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SUMMARY

Energetic nutrients are oxidized to sustain high intra-
cellular NADPH/NADP + ratios. NADPH-dependent
reduction of thioredoxin-1 (Trx1) disulÞde and gluta-
thione disulÞde by thioredoxin reductase-1 (TrxR1)
and glutathione reductase (Gsr), respectively, fuels
antioxidant systems and deoxyribonucleotide syn-
thesis. Mouse livers lacking both TrxR1 and Gsr sus-
tain these essential activities using an NADPH-inde-
pendent methionine-consuming pathway; however,
it remains unclear how this reducing power is distrib-
uted. Here, we show that liver-speciÞc co-disruption
of the genes encoding Trx1, TrxR1, and Gsr (triple-
null) causes dramatic hepatocyte hyperproliferation.
Thus, even in the absence of Trx1, methionine-fueled
glutathione production supports hepatocyte S phase
deoxyribonucleotide production. Also, Trx1 in the
absence of TrxR1 provides a survival advantage
to cells under hyperglycemic stress, suggesting
that glutathione, likely via glutaredoxins, can reduce
Trx1 disulÞde in vivo. In triple-null livers like in
many cancers, deoxyribonucleotide synthesis pla-
ces a critical yet relatively low-volume demand on
these reductase systems, thereby favoring high
hepatocyte turnover over sustained hepatocyte
integrity.
INTRODUCTION

Cell homeostasis requires cytosolic disulÞde reduction reactions.
For example, the activitiesof most cytosolicproteins requiremain-
tenance of the thiol state of their cysteine (Cys) residues. When
these oxidize into disulÞdes or other modiÞcations, they must be
reduced back into thiols. Also, reduction of disulÞde bonds drives
Cell
This is an open access article under the CC BY-N
the catalytic cycle of ribonucleotide reductase (RNR) in generating
deoxyribonucleotide triphosphates (dNTPs) for DNA synthesis
(Holmgren and Sengupta, 2010; Thelander and Reichard, 1979).

NADPH generated from NADP+ via intracellular oxidation of
energetic nutrients provides the reducing power for most
anabolic, homeostatic, and cytoprotective reduction reactions.
However, only two cytosolic enzymes can channel reducing po-
wer from NADPH into disulÞde reduction reactions: thioredoxin
reductase-1 (TrxR1) and glutathione reductase (Gsr) (Arne«r and
Holmgren, 2000; Couto et al., 2016). TrxR1 reduces the active
site disulÞde in oxidized thioredoxin-1 (Trx1) into a dithiol. Gsr re-
duces glutathione disulÞde (GSSG) into 2GSH, which can reduce
oxidized glutaredoxins (Grxs, also called Glrxs). Trx1 and
reduced glutathione (GSH)/Grx distribute this reducing power
to substrates, including RNR, peroxidases, protein disulÞdes,
and low-molecular-weight disulÞdes (Arne«r, 2009; Holmgren,
1985; Laurent et al., 1964).

Highlighting the fundamental activities of NADPH-dependent
disulÞde reductase systems, E. coli coincidentally lacking both
thioredoxin reductase and glutathione reductase are non-viable
(Feeney et al., 2011). By contrast, we recently showed that
TrxR1/Gsr-null mouse livers, which have the equivalent deÞ-
ciency, sustain redox homeostasis using what is, to date, the
only known constitutive NADPH-independent cytosolic disulÞde
reductase system (Eriksson et al., 2015). In this system, the
reduced sulfur in methionine (Met) is transferred via the Met cycle
and transsulfuration (in combination, MTS) onto Cys without
changing its redox state. Besides providing an essential source
of Cys for protein and coenzyme A synthesis, this Cys source
is used for de novo GSH synthesis, thus putting the Met-derived
reduced sulfur into a molecule that can support cytosolic disul-
Þde reductions (Eriksson et al., 2015). Despite the predicted
inefÞciency of this pathway, lifespans of mice with TrxR1/Gsr-
null livers can exceed 20 months.

