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Although oxidative stress has been implicated in acute acetaminophen-induced liver failure and in chronic 
liver cirrhosis and hepatocellular carcinoma (HCC), no common underlying metabolic pathway has been iden-
tified. Recent case reports suggest a link between the pentose phosphate pathway (PPP) enzyme transaldolase 
(TAL; encoded by TALDO1) and liver failure in children. Here, we show that Taldo1–/– and Taldo1+/– mice spon-
taneously developed HCC, and Taldo1–/– mice had increased susceptibility to acetaminophen-induced liver 
failure. Oxidative stress in Taldo1–/– livers was characterized by the accumulation of sedoheptulose 7-phos-
phate, failure to recycle ribose 5-phosphate for the oxidative PPP, depleted NADPH and glutathione levels, 
and increased production of lipid hydroperoxides. Furthermore, we found evidence of hepatic mitochondrial 
dysfunction, as indicated by loss of transmembrane potential, diminished mitochondrial mass, and reduced 
ATP/ADP ratio. Reduced β-catenin phosphorylation and enhanced c-Jun expression in Taldo1–/– livers reflected 	
adaptation to oxidative stress. Taldo1–/– hepatocytes were resistant to CD95/Fas-mediated apoptosis in vitro 
and in vivo. Remarkably, lifelong administration of the potent antioxidant N-acetylcysteine (NAC) prevented 
acetaminophen-induced liver failure, restored Fas-dependent hepatocyte apoptosis, and blocked hepatocar-
cinogenesis in Taldo1–/– mice. These data reveal a protective role for the TAL-mediated branch of the PPP 
against hepatocarcinogenesis and identify NAC as a promising treatment for liver disease in TAL deficiency.

Introduction
Hepatocellular carcinoma (HCC) is the fifth most common 
cancer and the third leading cause of cancer-related mortality 
worldwide (1). More than 80% of European and US cases of HCC 
develop in cirrhotic livers (2). The prevalence of chronic liver dis-
ease and cirrhosis is approximately 400,000, or 0.15%, in the US. 
Despite recognition of alcohol and hepatitis C and B viruses as 
etiologic agents, the cause of liver cirrhosis in most HCC patients 
is unknown (3). Elevated serum levels of α-fetoprotein (AFP) cor-
relate with development of HCC, and it is used as a screening test 
in cirrhotic patients (4). Hepatocyte transformation is thought to 
occur in the setting of chronic inflammation, regeneration, and 
oxidative stress, leading to DNA damage and activation of onco-
genes and inactivation of tumor suppressor genes (5). There is 
growing evidence for the involvement of the CD95/Fas cell death 

receptor–initiated apoptosis pathway in physiological regulation 
of hepatocyte turnover and hepatocarcinogenesis (6–10). Apop-
tosis resistance and uncontrolled proliferation of hepatocytes is 
associated with increased expression of c-Jun, a redox-sensitive 
transcription factor (11, 12). Oxidative stress is also involved in 
toxicity by acetaminophen (APAP; acetyl-p-aminophenol, also 
known as Tylenol; McNeil-PPC Inc.), which is the leading cause of 
acute liver failure (13). APAP is metabolized by hepatic cytochrome 
P450 into a strongly oxidizing intermediate (N‑acetyl‑para ben-
zoquinone imine, NAPQI), which is detoxified at the expense of 
reduced glutathione (GSH) (14). To date, common genetic factors 
have yet to be identified that predispose either to cirrhosis and 
hepatocarcinogenesis or to APAP-induced acute liver failure.

Homozygous mutations of transaldolase (TAL; encoded by 
TALDO1) have been reported in a 9-year-old girl with liver cirrhosis 
(15), a newborn girl who died of liver failure at the age of 18 days 
(16), and 4 siblings with multiorgan disease, hydrops fetalis, and 
genitourinary malformations (17). Because all 6 patients were off-
spring of consanguineous parents, mutations in genes other than 
TALDO1 could have influenced the wide spectrum of disease mani-
festations. To investigate the role of TAL in mammalian develop-
ment, and specifically in liver disease, we inactivated the TAL locus 
in mice. Mice deficient in Taldo1 develop normally, with the excep-
tion of sperm dysmotility (18). Taldo1+/– and Taldo1–/– mice are 27- 
and 79-fold more likely to spontaneously develop liver cirrhosis 
and nodular dysplasia, respectively, than their wild-type Taldo1+/+ 
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littermates. We found that HCC was the most common malignancy  
and leading cause of death in both Taldo1+/– and Taldo1–/– mice. 
Paradoxically, Taldo1–/– mice were resistant to CD95-dependent 
hepatocyte apoptosis and were highly susceptible to APAP-induced 
liver cell necrosis. Oral administration of N-acetylcysteine (NAC) 
blocked APAP susceptibility, restored Fas-dependent apoptosis, 
and prevented (a) dephosphorylation of β-catenin, (b) activation 
of c-Jun, and (c) development of cirrhosis and hepatocarcinogen-
esis in Taldo1–/– mice.

