+ and null/null livers (Figure 5, Table S1), these did not include Cyp
family members that convert APAP into NAPQI [48–50]. Compared to +/+ livers, both null/
null and null/+ livers overexpress Abcc3, yet only null/null livers also overexpress Abcc4
(Figure 5D). As a result, livers of both genotypes likely exhibit augmented elimination of
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APAP metabolites, with null/null livers being more effective at this than null/+ livers. In
addition, we found that the null/null livers have an augmented GSH biosynthetic pathway,
increased steady-state GSH levels, and they exhibit very high accumulation A- and M-class
GST mRNAs and proteins, all of which should bolster glutathionylation-mediated export of
NAPQI. In summary, the constitutive drug metabolism profile of the TrxR1-deficient livers,
as compared to wild-type livers, will be particularly proficient at preventing cytosolic
accumulation of NAPQI by (1) more effectively eliminating APAP before it becomes
NAPQI and (2) shunting any NAPQI that does form either back into APAP and out of the
cell by glucuronidation-medated export, or directly out of the cell via glutathionylation-
mediated export. Although it is outside the scope of the current study to distinguish the
relative contributions of each pathway to APAP detoxification in these mice, the observation
that GSH levels rebound to resting or higher levels within 4 h of high-dose APAP challenge
in both null/null and null/+ livers attests to the efficacy with which the overall metabolic
shift in TrxR1-deficient livers allows them to resist APAP-induced GSH depletion and
hepatotoxicity.

Factors contributing to NAPQI-induced cytotoxicity
The mechanisms of NAPQI toxicity remain incompletely understood. Because other means
of GSH depletion are not cytotoxic [45], GSH depletion, alone, cannot account for toxicity.
Since NAPQI is highly electrophilic, cysteine residues will react with it at rates that will
depend on the accessibility and relative reactivity of individual residues. As such, active site
cysteines on molecules like GSH or Trx will be preferred targets. The even more reactive
Sec residue on TrxR1 [6] should be particularly susceptible to NAPQI. Here we show that
NAPQI is indeed highly effective at inhibiting TrxR1 through its Sec residue, and that
APAP-treated wild-type mice undergo marked losses of Trx and TrxR activities. Recent
studies have shown that NAPQI also inhibits the mitochondrial superoxide dismutase
(MnSOD), presaging mitochondrial oxidative damage [51]. MnSOD inhibition likely also
results from the high reactivity of the enzyme’s active site, which is expected to make it a
favorable NAPQI target. Thus, NAPQI disrupts both the GSH- and the Trx-systems, which
are the cell’s two major NADPH-driven antioxidant systems, and it impedes mitochondrial
detoxification of reactive oxygen species (ROS), all of which likely contribute to
hepatotoxicity.

Recent biochemical studies have shown that, upon reacting with certain electrophilic drugs,
TrxR1 can adopt novel activities. For example, like we here show for NAPQI, cisplatin
reacts with the TrxR1 Sec residue; it inhibits its Trx-reductase activity but not its juglone-
reductase activity; and it induces irreversible binding of TrxR1 to Trx1 [52]. Some other
electrophilic compounds that react with the TrxR1 Sec residue can, in the presence of certain
small molecule substrates, induce the enzyme to become a cytotoxic NADPH-oxidase,
entitled a “SecTRAP” (Sec-compromised thioredoxin reductase-derived pro-apoptotic
protein) that can generate large amounts of ROS [40]. Whereas it is unknown whether
NAPQI-bound TrxR1 in hepatocytes might similarly generate ROS, it is intriguing to
consider that TrxR1-deficient hepatocytes might be refractory to APAP not only as a
consequence of their glycogen stores and augmented drug-metabolism capacity, but also as a
consequence of not having TrxR1 converted into a SecTRAP. Further studies will be
required to test this possibility.

Finally, our study reveals a surprisingly integrated network of metabolic systems in
hepatocytes, with TrxR1 playing a key role in feed-forward cross-talk between systems. The
importance of this is emphasized by the synergistic roles that various metabolic pathways
play in protecting hepatocytes during APAP exposure. Clinical APAP remediation currently
focuses on augmenting GSH production [53]. However it is known that nutritional
deficiency is a compromising factor in APAP sensitivity [39], and the increase in APAP-
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induced glycogen consumption that we see in TrxR1-deficient livers suggests that
bioenergetic modulation might provide an additional means to abrogate the hepatotoxic
effects of APAP. In the future, combinatorial therapies that sustain GSH production,
augment glucuronidation-based detoxification, and possibly prevent SecTRAP formation
might lead to improved survival upon APAP overdose.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Abcc ATP-binding cassette subfamily C multidrug-resistance transporters

ALT alanine transaminase

Aox1 aldehyde oxidase-1

APAP acetaminophen (paracetamol)