The extent to which reducing power can be exchanged be-
tween GSH and Trx1 systems remains incompletely deÞned (Ar-
ne«r, 2009). Mammalian TrxR1 is homologous to Gsr (Novoselov
and Gladyshev, 2003), yet TrxR1 cannot reduce GSSG and Gsr
Reports 19, 2771Ð2781, June 27, 2017ª 2017 The Author(s). 2771
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cannot reduce Trx1 disulÞde (Arne«r, 2009). Nonetheless, TrxR1
can directly reduce cytosolic Grx2c disulÞde in vitro ( Johansson
et al., 2004), Grxs can reduce Trx1 disulÞde (Zhang et al., 2014),
and in some conditions reduced Trx1 can reduce GSSG (Kanzok
et al., 2001). In yeast, Trx1 is essential for maintaining S phase
dNTP pools (Camier et al., 2007; Koc et al., 2006), suggesting
that GSH/Grx in the absence of Trx1 cannot fully support RNR.
In mammals the need for Trx1 is less clear. Trx1-knockout mice
are embryonic lethal (Matsui et al., 1996); however, TrxR1-null
embryos are also non-viable (Jakupoglu et al., 2005), yet this is
associated with defects in embryonic patterning, not in cell pro-
liferation or other basal cellular processes (Bondareva et al.,
2007). Indeed, since both TrxR1-null and TrxR1/Gsr-null livers
exhibit robust physiology and normal replication ( Eriksson
et al., 2015; Prigge et al., 2012), it is clear that enzymes including
RNR can obtain adequate reducing power without the hepato-
cytes being able to use NADPH/TrxR1 to reduce Trx1. Either
this reducing power must be coming directly from GSH/Grx or
it must be cross-trafÞcked from the GSH system to Trx1, thereby
maintaining the reduced state of Trx1 in the absence of TrxR1.

To distinguish between these possibilities, we here developed
a ßoxed allele encoding Trx1 (Txn1ß). Mice having homozygous
liver-speciÞc disruption of this allele, as well as all combinatorial
disruptions of hepatic Trx, TrxR1, and Gsr, proved to be viable.
Pathway analyses revealed that, much like the strategy utility
companies use to maintain a robust electrical power grid,
mammalian cells have a robust disulÞde-reducing power grid
that diversiÞes re-routing possibilities to favor redox homeosta-
sis. Most surprisingly, the predominant response to major
disruptions in the hepatocyte cytosolic disulÞde systems is
adoption of a seemingly cancer-like phenotype that includes
dramatic hyperproliferation and rapid cell turnover. This is dis-
cussed in the context of cellular reducing power requirements
and cell survival strategies.

RESULTS

Development and Survival of Mice with Trx1-,
Trx1/TrxR1-, Trx1/Gsr-, and Trx1/TrxR1/Gsr-Null Livers
No previous studies have shown in vivo evidence of TrxR1-inde-
pendent Trx1 activity, suggesting that TrxR1-null cells should be
Figure 1. Development of Mice with Liver-SpeciÞc Co-disruptions of Trx1, T
(A)Txn1ß allele. The targeting vector generating the founder allele (Txn1found) cont
in male germ cells. Cre recombination generates Txn1null. Details are in the Supp
(B) Chromosomal targeting. C57BL/6 3 129SvEv hybrid embryonic stem cells (E
not (right) contain the Txn1found allele were analyzed for D4Mit193 (17.9 cM from
Txn1found were homozygous for the C57BL/6 D4Mit193 marker with ratios reßec
C57BL/6 chromosome. M, marker; C, WT ESC control.
(C) Mendelian representation of WT (+) andTxn1ß alleles in genomic DNA from F
(D) Conversion ofTxn1ßto Txn1null in liver by AlbCre and survival of mice with Trx1-nu
the WT or Txn1ß alleles (molecularly identical) versus from theTxn1null allele by RT-P
(E) Histology of adult livers of each homozygous combination. Arrows show inß
generating (green) hepatocytes. Scale bars, 400 mm. C or P, representative cent
(F) Liver size at harvest. Bars depict mean and SEM (*p < 0.05 and **p < 0.01; n
(G) Representative macroscopic and microscopic necrotic foci (green arrows) in d
1 mm. Lower panels, H&E-stained histology; scale bars, 200 mm.
(H) Immunoblots on liver lysates of representative genotypes. Asterisk denotes m
(I) Levels of GSH system component activities. Graphs depict means and SEM (
(J) Thiol generation in lysates detected by reaction with DTNB, measured at 421
functionally Trx1 null. Since TrxR1-null cells and livers are gener-
ally robust (Mandal et al., 2010; Peng et al., 2014; Suvorova et al.,
2009), we investigated whether Trx1-null livers were also viable. A
ßoxed allele ofTxn1(Txn1ß), encoding Trx1, that becomes protein
null following Cre-mediated recombination was developed
(Figures 1AÐ1C). Germline disruption, like for the originalTxn1-
knockout allele (Matsui et al., 1996), was recessive lethal in pre-
implantation embryos (data not shown). Using Txn1ß, we gener-
ated homozygous liver-speciÞc Trx1-null mice (Figure 1D, lanes
5 and 6), revealing that Trx1 is dispensable for overtly normal liver
development and function. We then generated mice with all
possible combinations of liver-speciÞc disruptions of Trx1,
TrxR1, and Gsr. Remarkably, mice survived through adulthood
with each of these combinations, including even the liver-speciÞc
triple-homozygous Trx1/TrxR1/Gsr-null combination (see below).