Results
Spontaneous development of steatosis, steatohepatitis, cirrhosis, dysplasia, 
and HCC in the livers of Taldo1–/– and Taldo+/– mice. To characterize 
the Taldo1–/– phenotype, we analyzed 102 litters of crosses between 
Taldo1+/– heterozygotes, each litter consisting of at least 1 Taldo1+/+, 
Taldo1+/–, and Taldo1–/– animal. When 1 litter member became ill, the 
entire litter was autopsied. HCC was the leading cause of death in 
both Taldo1+/– (39 of 229; 17%) and Taldo1–/– mice (45 of 97; 46%), in 
contrast to Taldo1+/+ littermates (1 of 102; 1%; Figure 1 and Table 1). 
The normal liver architecture (i.e., typical hexagonal central-portal 
relationships) was distorted in Taldo1–/– livers, which showed col-
lagen deposition resembling cirrhosis as well as the formation of 
dysplastic nodules, cellular atypia, anisonucleosis, mitotic figures, 
increased nuclear to cytoplasmic ratio, and large cell change (Figure 1  
and ref. 19). Rates of anisonucleosis and nodular or large cell dys-
plasia, based on established criteria (19), were markedly increased 
in both Taldo1+/– and Taldo1–/– mice (P < 0.0001; Table 1).

To assess pathological changes that preceded liver cirrhosis and 
dysplasia, 10- to 12-week-old litters were examined. We observed 

the formation of microvesicular and macrovesicular lipid drop-
lets indicative of steatosis or nonalcoholic fatty liver disease 
(NAFLD), hepatocyte ballooning with Mallory hyalin, expansion 
of lipid-containing perisinusoidal Ito cells, and inflammatory 
changes resembling nonalcoholic steatohepatitis (NASH; Figure 2  
and ref. 20). Similar to patients with fatty liver (20), Taldo1–/– mice 
had diminished glucose tolerance (Supplemental Figure 1). Elec-
tron microscopy showed accumulation of lipid droplets and 
also diminished size and numbers of mitochondria in Taldo1–/– 
hepatocytes (Supplemental Figure 2). Hepatocyte death was eval-
uated by serum levels of liver enzymes and TUNEL staining of 
hepatocytes in 4-month-old and 8-week-old littermates. Relative 
to Taldo1+/+ control littermates (145 ± 21 IU/l), serum aspartate 
aminotransferase (AST) levels were increased in Taldo1–/– mice at 
the age of 4 months (224 ± 37 IU/l; P = 0.034). Serum alanine ami-

Table 1
Frequency of malignant tumors, HCC, and liver cell dysplasia

Frequency	 Taldo1+/+	 Taldo1+/–	 Taldo1–/–	 PA	
	 (n = 102)	 (n = 229)	 (n = 97)
All malignant tumorsB	 6/96	 74/155	 55/42	 <0.0001
HCC only	 1/101	 39/190	 45/52	 <0.0001
Liver dysplasiaC	 1/101	 62/167	 77/20	 <0.0001

Values denote ratio of presence/absence. ATaldo1–/– versus littermate 
control mice. P values were determined by c2 test. BHCC, lymphomas, 
carcinomas, sarcomas. CLarge cell change dysplasia, nodular dyspla-
sia; includes HCC.

Figure 1
Spontaneous development of dysplastic nodules, cirrhosis, and HCC in Taldo1–/– mice. (A) Dysplastic nodules and cirrhosis in Taldo1–/– (–/–) 
mice. Macroscopic and microscopic images of 52-week-old Taldo1–/– mouse 20M stained with H&E and Klatskin trichrome stain. Arrow denotes 
inflammatory cells surrounding nodules (N). Klatskin trichrome staining of the liver showed interstitial deposition of collagen (blue). Hepatocytes 
within the nodules were avidly stained red. Original magnification, left to right: ×100, ×40, ×40. (B) Macroscopic images of HCC in a 74-week-old 
(931F) and an 82 week-old (1266F) Taldo1–/– mice, and microscopic images of steatosis, dysplasia, mitotic figures (arrows), and hepatoma in 
74-week-old Taldo1–/– mouse 931F. Original magnification, left to right: ×100, ×100, ×200.
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notransferase (ALT) levels were similar in Taldo1+/+ (64 ± 13 IU/l) 
and Taldo1–/– mice (78 ± 24 IU/l; P = 0.632). This elevated AST rela-
tive to ALT was consistent with the development of cirrhosis in 
the context of chronic hepatitis (21) and NAFLD (22). The num-
ber of TUNEL-positive apoptotic hepatocytes increased in 8-week-
old Taldo1–/– (6.0% ± 0.7%; P = 0.014) and Taldo1+/– (3.6% ± 0.3%;  
P = 0.012) mice relative to Taldo1+/+ controls (0.2% ± 0.1%). Thus, 
liver cell injury of Taldo1–/– mice was detectable earlier by TUNEL 
staining than by elevation of serum AST. Cell proliferation was eval-
uated by proliferating cell nuclear antigen (PCNA) staining of liv-
ers (Supplemental Figure 3). The number of PCNA-positive nuclei 
per 1,000 hepatocytes increased in 8-week-old Taldo1–/– (20.9 ± 5.8  
nuclei; P = 0.0093) and Taldo1+/– (2.4 ± 0.2 nuclei; P = 0.0058) mice 
relative to Taldo1+/+ controls (1.17 ± 0.3 nuclei). PCNA staining was 
markedly elevated in hepatomas (587.0 ± 140.8 nuclei) compared 
with Taldo1–/– livers (20.9 ± 5.8 nuclei; P = 0.0011).