BSO buthionine sulfoximine

Cre bacteriophage P1 cyclization recombinase

CYP cytochrome P450

DTNB 5,5’-dithiobis(2-nitrobenzoic acid)

DTT dithiothreitol

EDTA ethylenediamine tetraacetic acid

loxP recognition sites for Cre

GSH reduced glutathione

Gsr glutathione reductase

GSSG oxidized glutathione disulfide

GST glutathione-S-transferase

H&E hematoxylin and eosin

kDa kilo-Dalton

KEGG Kyoto Encyclopedia of Genes and Genomes

MS mass spectrometry

NAC N-acetyl cysteine

NAPQI N-acetyl-p-benzoquinone imine

Nqo1 NADPH-quinine oxidase

Iverson et al. Page 12

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



p-APDG p-acetamidophenyl-β-D-glucronide

p-APDGS p-acetamidophenyl-β-D-glucronide sodium salt

ROS reactive oxygen species

SDS sodium dodecylsulfate

SDS-PAGE SDS-polyacrylamide gel electrophoresis

Sec selenocysteine

SEM standard error of the mean

SULT sulfotransferase

Trx thioredoxin mRNA or protein

TrxR thioredoxin reductase mRNA or protein

Txnip thioredoxin-interacting protein

txnrd1 thioredoxin reducatse-1 gene

UGDH uridine diphosphate-glucose dehydrogenase

UGT uridine diphosphate-glucuronate transferase
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Fig. 1.
High accumulation of glycogen in Txnrd1null/null and Txnrd1null/+ hepatocytes. (A)
Glycogen-dependent turbidity in extracts of livers harvested at 10:00 am (upper panel) or in
parallel samples treated with α-amylase (lower panel). (B) Quantification of glycogen in
resting livers as in (A). Bars on scatter plot show mean ± SEM. (C) PAS-staining of
glycogen on liver sections. Scale bars = 100 µmeters. (D) Transmission electron microscopy
of hepatocytes within representative periportal regions of livers harvested at 10:00 am. Blue
arrow denotes a typical electron-semi-opaque vesicle; green arrows denote granular
hyaloplasm. Labels: hn, hepatocyte nucleus; hy, granulated hyaloplasm; pm, plasma
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membrane; on, oval cell nucleus; sd, space of Disse; si, sinusoid; ve, vesicles. Original
magnification 800X; scale bars represent 10 µmeters.
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Fig. 2.
NAPQI inhibits TrxR activity in vitro and APAP disrupts the Trx and GSH pathways in
vivo. (A) Direct inactivation of TrxR1 by NAPQI. Reduced TrxR1 (0.4 µM) was incubated
with NAPQI and aliquots were assayed for TrxR1 activity by the DTNB reduction assay
yielding apparent first-order inactivation constants (kobs). A theoretical second-order rate
inactivation constant (kinact) was determined by plotting kobs against NAPQI concentration
(inset). Effects of other APAP metabolites on TrxR1 is presented in Figure S1A&B and
effects of NAPQI on Sec-Cys TrxR1 is presented in Figure S1C. (B-D) Effects of APAP
challenge on hepatic Trx- and GSH-pathways in +/+, null/+, and null/null livers. Analyses
were as in Table I using mice with livers of the genotypes indicated. Columns at right
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indicate mean values and SEM (n = 4 for each condition). Numerical data and statistical
analyses are presented in Figure S1H-J. (E) TrxR1 western blots. Immunoreactive bands at
54, 55 and 65 kDa were detected. The TrxR1 antibody cross-reacts with the mitochondrial
TrxR2 giving rise to the 54 kDa band. The 65 kDa band also reacted with Trx1 antibody and
is likely a TrxR1-Trx1 heterodimer (black arrow). Protein levels are integrated with enzyme
activity levels in Figure S1D. (F) Trx western blots. Immunoreactive bands at 12, 24 and 65
kDa, corresponding to the Trx1 monomer (12 kDa), a likely covalently linked dimer (24
kDa, red arrow), and a likely TrxR1-Trx1 heterodimer (65 kDa, black arrow) were detected.
Asterisks indicate non-specific bands.
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Fig. 3.
null/null and null/+ livers more rapidly recover from GSH depletion, are resistant to TrxR
and Trx activity inhibition, and consume more glycogen following high-dose APAP
challenge compared to wild-type livers. (A) Mice with hepatocytes of the indicated genotype
were treated with 1000 mg/kg APAP, sacrificed, perfused, and livers were harvested at the
indicated time-points thereafter. Levels of TrxR activity (blue diamonds), Trx activity (red
squares), or GSH+GSSG (green triangles) were measured as in Fig. 2, above, and, to ease
comparisons within each genotype, were presented as the percentage of the 0 h (untreated)
value. Values represent mean + SEM. (B) Glycogen consumption following APAP
challenge. Mice with hepatocytes of the indicated genotpes were treated with 1000 mg/kg
APAP, harvested at the indicated times thereafter, and liver sections were stained with PAS
as in Figure 1C. Abbreviations: p, portal triad; cv, central vein. Scale bars represent 100
µmeters. Ultrastructural changes on hepatocytes following APAP challenge are shown in
Figure S2.
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Fig. 4.
Mice with null/null and null/+ hepatocytes resist APAP-induced liver damage. (A) Serum
ALT levels 4 h after challenge with 0 or 1000 mg/kg APAP (mean + SEM). (B) Architecture
of a liver lobule showing central vein (cv) and portal triads (p). Lobular zones 1 – 3 are
delineated by yellow lines. (C-G) Representative sections from animals of indicated
genotypes harvested at indicated times after challenge with 1000 mg/kg APAP. For each set,
sub-panels are labeled as follows: a-c, wild-type; d-f, null/+; g-i, null/null. Rectangles in
low-magnification images (4X objective; a, d, and g; scale bars = 500 µm) demarcate areas
shown in medium (20X; b, e, and h) and high (60X; c, f, and i) magnification. Some central
veins (cv) and portal tracts (p) are indicated. (C) Saline-treated controls. (D) Livers 2 h after
APAP challenge. null/+ and null/null hepatocytes in zone 1 had an “open” morphology (e.g.,
pale green arrows in panels e, f). In +/+ (b, c) and null/+ (f) livers, but not in null/null livers
(i), some zone 3 hepatocytes showed unstained vacuoles (aqua arrows). In null/null livers, a
few weakly stained necrotic binucleate hepatocytes were seen in zones 2 and 3 (dark green
arrows in h, i). (E) Zone-specific staining 4 h after APAP challenge. +/+ and null/+ zone 2
cells stained darkly, like untreated hepatocytes; zone 1 cells had an “open” morphology