Liver histology in each of the single-homozygous mutations
was similar to that of wild-type (WT) controls ( Figure 1E, top).
By contrast, double- and triple-null livers showed a range of his-
topathologies, including mild inßammation, ductular reactions,
cell death (including both feathery and ballooning hepatocytes,
individual necrotic hepatocytes, and intermittent multi-hepato-
cyte necrotic foci), intermittent presence of giant LanghanÕs
macrophages, and heteromorphic or hypertrophic hepatocytes
(Figure 1E, bottom, and see below). Livers of double- and tri-
ple-null combinations were 2- to 3-fold larger per body mass
than WT livers (Figure 1F), and necrotic foci were often visible
from the surface (e.g., Figure 1G, green arrows). Immunoblots
veriÞed the hepatic protein-null status for each allele (Figure 1H).
Residual TrxR1 or Trx1 protein in TrxR1- or Trx1-null condition,
respectively, was from non-hepatocyte liver cell types, as shown
previously for TrxR1-null livers (Eriksson et al., 2015; Suvorova
et al., 2009). Levels of several other key redox proteins were
also assessed. Mitochondrial Trx2 was modestly lower in livers
lacking either Gsr or Trx1; Grx1 was modestly elevated in
TrxR1- or TrxR1/Gsr-null livers; and the Trx-related protein of
14 kDa (TRP14) was subtly increased in TrxR1/Gsr- and Trx1/
TrxR1-null livers. Curiously, levels of peroxiredoxin-2 (Prdx2
and Prx2), which requires reducing power from Trx1 for activity,
were elevated in all genetic combinations lacking Trx1 (Fig-
ure 1H). Trx1/TrxR1-null livers also showed a small increase in
mitochondrial TrxR2 (black asterisk in Figure 1H).
rxR1, and Gsr
ained a self-excising Flp/neo cassette that matures into the ßoxed allele ( Txn1ß)
lemental Experimental Procedures.

SCs) were used. Founder pups (chimera 3 C57BL/6) that either did (left) or did
Txn1), distinguishing C57BL/6 and 129SvEv chromosome 4. Most pups with

ting meiotic recombination frequencies, indicating the allele had targeted the

1 sib-matings.
ll livers. Total RNA from adult livers was analyzed for the presence of mRNA from
CR. Lanes 5 and 6 show adult mice with Trx1-null livers. C, no template control.
ammation (blue), ductular reactions (purple), or hypertrophic (yello w) or de-

ral veins or portal triads, respectively.
s, not signiÞcant; versus WT, StudentÕs t test).
ouble-null, but not in single-null, livers. Upper panels, liver lo bes; scale bars,

itochondrial TrxR2, which cross-reacts with the TrxR1 antibody.
*p < 0.05 and **p < 0.01; ns, not signiÞcant; versus WT, StudentÕs t test).
nm. Reactions contained liver lysates, GSSG, NADPH, or NADH as indicated.
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Table 1. Serum Markers of Hepatic Health and Function

ALT
U/L

AST
U/L

GGT
U/L

AlkP
U/L

BA
mm/L

Chol
mg/dL

Gluc
mg/dL

Prot
g/dL

Alb
g/dL

Glob
g/dL

A:G
ratio

Bili
mg/dL

Urea
mg/dL

Control n = 13 (SEM) 23.23
(2.02)

34.61
(1.59)

0
(0)

194.9
(19.27)

6.62
(3.08)

103.8
(6.69)

290.4
(13.72)

4.48
(0.14)

2.62
(0.08)

1.88
(0.08)

1.42
(0.05)

0.115
(0.018)

21.92
(1.79)

TrxR1/Gsr null n = 13 (SEM) 206.7
(67.60)

198.7
(54.96)

50.31
(18.77)

351.8
(69.49)

112.7
(33.9)

204.9
(28.6)

237.8
(23.63)

4.65
(0.13)

2.55
(0.08)

1.80
(0.07)

1.44
(0.06)

0.109
(0.016)

22.69
(0.91)

StudentÕs t test 0.012a 0.006a 0.013a 0.040a 0.014a 0.002a 0.069 0.452 0.331 0.499 0.781 0.843 0.714