Metabolic consequences of TAL deficiency are characterized by depleted 
NADPH and GSH, diminished NO production, lost mitochondrial trans-
membrane potential and mitochondrial mass, and reduced ATP/ADP 
ratio. The metabolism of glucose through the pentose phosphate 
pathway (PPP) provides ribose 5‑phosphate (R5P) for the synthe-
sis of nucleotides and NADPH, a reducing equivalent for biosyn-
thetic reactions and for maintenance of GSH in its reduced state 
(23, 24). To assess the consequences of TAL deficiency on the PPP, 

we determined the levels of PPP sugars and nucleotides by liquid 
chromatography coupled to tandem mass spectroscopy (LC-MS/
MS) (25). The unique TAL substrate sedoheptulose 7-phosphate 
(S7P) accumulated 17-fold in Taldo1–/– livers (Figure 3). The lev-
els of C5 sugar phosphates R5P and xylulose 5-phosphate (X5P) 
and C5-polyols D-arabitol and D-ribitol also increased (Figure 
3A). ADP and ATP levels increased, the latter to a lesser extent, 
which caused a reduced ATP/ADP ratio (Figure 3A). NADPH and 
the NADPH/NAD phosphate (NADPH/NADP) ratio fell in both 
Taldo1+/– and Taldo1–/– livers, whereas NADH was only reduced in 
Taldo1–/– livers (Figure 3B). By HPLC (18), GSH levels in the liv-
ers of Taldo1–/– mice were reduced (3.502 ± 0.174 nmol/mg tissue;  
n = 9) in comparison to Taldo1+/+ littermates (4.254 ± 0.193 nmol/
mg tissue; n = 9; P < 0.0001). Flow cytometry also showed dimin-
ished GSH content in Taldo1–/– (–29.7%; P = 0.0008) and Taldo1+/– 
hepatocytes (–21.3%; P = 0.005) with respect to Taldo1+/+ controls 
(Figure 4). The low NADPH and GSH levels thus provided the 
metabolic basis for oxidative stress.

The oxidation-reduction equilibrium of pyridine nucleotides (i.e., 
the combined NADH/NAD and NADPH/NADP ratios) and GSH 
regulate the mitochondrial transmembrane potential (Δψm) (26). 
Mitochondria play crucial roles in cell death signal processing by 
hepatocytes (27). Both Δψm and mitochondrial mass were reduced 
in hepatocytes of 8- to 10-week-old Taldo1–/– mice (Figure 4).  

Figure 2
NAFLD and NASH with dysplasia in 10- to 12-week-old Taldo1–/– mice. (A) Detection of lipid droplets with oil-red-O (ORO) staining in frozen liver 
sections of Taldo1–/– and Taldo1+/+ (+/+) littermates. Original magnification, left to right: ×100, ×100, ×400, ×400. (B) Centrolobular, zonal, or dif-
fuse steatosis and Mallory bodies in Taldo1–/– and Taldo1+/– (+/–) mice. Original magnification, left to right: ×40, ×400, ×400, ×400. (C) Steatosis, 
inflammation, liver cell dysplasia with large cell change, and expansion of fat-storing hepatic stellate or Ito cells (arrows). Ito cells were also 
identified by expression of glial fibrillary acidic protein (GFAP). Original magnification, left to right: ×100, ×400, ×400, ×600.
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Figure 3
LC-MS/MS analysis of PPP sugars and nucleotides in the 
liver. (A) Cumulative analysis of S7P, X5P, R5P, C5-poly-
ol, ADP-ribose, AMP, ADP, and ATP levels as well as the 
ATP/ADP ratio in the livers of 14 sets (6 male, 8 female) of 
Taldo1–/–, Taldo1+/+, and Taldo1+/– littermates. All samples 
were analyzed after methanol/water extraction by LC-MS/MS 
(25). Sugar phosphates and nucleotides were detected in the 
same sample. (B) Quantitative recovery of NADH and NADPH 
was achieved as described in Methods. This method allowed 
parallel detection of NADH, NADP, and NADPH, as shown by 
representative MS/MS chromatograms in liver samples from 
female littermates. Cumulative analysis of NADPH and NADH 
levels in 12 female littermates 5–6 weeks of age is shown at 
right. P values compared with Taldo1+/+ mice are shown.
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Production of NO, which is required for mitochondrial biogenesis 
(28), was diminished in Taldo1–/– hepatocytes. In accordance with 
the reduced mitochondrial mass and Δψm, the production of reac-
tive oxygen intermediates (ROIs) was also diminished. Depletion 
of intracellular GSH levels in excess of the reduction in ROI pro-
duction and increased SOD, catalase (CAT), and GSH peroxidase 
(GPx) activities were all consistent with oxidative stress (Supple-
mental Table 1). Though transketolase was unchanged, glucose 6-
phosphate dehydrogenase (G6PD) activity was reduced in Taldo1–/– 
livers (Supplemental Table 1). Oxidative stress was also evidenced 
by increased levels of lipid hydroperoxide (LPO), malondialdehyde 
(MDA), and 4-hydroxynonenal (4-HNE) adducted proteins in 
Taldo1–/– livers (Supplemental Figure 4).