Iverson et al. Page 22

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(pale green arrows); and zone 3 cells were highly vacuolated (aqua arrows). By contrast,
null/null zone 2 and 3 hepatocytes stained darkly and were difficult to distinguish, like in
untreated livers; zone 1 hepatocytes had lighter staining, delineating this zone (yellow line,
h, i). (F) Livers 8 h after exposure to APAP. Wild-type livers (a, b, c) showed severe
centrolobular hemorrhagic congestion (delineated with blue line in b). Portal hepatocytes no
longer showed the open morphology. null/+ livers resembled null/null at 4 h, with dark
staining of zone 2 and 3 hepatocytes appearing normal, yet with pale open morphology in
zone 1 allowing its distinction (yellow lines in e, f). null/null (g, h, i) was nearly
indistinguishable from untreated controls (compare to panel C). (G) Livers 12 h after
exposure to APAP. Wild-type mice were moribund by 8 h and were sacrificed prior to 12 h
(n.a., not analyzed). null/null livers (g, h, i) showed little to no overt histopathology. null/+
livers typically retained an open morphology in zone 1 (light green arrows) and
vacuolization in some zone 3 hepatocytes (aqua arrow).
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Fig. 5.
Genotype-specific impacts of 8 h low-dose APAP challenge on hepatic transcriptome. (A)
Heat diagrams of all differentially abundant mRNAs between +/+ and null/null livers 8 h
after challenge with 0 (mice 1–6) or 100 mg/kg (7–12) APAP. The average signal value for
the three wild-type animals under each treatment condition was defined as “black” on the
heat scale, and variance from this value is indicated by yellow (lower values) or blue (higher
values). Quantitative data is presented in Table S1. (B) mRNAs encoding drug metabolism
enzymes, primarily on the Nrf2/Keap1 pathway, identified based on KEGG designations.
Quantitative data is presented in Table S2. (C) Comparison of the effects of Txnrd1
disruption and APAP treatment on the transcriptome of mouse livers. Quantitative data is
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presented in Table S3. (D) Sentinel mRNA levels in +/+, null/+, or null/null livers. All data
are given as relative to the mean value for the saline-challenged (control) wild-type livers,
and are presented as a linear multiplier (fold-difference) on the Y-axis. Bars show mean and
SEM.
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Fig. 6.
Genotype-specific impacts of 8 h low- or high-dose APAP challenge on hepatic protein
profiles. (A) Coomassie-stained gel. Genotypes, treatments, and molecular sizes of markers
are indicated. Green arrows indicate a predominant band that was more abundant in all null/
null livers than in null/+ or +/+ livers, yellow arrows denote two bands that predominant
only in APAP-treated +/+ livers. Violet arrowheads indicate species that were isolated and
analyzed by MS (see below). (B) MS Identification of predominant species from protein gel
in (A).
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