ALT, alanine aminotransferase; AST, aspartate aminotrasferase; GGT,g-glutamyltransferase; AlkP, alkaline phosphatase; BA, total bile acids; Chol,
cholesterol; Gluc, glucose; Prot, total protein; Alb, serum albumin; Glob, immunoglobulin; A:G, Alb:Glob; Bili, total bilirubin.
aStudentÕs t test p% 0.05.
Because both the NADPH + Gsr system and the Met + MTS
system trafÞc reducing power via GSH (Eriksson et al., 2015),
we measured GSH system enzyme activities in representative
liver lysates. Most genotypes had similar total glutathione levels,
although these were 2-fold elevated in lysates from livers lacking
Trx1, and Grx activity was subtly elevated in TrxR1- and TrxR1/
Gsr-null livers, but not in livers lacking Trx1 (Figure 1I).
Genotypes lacking Gsr showed no GSSG reductase activity us-
ing either NADPH or NADH (Figures 1I and 1J), verifying they did
not contain a cryptic GSSG reductase activity.

The histopathologies associated with the double- and triple-
null combinations suggested mice with these combinations
might exhibit liver disease or dysfunction. As compared to sera
from WT controls, mice with TrxR1/Gsr-null livers showed signif-
icantly elevated serum markers of liver damage, including
alanine aminotransferase, aspartate aminotransferase, g-gluta-
myltransferase, alkaline phosphatase, and total bile acids (Ta-
ble 1). They also showed signiÞcantly elevated levels of choles-
terol; however, other markers of hepatic function, including
serum glucose, protein, albumin, and bilirubin contents, did not
differ signiÞcantly from those in WT controls, and serum immu-
noglobulin and urea contents were also normal (Table 1). This
suggests that, despite having substantial chronic liver damage,
maintenance of intermediary hepatic functions in mice with
TrxR1/Gsr-null livers is remarkably unaffected.

Redistribution of Cytosolic DisulÞde-Reducing Power
Survival of mice having Trx1/TrxR1/Gsr-null livers indicates
mammalian cells have unexpectedly robust means of redistribut-
ing cytosolic disulÞde-reducing power under diverse conditions.
This was further investigated using a short-term synthetic lethality
assay in primary Þbroblasts (Figure S1) (Suvorova et al., 2009).
Cell survival was assessed over a 48-hr period following disrup-
tion of MTS with D,L-propargylglycine (PPG), of GSH synthesis
with L-buthionine-(S,R)-sulfoximine (BSO) (Eriksson et al.,
2015), or under hyperglycemia-induced oxidative stress ( Peng
et al., 2014) (Figure 2A). WT and Gsr-null cells tolerated each of
the challenges. TrxR1- and Trx1/TrxR1-null cells tolerated PPG,
but not BSO. TrxR1/Gsr-, Trx1/Gsr-, and Trx1/TrxR1/Gsr-null
cells were killed by PPG as well as by BSO, and only Trx1/
TrxR1/Gsr-null cells were susceptible to hyperglycemic stress
in these conditions (Figures 2A and 2B). These results were map-
ped onto the cytosolic disulÞde reductase pathways ( Figure 2C).

The ability of Gsr-null cells to tolerate BSO or PPG (e.g.,
Figure 2, condition 1) indicated that the NADPH + TrxR1-driven
2774 Cell Reports 19, 2771Ð2781, June 27, 2017
system alone, in the absence of both the NADPH + Gsr- and the
Met-driven systems, supported survival. In the Trx1/TrxR1-null
Þbroblasts, tolerance of PPG (condition 5) indicated that the
NADPH + Gsr-driven system, in the absence of both the NADPH +
TrxR1-driven and the Met-driven systems, supported survival.
Survival of Trx1/Gsr-, TrxR1/Gsr-, and Trx1/TrxR1/Gsr-null
cultures (e.g., conditions 3 and 7) conÞrmed that the Met + MTS-
driven pathway in the absence of both NADPH-dependent sys-
tems was sufÞcient (Eriksson et al., 2015). Thus, survival was sup-
ported under all tested conditions in which reducing power could
ßow to Trx1 from TrxR1 or to GSH from either Gsr or MTS. Cross-
trafÞcking from TrxR1 to GSH/Grx (Johansson et al., 2004) (gray
arrow i in Figure 2C) did not support survival (condition 8). Also,
the susceptibility of Trx1/TrxR1/Gsr-null, but not TrxR1/Gsr-null,
Þbroblasts to hyperglycemic stress (condition 10) suggests that,
in the TrxR1/Gsr-null condition, Trx1 in the absence of TrxR1 pro-
vides protection against oxidative stress. One explanation for this
could be that cross-trafÞcking of reducing power from GSH/Grx to
Trx1 (gray arrow ii) supports Trx1 in this role (see the Discussion).