Increased expression of c-Jun, AFP, and aldose reductase in Taldo1–/– livers 
and hepatomas. Hepatocarcinogenesis occurs during a multistep pro-
cess of genetic changes reflecting adaptation to oxidative stress (27, 
29). To delineate the changes in gene expression underlying tumor 
development in TAL deficiency, we performed microarray analysis 
of microscopically normal livers of 5-week-old litters and litters sac-
rificed at the time of HCC development by 1 member. Analysis of  

5-week-old litters revealed greater than 2-fold enhanced expression 
of 12 genes in Taldo1+/– and Taldo1–/– samples compared with Taldo1+/+ 
controls (Supplemental Table 2). Remarkably, expression of c-Jun, a 
redox-sensitive transcription factor and promoter of hepatocyte pro-
liferation (30), increased 5.7- and 8.0-fold in Taldo1+/– and Taldo1–/–  
livers, respectively. Overexpression of c-Jun was confirmed by West-
ern blot analysis (Figure 5). Protein levels of c-Jun in hepatomas 
from Taldo1–/– mice aged 15 months or older were similar to levels 
in microscopically tumor-free livers from 5-week-old Taldo1–/– mice, 
which suggests that c-Jun activation is an early event of hepatocar-
cinogenesis (Figure 5). Microarray studies of 6 Taldo1–/– hepatomas 
revealed overexpression of 30 genes (Supplemental Table 3), includ-
ing AFP, which is regulated by c-Jun (31) and serves as a biomarker 
of HCC development in liver disease patients (4), and aldose reduc-
tase (AR), which is also redox controlled and has been implicated 
in hepatocarcinogenesis (32). Western blot analysis confirmed the 
increased expression of AFP and AR in Taldo1–/– hepatomas over age-
matched tumor-free Taldo1–/– livers (Figure 5).

Hypophosphorylation of β-catenin in Taldo1–/– livers and accumulation 
in the nuclei of Taldo1–/– hepatomas. The β-catenin pathway has been 

Figure 4
Flow cytometry analysis of mitochondrial function and NO production 
by isolated hepatocytes. Mouse hepatocytes were isolated from 8‑ to 
10‑week‑old Taldo1+/+, Taldo1+/–, and Taldo1–/– female littermates by a  
2-step perfusion procedure as described in Methods. Δψm by TMRM, 
mitochondrial mass by MitoTracker Green (MTG), mitochondrial and cyto-
plasmic Ca2+ levels by Rhod-2 and Fluo-3, ROI production by H&E, and 
NO production by DAF-FM fluorescence were assessed in annexin V– 
negative cells (72). GSH levels were assessed by monochlorobimane 
(MCB) fluorescence. NO levels were also assessed by the Griess reac-
tion. Data are mean of 4 or more independent experiments normalized to 
Taldo1+/+ hepatocyte values, set as 100%. *P < 0.05 versus Taldo1+/+.

Figure 5
Expression of c-Jun, AFP, and AR in Taldo1+/+, Taldo1+/–, and Taldo1–/– liver tissues from 5-week-old female littermates and in hepatomas 
(HEP) from Taldo1–/– mice. While c-Jun and AFP were detected in whole cell lysates, AR was analyzed in cytosolic extracts (73). (A) Western 
blot detection of c-Jun, AFP, and AR expression relative to β-actin in livers and hepatoma tissues. Numbers below blots indicate densitometry 
values, which were normalized to those of Taldo1+/+ livers, set at 1.0. (B) Cumulative analyses of c-Jun/actin, AFP/actin, and AR/actin levels by 
Western blot in Taldo1–/– hepatomas and tumor-free Taldo1–/– and Taldo1+/– livers relative to Taldo1+/+ liver. Data represent mean ± SEM of 4 
littermate sets and 4 hepatomas. P values denoting significant differences versus Taldo1+/+ mice are shown.
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recognized as an essential signaling mechanism involved in both 
development and disease processes of the liver, including metabo-
lism, oxidative stress, zonation, hepatitis, and hepatocarcinogene-
sis (33, 34). Moreover, β-catenin is the main effector of the canoni-
cal Wnt signaling pathway (34). Normally, β-catenin is located in 
the cytosol and it is associated with E-cadherin near the cell mem-
brane. Turnover of β-catenin is dependent on phosphorylation by 
glycogen synthase kinase–3β (GSK3β), which forms a degradation 
complex with the scaffolding proteins APC, Axin 1, and Axin 2 
(33). Increased signaling through Wnt/Frizzled leads to inacti-
vation of GSK3β that limits the phosphorylation of β-catenin. 
Unphosphorylated β-catenin is protected from ubiquitination 
and proteasomal degradation and accumulates in the cytoplasm, 
which is followed by nuclear translocation (34) and activation of 
T cell factor and various target genes, such as c-Jun (35). Oxida-
tive stress enhances the transcriptional coactivator function of  
β-catenin (36). Therefore, we examined β-catenin expression in the 
livers of 4-month-old Taldo1+/+, Taldo1+/–, and Taldo1–/– littermates 
and in 13 hepatomas. As shown in Figure 6, A–C, phosphoryla-
tion of β-catenin was reduced in Taldo1–/– livers and hepatomas, 
and to a lesser extent in Taldo1+/– livers, relative to Taldo1+/+ litter-

mates. The expression of β-catenin was increased in the perivenous 
region, consistent with its role in zonal regulation of liver physi-
ology (34). This expression was confined to the cytosol adjacent 
to the plasma membrane in tumor-free livers (Figure 6D). Con-
versely, β-catenin showed diffuse accumulation in the cytosol of 
13 of 13 Taldo1–/– hepatomas and translocation into the nuclei of 
tumor cells in 4 of 13 Taldo1–/– hepatomas (Figure 6D). Western 
blot analysis showed similar protein levels of p21 (also designated 
WAF1/Cip1) in 8-week-old Taldo1+/+, Taldo1+/–, and Taldo1–/– livers 
(data not shown).

Resistance of Taldo1–/– hepatocytes to Fas-dependent apoptosis. Growing 
evidence supports the involvement of CD95/Fas cell death recep-
tor–initiated apoptosis in physiological regulation of hepatocyte 
turnover (8). The role of GSH in Fas-induced liver cell death is the 
subject of controversy. Depletion of GSH, which is required for 
activity of caspases, can abrogate Fas-dependent apoptosis of the 
liver (37). Alternatively, prolonged GSH depletion may enhance Fas-
induced apoptosis (38). Upon in vitro treatment with Jo2 anti-Fas 
antibody, caspase 3 activity was reduced in Taldo1–/– and Taldo1+/– 
hepatocytes compared with Taldo1+/+ controls (Figure 7A). After i.p. 
injection of Jo2 antibody, survival of Taldo1–/– mice was markedly 

Figure 6
Effect of TAL deficiency on phosphorylation and intracellular localization of β-catenin in Taldo1+/+, Taldo1+/–, and Taldo1–/– liver tissues from  
10- to 12-week-old littermates and hepatomas from Taldo1–/– mice. (A) Western blot detection of phosphorylated β-catenin (p–β-catenin) rela-
tive to β-catenin in liver and hepatoma tissues. As a loading control, p–β-catenin and β-catenin levels were normalized to actin for each sample. 
(B) Effect of lifelong NAC treatment on p–β-catenin/β-catenin levels in liver tissues of 12-week-old littermates. Numbers below blots show  
p–β-catenin/β-catenin ratios (i.e., [p–β-catenin/actin]/[β-catenin/actin]), which were normalized to those of Taldo1+/+ livers, set at 1.0. (C) Cumu-
lative analyses of p–β-catenin/β-catenin levels in liver tissues of 12-week-old littermates, hepatomas, and liver tissues from NAC-treated 10- to 
12-week-old littermates. Data represent mean ± SEM of 4 littermate sets and 13 hepatomas. P values denoting significant differences versus 
control-treated Taldo1+/+ mice are shown. (D) Immunohistochemical analysis of β-catenin expression in liver tissues of 12-week-old littermates 
and in Taldo1–/– livers with HCC. Original magnification, ×100.
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increased relative to Taldo1+/+ or Taldo1+/– mice (P < 0.001, log-rank 
test; Figure 7B). Liver sections obtained 4 hours after Jo2 injection 
showed significantly fewer TUNEL-positive apoptotic nuclei in 
Taldo1–/– hepatocytes (11% ± 4.5%) relative to Taldo1+/+ (79% ± 15%; 
P = 0.016) or Taldo1+/– controls (49% ± 8.5%; P = 0.034; Figure 7C).