Oxidative Stress and Xenobiotic Tolerance in DisulÞde
Reductase-DeÞcient Livers
Prxs and glutathione peroxidases require reducing power from
Trx1 or GSH, respectively, to support their functions as peroxi-
dases or redox sensors (Brigelius-Flohe«and Maiorino, 2013; So-
botta et al., 2015). It was, therefore, expected that livers having
deÞciencies in their Trx1, GSH, or both systems might exhibit
increased steady-state levels of oxidatively damaged macro-
molecules and would exhibit increased susceptibility to oxida-
tive challenges. To assess basal accumulation of oxidative
damage, sections from WT, TrxR1-, or TrxR1/Gsr-null livers
harvested from resting adult mice were stained for the posttrans-
lational protein modiÞcations 4-hydroxynonenal (4-HNE), acro-
lein, or glutathionylation (Brand et al., 2004; Forman, 2016;
Shearn et al., 2016; Uchida et al., 1998). Whereas neither WT
nor TrxR1-null livers showed substantial staining for any of these
antigens (Figures 3AÐ3H), TrxR1/Gsr-null livers exhibited a
checkerboard-pattern of abundant scattered individual hepato-
cytes with strong staining for protein modiÞcation by 4-HNE ( Fig-
ure 3J) and uniformly strong staining for protein acrolein adducts
and protein glutathionylation (protein-SSG) in most hepatocytes
(Figures 3K and 3L, respectively). Curiously, hepatocytes under-
going ballooning cell death (BHs in Figures 3IÐ3L) showed little
staining for either 4-HNE or acrolein, yet they showed dramatic
levels of glutathione conjugates. Intense protein-SSG staining



Figure 2. Redistribution of Reducing Power among Cytosolic DisulÞde-Reducing Systems in Primary Fibroblasts
(A) Synthetic lethality at 48 hr. Stably WT or Gsr-null Þbroblast cultures or cultures that had been converted to the indicated genotypes 4 days earlie r (see
Figure S1) were untreated (cont, standard medium, 5 mM glucose) or treated for 48 hr with 3 mM BSO, 3 mM PPG, or 33 mM glucose, as indicated at top, and
photographed. Red numerals in select panels refer to conditions modeled in (C). Scale bars, 200 mm.
(B) QuantiÞcation of cell survival. Adherent live cells were counted on replicate plates as in (A), presented as the percentage of live cells present compared to the
untreated control value for that cell line. Bars represent mean and SEM of surviving cells of the indicated line under the conditions indicated. Green shading and
orange shading correspond to values considered to represent cell survival or cell failure under these conditions.
(C) Pathway interpretations. Top diagram depicts reducing power trafÞcking from NADPH-independent (rose) or -dependent sources (blue). Enzymes o r
pathways that are disrupted genetically or pharmacologically in (A) are indicated by red font or red arrows, respectively. Yellow star, hyperglycem ia-induced
oxidative stress; gray arrows, putative cross-trafÞcking of reducing power from TrxR1 to Grx (arrow i) or from Grx to Trx1 (arrow ii); blue and green arrows, the
outputs of the GSH or Trx1 pathways, respectively. Below, the modeling pathway activities and outcomes under key conditions tested in (A) are shown. A s-
signments of survive or fail (green or orange, respectively) were based on values depicted with the same colors in (B). Red numerals refer to correspon dingly
labeled conditions in (A). Red Xs denote enzymes or activities that were disrupted in each condition.
was also observed as inclusions within giant LanghanÕs macro-
phages (LMs), but not in their surrounding cytosol or nuclei
(Figure 3L). These observations suggest that, although
TrxR1/Gsr-null hepatocytes accumulate increased macromo-
lecular oxidative damage as compared to WT or TrxR1-null he-
patocytes and have a high frequency of BHs undergoing cell
death, these terminal cells appear to have cleared 4-HNE and
acrolein modiÞcations and instead accumulate protein-SSG
adducts. Following cell death, BH cells are likely engulfed by
the macrophage precursors to LMs, which then become LMs
and exhibit the protein-SSG staining in their phagolysosomes.