Increased susceptibility of Taldo1–/– mice to APAP-induced liver failure. 
APAP overdose is the leading cause of acute liver failure in the US 
(13, 39). APAP is converted by hepatic cytochrome P450 enzymes, 
primarily CYP2E1, to the toxic intermediate compound NAPQI, 
which is rapidly detoxified by GSH (40). To examine the ability 
of Taldo1–/– mice to resist APAP-induced oxidative stress, 10-week-
old Taldo1+/–, Taldo1–/–, and Taldo1+/+ littermates were injected with 
100–800 mg/kg APAP i.p. Upon injection with 800 mg/kg APAP, 
Taldo1–/– mice had increased mortality (Figure 8A) as a result of 
fulminant liver necrosis (Figure 8B). After 24 hours, 8 of 23 (35%) 
Taldo1–/– mice survived, while 17 of 28 (61%) Taldo1+/– and 16 of 
26 (62%) Taldo1+/+ mice survived (P = 0.027; Figure 8A). CYP2E1 
protein levels were similar in the livers of Taldo1+/+ (normalized at 
1.0 ± 0.05), Taldo1+/– (1.2 ± 0.3; P = 0.33), and Taldo1–/– (1.0 ± 0.1;  
P = 0.95) littermates. Likewise, CYP1A2 protein levels were similar in 

the livers of Taldo1+/+ (normalized at 1.0 ± 0.02), Taldo1+/– (1.1 ± 0.2;  
P = 0.84), and Taldo1–/– (0.9 ± 0.3; P = 0.79) littermates (Supplemen-
tal Figure 5). Thus, TAL deficiency did not influence expression of 
CYP2E1 or CYP1A2, which suggests that increased susceptibility 
to APAP was not related to changes in expression of these genes.

At 1 hour after APAP treatment, an interval insufficient to pro-
duce observable histological changes, increased phosphorylation 
of 46- and 54-kDa JNK (Figure 8C) and increased kinase activity 
of JNK were noted in Taldo1–/– livers (Figure 8D). Neither TAL defi-
ciency nor APAP treatment influenced JNK protein levels (Figure 
8C). We investigated the impact of the JNK inhibitor SP600125 
(41) on APAP-induced activation of the JNK pathway. Although 
pretreatment with 30 mg/kg SP600125 caused a greater than  
5-fold reduction of JNK activation (Figure 8E), it failed to improve 
the overall survival of Taldo1–/– mice (Supplemental Figure 6).

Lifelong administration of NAC prevents APAP-induced liver failure, 
reverses Fas resistance, and blocks hepatocarcinogenesis in Taldo1–/– mice. 
NAC, a precursor of de novo GSH biosynthesis, is a potent anti-
oxidant and the treatment of choice for APAP-induced liver failure 
(42). In addition to enhancing APAP toxicity, ongoing chronic oxi-

Figure 7
Resistance of Taldo1–/– hepatocytes to Fas-induced apoptosis. (A) Fas-induced apoptosis of hepatocytes in vitro by activation of caspase 3. 
Hepatocytes were incubated as described in Methods with anti-Fas antibody (Jo2, 0.5 μg/ml) and 50 μg/ml cycloheximide (Cyc) or 50 ng/ml 
actinomycin D (AcD). Mean ± SEM values from 4 litters per independent experiment are expressed relative to hepatocytes from Taldo1+/+ litter-
mates, set as 100%. *P < 0.05 versus Taldo1+/+. (B) Survival of 8- to 10-week-old Taldo1+/+ (n = 22), Taldo1+/– (n = 15), and Taldo1–/– littermate 
mice (n = 14) following i.p. injection with Jo2 antibody (10 μg/30 g body weight). Log-rank test showed increased survival of Taldo1–/– mice 
compared with Taldo1+/+ mice (P < 0.0001). No significant difference was observed between the Taldo1+/– and Taldo1+/+ groups. (C) TUNEL 
staining of liver sections 4 hours after i.p. injection with Jo2 antibody. Condensed and fragmented apoptotic nuclei (red arrows) in Taldo1+/+ and 
Taldo1+/– livers were visualized by staining with Vector Black substrate. Sections were counterstained with hematoxylin. Original magnification, 
×100 (top row); ×400 (bottom row).
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dative stress may also contribute to hepatocarcinogenesis through 
dephosphorylation of β-catenin, activation of c-Jun, and inhibition 
of Fas apoptosis. Therefore, we introduced 10 g/l NAC to the drink-
ing water of Taldo1+/– breeding pairs and their offspring throughout 
their lives. Such intervention for approximately 3 months increased 
the GSH content of Taldo1–/– livers by 60%, thereby compensating 
for GSH diminution. In addition to GSH content (measured by 
both HPLC and flow cytometry), NADPH levels (measured by 
HPLC), ROI levels (measured by H&E fluorescence), NO produc-
tion (measured by DAF-FM fluorescence), and mitochondrial mass 
(measured by MitoTracker Green fluorescence) were normalized 
in hepatocytes isolated from 4 NAC-treated Taldo1–/– mice rela-

tive to those from 4 NAC-treated Taldo1+/+ littermates. NAC treat-
ment also normalized the number of PCNA- and TUNEL-positive 
nuclei in Taldo1–/– livers (data not shown). Each animal in 4 sets 
of 12-week-old Taldo1+/+ (n = 5), Taldo1+/– (n = 5), and Taldo1–/– lit-
termates (n = 4) given lifelong NAC survived i.p. challenge with 800 
mg/kg APAP. Strikingly, NAC treatment restored susceptibility to 
Fas-induced cell death in Taldo1–/– mice (Supplemental Figure 7). 
NAC treatment also normalized β-catenin phosphorylation (Fig-
ure 6, B and C) and c-Jun expression in Taldo1–/– livers (data not 
shown). To investigate whether normalization of β-catenin phos-
phorylation and c-Jun expression and restoration of Fas apoptosis 
by NAC also prevented hepatocarcinogenesis, mice were kept alive 

Figure 8
Increased susceptibility of Taldo1–/– mice to liver failure induced by APAP. (A) Survival of Taldo1+/+ (n = 26), Taldo1+/– (n = 28), and Taldo1–/– lit-
termates (n = 23) injected with 800 mg/kg APAP. Log-rank test showed reduced survival of Taldo1–/– compared with Taldo1+/+ mice (P = 0.027). 
No significant difference was observed between the Taldo1+/– and Taldo1+/+ groups. (B) H&E-stained liver sections obtained 6 hours after APAP 
injection. Hemorrhagic necrosis, characterized by hepatocyte vacuolization and extravasation of erythrocytes, was enhanced in Taldo1–/– liver. 
Original magnification, ×100. (C) Western blot detection of 46- and 54-kDa JNK and their state of phosphorylation (p46 and p54 JNK) in APAP-
injected and untreated control mice. Numbers below blots show p-JNK/JNK levels, which were determined relative to actin and normalized to 
untreated Taldo1+/+ protein lysates, set as 1.0. (D) Assessment of JNK activity by in vitro phosphorylation of GST–c-Jun1–89 fusion protein in 
APAP-treated liver. TAL, c-Jun, and actin levels were detected by Western blot of liver cell lysates. In vitro phosphorylation of GST–c-Jun was 
detected by Western blot analysis using anti–phospho–c-JunSer63 antibody. (E) Effect of SP600125 on APAP-induced activation of JNK. Lit-
termate 12-week-old mice were pretreated with SP600125 or DMSO control as described in Methods 1 hour prior to APAP exposure. Numbers 
below blots show p-JNK/JNK levels 3 hours after APAP treatment; values were determined relative to actin and normalized to untreated Taldo1+/+ 
protein lysates, set as 1.0.
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up to 86 weeks, well beyond the mean age of death due to HCC (74 
weeks). Entire litters were sacrificed together for macroscopic and 
microscopic analysis of the liver. Of the NAC-treated litters, none 
of the 43 Taldo1+/– (26 female and 17 male) and 17 Taldo1–/– mice (11 
female and 6 male) developed hepatoma (Table 2). Lipid accumula-
tion persisted after NAC treatment (Supplemental Figure 8), which 
suggests that a metabolic defect such as stimulation of lipogenesis 
by X5P (43), rather than oxidative stress, was responsible for steato-
sis in Taldo1–/– livers.

Discussion
The present data identify TAL deficiency as a cause of hepatocar-
cinogenesis. Tumor development in the liver is dependent on a 
multistep process of genetic changes reflecting adaptation to oxi-
dative stress (27, 29), with prominent involvement of c-Jun (11, 
44). A redox-sensitive transcription factor, c-Jun inhibits liver cell 
death, promotes hepatocyte proliferation (12, 30), and stimulates 
expression of AFP (31), a biomarker of HCC development in cir-
rhotic patients (4). We found that HCC was associated with overex-
pression of AFP and led to a moribund state in Taldo1–/– mice at the 
mean age of 74 weeks, in contrast to the expected lifespan of 130 
weeks (45). The mean age of hepatoma presentation in humans is 
61.8 years (46). Thus, TAL deficiency is a relevant model of hepato-
carcinogenesis in men. Paradoxically, activation of the JNK/c-Jun 
pathway also promotes oxidative stress–induced acute liver cell 
injury, such as that triggered by APAP (47). Although JNK activa-
tion was accelerated in Taldo1–/– mice, inhibition of JNK failed to 
improve their overall survival. Levels of LPO, MDA, and 4-HNE 
adducted proteins increased in Taldo1–/– livers (Supplemental Fig-
ure 4), which suggests a role for preexisting damage from oxidative 
stress and increased vulnerability of Taldo1–/– mice. Indeed, sup-
plementation of NAC to the drinking water of Taldo1+/– breeding 
pairs and their offspring throughout their lives not only increased 
GSH and NADPH levels, but also reduced LPO, MDA, and 4-HNE 
production (Supplemental Figure 4) and completely prevented 
the APAP-induced death of Taldo1–/– mice. Thus, TAL deficiency–
induced oxidative stress predisposes to both hepatocarcinogenesis 
and APAP-induced fulminant liver failure.