In the absence of normal NADPH-dependent routes of supply-
ing reducing power to the cytosolic antioxidant systems, it was
anticipated that endogenous ROS generated as a byproduct of
mitochondrial oxidative phosphorylation would be the predomi-
nant cause of the oxidative damage and cell death observed
in the double- and triple-null livers. Transmission electron micro-
scopy of livers revealed that all of the mutant liver genotypes
Cell Reports 19, 2771Ð2781, June 27, 2017 2775



Figure 3. Accumulation of Oxidative Damage in Resting Adult Liver
(AÐL) Panels show representative images of H&E-stained histology (A, E, and I) or immunostaining for 4-HNE (B, F, and J), acrolein adducts (C, G, and K), or
glutathionylated proteins (protein-SSG; D, H, and L) in WT (AÐD), TrxR1-null (EÐH), or TrxR1/Gsr-null (IÐL) livers, as indicated. Blue arrows denote small rare
acrolein-positive cells of unknown type, which are present in all genotypes. Abbreviations as in Figure 1; BH, ballooning hepatocyte; DR, ductal reaction;
LM, giant LanghanÕs type macrophage. Scale bars, 200mm.
analyzed, including Trx1 and TrxR1 null, which showed no overt
pathology, have signiÞcantly reduced mitochondrial cross-
sectional areas, indicating their mitochondrial networks are
composed of Þner branches (Figures 4A and4B, top panel). How-
ever, morphometric analyses indicated that total mitochondrial
area per cytoplasmic area was similar across genotypes ( Fig-
ure 4B, middle panel). Also, the levels of mitochondrial citrate
synthase (Cs) activity per liver protein, as well as the levels of ac-
tivity for all Þve mitochondrial electron transport systems, were
similar among all genotypes (Table S1). This further indicated
that the total hepatic mitochondrial content and total mitochon-
drial activity were not substantially affected by these disruptions
in the cytosolic disulÞde reductase systems. Curiously,
compared to WT hepatocytes, the TrxR1/Gsr-, Trx1/Gsr-, and
Trx1/TrxR1/Gsr-null hepatocytes also showed a signiÞcantly
increased abundance of coarse electron-dense bodies (DBs)
surrounded by one or more distinct layers of membrane (yellow
arrows in Figure 4A and quantiÞed in Figure 4B), as well as
coarse electron-dense formations within some mitochondria
(yellow asterisks in Figure 4A). The identities of these structures
and their relationship to each other are uncertain, although they
might reßect mitochondrial Þssion and mitophagic activities
(Khraiwesh et al., 2013; Quist et al., 2015).
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To test whether the reductase-deÞcient livers, which exhibited
already dramatically elevated oxidative damage and hepatocyte
death (see above), had increased susceptibility to oxidative chal-
lenges, we used a model of hepatic ischemia/reperfusion (I/R)
injury-induced oxidative stress ( Jaeschke, 2003) on mice with
WT, Trx1-, Trx1/TrxR1-, Trx1/Gsr-, TrxR1/Gsr-, or Trx1/TrxR1/
Gsr-null livers. Unexpectedly, nearly all animals of all genotypes
survived until the 2-week harvest point (Figure 5A, top). The dou-
ble- and triple-null livers harvested at 2 weeks post-I/R surgery
showed increased necrotic cells and acellular debris ( Figure 5A,
bottom), but this did not lead to liver failure.

To investigate how reductase system disruptions affected
susceptibility to hepatotoxins, we challenged adult male
TrxR1/Gsr-null or WT mice with the pro-hepatotoxin acetamino-
phen (paracetamol, APAP) at doses from zero to 165 mg/kg
(LD50 = 338 mg/kg for WT mice). Previous studies showed
that disruption of only TrxR1 in mouse liver results in high
APAP tolerance, which is associated with increased activities of
the pathways for detoxifying APAP, itself, and its cytotoxic
metabolite N-acetyl- p-benzoquinone imine (NAPQI) (Iverson
et al., 2013). WT mice showed no response to any of the APAP
doses, and, even at the highest dose, their livers revealed no overt
histopathology at 24 hr (Figure 5B, top panel). By contrast, at the



Figure 4. Hepatocytic Mitochondrial Ultrastructure
(A) Representative transmission electron micrographs, captured at 5,000 3 magniÞcation. Yellow arrows denote regions where DBs have distinct multilamminar
surrounding membranes; yellow asterisks denote Mi containing distinct electron-dense condensations; blue arrows denote glycogen rosettes dispe rsed outside
of GTs. DB, coarsely electron dense bodies; ER, endoplasmic reticulum; GT, glycogen tracts; LD, lipid droplet; Mi, mitochondrion; Nu, nucleus. Scal e bars,
1,000 nm.
(B) QuantiÞcation of average mitochondrial cross-sectional area (top panel), average total mitochondrial area per cytoplasmic area (middle), or average number of
DBs per cytoplasmic area (bottom).
highest dose (165 mg/kg; � 0.5 3 LD50), one of the three mice
with TrxR1/Gsr-null livers died in <20 hr. At the 24-hr harvest,
the other two mice with TrxR1/Gsr-null livers challenged at this
dose were lethargic and their livers appeared uniformly pale
(data not shown). Histology revealed that nearly all hepatocytes
in these livers were necrotic (Figure 5B, second panel). Although
all TrxR1/Gsr-null mice challenged with 83, 26, or 16.5 mg/kg
APAP survived until the 24-hr harvest, following even the lowest
dose of APAP (� 0.05 3 LD50), histology revealed extensive
centrilobular hepatocyte death and sinusoidal congestion ( Fig-
ure 5B, lower panels). Thus, although TrxR1-null livers are highly
resistant to APAP (Iverson et al., 2013) and TrxR1/Gsr-null livers
show surprising tolerance to hepatic oxidative stress ( Figure 4),
the TrxR1/Gsr-null livers are highly sensitive to APAP.

Hyperproliferation in Hepatocytes Having DisulÞde
Reductase System DeÞciencies
Because RNR requires disulÞde-reducing power and because
RNR inhibition arrests proliferative growth (Holmgren and Sen-
gupta, 2010), it was expected that the double- and triple-null
livers in this study would have compromised proliferative capac-
ities. However, morphometry revealed that the average hepato-
cyte volumes in TrxR1/Gsr- and Trx1/TrxR1/Gsr-null livers were
� 16-fold greater than those in WT livers (Figure 6A). The volume
of hepatocyte nuclei in these livers was similarly increased (Fig-
ures 6B and 6D), so there were no substantial differences in the
nuclear:cytoplasmic ratios between genotypes ( Figure 6C). Most
surprisingly, resting adult double- and triple-null livers showed
frequencies of proliferatively active hepatocytes, as distin-
guished by the expression of proliferative cell nuclear antigen
(PCNA) and Ki67 antigen, 20- to 300-fold above those in WT
livers (Figures 6E, 6F, and S3), and frequencies of hepatocytes
in M phase of the cell cycle, as visualized by staining for phos-
pho-histone H3 (PHH3), 7- to 30-fold higher than those in WT
livers (Figure 6G). Many hepatocytes in the double- and triple-
null livers exhibited ballooning or feathery degeneration
(Figure 1E, green arrows), which are forms of programmed
parenchymal cell death generally associated with steatohepatitis
or cholestasis, respectively (Li and Crawford, 2004; Yip and Burt,
2006). The elevated rates of proliferation and cell death indicate
that these livers have exceptionally high hepatocyte turnover
rates and survive in a chronic regeneration-like state.

DISCUSSION

Survival and proliferation of mouse hepatocytes lacking Trx1
contrasts with the situation in lower eukaryotes in which Trx1 is
required to support S phase replication ( Camier et al., 2007;
Koc et al., 2006). Remarkably, when hepatic Trx1 disruption is
combined with the elimination of TrxR1 and Gsr, the predomi-
nant phenotype is hyperproliferation rather than a replicative
deÞciency.

To better understand the paradox of how TrxR1/Gsr- or Trx1/
TrxR1/Gsr-null hepatocytes could support increased DNA repli-
cation without the use of canonical NADPH-dependent pathways
to drive RNR, we estimated the burden that S phase places on the
cytosolic disulÞde reductase systems (Figures S2A and S2B).
This revealed that hepatocytes contain within their steady-state
GSH pools roughly three times the reducing power required for
RNR to support a replication cycle. Moreover, normal hepatocyte
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Figure 5. Impacts of Acute Oxidative or
Hepatotoxic Stress
(A) Acute oxidative stress. Top: experimental
strategy for I/R injury model is shown. The left
lateral lobe (one-third of liver mass) was occluded
for 30 min to induce ischemia; 14-day survival is
tabulated below. Bottom: representative liver mi-
crographs at 14 days post-I/R injury are shown (see
also Figures S3 and S4). Inßammatory foci, py-
knotic cells, necrotic hepatocytes, or post-necrotic
acellular debris are denoted by yellow, white,
green, or blue arrows, respectively. Scale bars,
200 mm.
(B) Hepatic acetaminophen toxicity. Adult male
mice were challenged with the indicated doses of
APAP and harvested 24 hr later for histopatholog-
ical evaluation. Representative tracts of centi-
lobular congestion (CC) are denoted with dashed
lines; other designations are as above. Scale bars,
200 mm.
S phase is � 7 hr whereas GSH normally has a <2 hr half-life, so
during the S phase the GSH pools chemically turn over several
times (Figure S2C). Because half of the sulfur in WT liver GSH
pools comes from Met via MTS (Mosharov et al., 2000), the molar
consumption rate of Met for GSH synthesis in normal resting he-
patocytes is therefore already several times higher than the molar
consumption rate of reducing power by RNR during the S phase
(Figure S2C). In TrxR1/Gsr-null hepatocytes using only Met to fuel
cytosolic disulÞde reduction (Eriksson et al., 2015), an increase of
<10% in the rate of GSH synthesis over basal would be sufÞcient
to support S phase RNR activity (Figure S2C). Actual demand
could be lower yet if deoxyribonucleoside salvage also contrib-
utes (Arne«r and Eriksson, 1995). Thus, the burden of S phase
RNR activity is quite small compared to the steady-state rate of
GSH turnover.

The highly enlarged average cell and nuclear volume in
Trx1/TrxR1/Gsr-null hepatocytes (Figures 6AÐ6D) suggests pro-
liferative hepatocytes in these livers frequently bypass mitosis
(endoreplication) to become super-polyploid. More modest su-
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per-polyploidy phenotypes occur in hepa-
tocytes of patients or mice with non-alco-
holic fatty liver disease (NAFLD) and in
normal rodent livers following partial
hepatectomy-induced liver regeneration
(Gentric et al., 2015; Melchiorri et al.,
1993). In the NAFLD models, inefÞcient
progression through S and G2 phases ac-
tivates a G2/M checkpoint that blocks
entry into M phase but can be bypassed,
thereby allowing G2-arrested hepato-
cytes to directly enter S phase (Gentric
et al., 2015). This reveals that replication-
dependent hepatocyte super-polyploidy
can be caused, counterintuitively, by
replication inefÞciency coupled with
G2/M checkpoint activation and mitosis
bypass. In the current study, we show
that Trx1/TrxR1/Gsr-null hepatocytes can support and sustain
dramatically elevated proliferation rates, yet it remains possible
that RNR output and replication efÞciency in these livers is never-
theless compromised and actually underpins the super-poly-
ploidy phenotype. Further studies will be required to resolve
the mechanisms underlying the cell cycle phenotypes of these
hepatocytes and how this program might contribute to long-
term survival of mice with Trx1/TrxR1/Gsr-null livers.

The current study shows that liver homeostasis, and therefore
survival of animals with hepatocyte defects, follows classic prin-
ciples of steady-state kinetics and population biology. Thus,
because hepatocytes can have variable rates of both production
(cell proliferation, equivalent to a synthesis rate) and loss (cell
death, a decay rate), organ stability is maintained as long as he-
patocyte proliferation and death rates are balanced. The liver ge-
notypes with the highest proliferation indexes in this study also
show the most cell death, indicating these livers have rapid
hepatocyte turnover despite also maintaining a stable steady-
state hepatocyte population. These dynamics are reminiscent



Figure 6. Hepatocyte Morphometry and Proliferation
(AÐC) Genotype-speciÞc hepatocyte morphometry. Volumetric values are plotted on a log2 scale. Each point represents a single hepatocyte or nuclei (A and B,
respectively). The nuclear:total hepatocyte volumetric ratio for each hepatocyte is plotted in (C). WT livers are predominated by diploid and tetra ploid nuclei, as
seen by clustering of values for WT livers in (B), and these landmarks were used to assign approximate ploidy values. See the Supplemental Experimental
Procedures for details.
(D) Hepatocyte nuclear sizes in juvenile or aged mice. Cryosections of livers from post-natal day 26 (P26) or P255 mice of the indicated genotypes were prepared
and imaged by ßuorescence microscopy. In TrxR1/Gsr-null mice, hepatocyte nuclei are green and nuclei of all other cell types are red; in Gsr-null mice all nuclei
are red. For each condition, a low-magniÞcation (left; scale bar, 100 mm) and embedded zoomed image pair is shown for nuclei size comparisons. Results show
that hyperploidy is already pronounced by P26 in TrxR1/Gsr-null livers (e.g., compare P26 TrxR1/Gsr-null nuclei sizes to P255 Gsr-null nuclei sizes ) yet increases
further with age.
(EÐG) Proliferation in resting adult livers. Representative immunostaining or compiled data for PCNA (E and F, respectively) or PHH3 (G) staining are shown.
Graphs depict means and SEM (*p < 0.05 and **p < 0.01; ns, not signiÞcant; versus WT, StudentÕs t test). Scale bars, 200mm. See also Figure S4.
of an r strategy in population biologyÕs classic r/K selection
theory, wherein high production of low-Þtness progeny allows
persistence of the population despite the high individual mortal-
ity rates (Wilson and MacArthur, 1967). Intriguingly, cancer cells
also frequently have high rates of both proliferation and cell
death. Following I/R injury, evidence of hepatocyte death further
increased, yet animals of all genotypes recovered and exhibited
long-term survival (Figure 5A). This suggests that rates of prolif-
eration must also increase following I/R injury and, indeed,
TrxR1/Gsr-null livers are able to proliferatively regenerate
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