Hepatocarcinogenesis occurs in the context of NAFLD and NASH. 
Mutations in the gene encoding TAL have been associated with liver 
disease in children from 3 families (15, 17, 48), but have not been 
documented in liver cancer. Homozygous deletion of 3 bp (coding 
for Ser171) of the TALDO1 gene was described in a 9-year-old girl 
with liver cirrhosis (15). Deletion of Ser171 caused misfolding, pro-
teasome-mediated degradation, and complete deficiency of TAL in 
fibroblasts and lymphoblasts of this patient (49). A second TALDO1-
deficient patient (R192H) died at the age of 18 days from liver fail-

ure, cardiomyopathy, and respiratory failure (16). This patient also 
had Turner syndrome mosaicism (XX/XO) contributing to the 
phenotype (16). An additional 4 patients with deletion of Ser171 
in TALDO1 developed multiorgan disease, including liver steatosis, 
cirrhosis of varying severity, and genitourinary malformations (17). 
Because all children with TAL deficiency were offspring of consan-
guineous parents, mutations in genes other than TALDO1 may have 
influenced the clinical presentation. The phenotype of mice with a 
targeted disruption of Taldo1 provides direct evidence for a protec-
tive role of this gene against the development of liver disease.

The metabolic basis of liver disease is characterized by the accu-
mulation of S7P, R5P, X5P, and C5-polyols and by depletion of 
NADPH and GSH, which underlie mitochondrial dysfunction and 
oxidative stress. The accumulation of 5-carbon sugar phosphates 
X5P and R5P (50) as well as ADP and ATP inhibited the activities 
of G6PD and 6-phosphogluconate dehydrogenase (51) and the 
production of NADPH (Supplemental Figure 9). Oxidative stress 
was attributed to GSH diminution exceeding the reduction in 
mitochondrial ROI production. Diminished G6PD was accompa-
nied by increased SOD, CAT, and GPx activities in Taldo1–/– livers 
and increased CAT and GPx activities in Taldo1+/– livers (Supple-
mental Table 1), thus reflecting protective measures against oxi-
dative stress. By microarray analysis, expression of GST genes was 
unchanged (alpha 2, GST alpha 4, mu 6, zeta 1, microsomal GST 1, 
microsomal GST 3, omega 1, pi 2, theta 1, and theta 2) or increased 
less than 2-fold (mu 2, 1.8-fold; mu 3, 1.3-fold) in Taldo1–/– livers 
compared with littermate controls (data not shown). The impact 
of TAL deficiency extended beyond the consequences of GSH def-
icit. Reduction of liver GSH by as much as 75% of baseline has not 
previously been associated with spontaneous liver disease, cirrho-
sis, or hepatomas (52, 53). Thus, we conclude that GSH depletion 
is not responsible for hepatocarcinogenesis in Taldo1–/– mice. The 
restoration of GSH in NAC-treated mice was accompanied by the 
normalization of NAPDH, LPO, MDA, and 4-HNE levels and of 
the number of PCNA- and TUNEL-positive nuclei in Taldo1–/– and 
Taldo1+/– livers, which suggests that lifelong supplementation of 
NAC has a sparing effect on the use of NADPH and works as a 
potent antioxidant. Of note, GSH-depleted livers of mice defi-
cient in gamma-glutamyltranspeptidase were deprived of fat (53). 
Conversely, we observed an increase in fat deposition in Taldo1–/–  
livers. GSH normalization by NAC treatment failed to prevent 
steatosis, which suggests that lipid deposition was independent 
of oxidative stress. Steatosis is likely to happen through stimula-
tion of lipogenesis by X5P (43). C5-polyols also accumulated in 
Taldo1–/– urine and liver. C5-sugars are metabolized to C5-polyols 
by NADPH-dependent AR (54), which further depleted NADPH 
(Supplemental Figure 9). Moreover, JNK activity and c-Jun expres-
sion are stimulated not only by oxidative stress (12, 30), but also 
by hyperosmolarity, such as accumulation of sugars and polyols 
(55–58). In turn, JNK and c-Jun inhibit Fas apoptosis (59). Thus, 
the accumulation of C5-sugars and C5-polyols may be a unique 
factor contributing to liver disease in TAL deficiency. Dimin-
ished phosphorylation of β-catenin, a known activator of c-Jun 
expression (35), was associated with diffuse accumulation of  
β-catenin in the cytosol of Taldo1–/– hepatomas and translocation 
of β-catenin into the nuclei of tumor cells. Phosphorylation of  
β-catenin was normalized in the livers of NAC-treated mice, which 
may be an important factor in preventing hepatocarcinogenesis 
in Taldo1–/– mice. Activation of β-catenin has previously been dem-
onstrated in up to 90% of human HCC cases (34, 60, 61), further 

Table 2
Effect of NAC administration on HCC development

HCC frequency	 No NAC	 NAC	 PA

Taldo1+/+	 1/101	 0/19	 1.000
Taldo1+/–	 39/190	 0/43	 0.0014
Taldo1–/–	 45/52	 0/17	 <0.0001

Values denote ratio of HCC presence/absence. NAC was administered 
at 10 g/l in drinking water. Mice were sacrificed at approximately 86 
weeks. ANAC versus untreated. P values were determined by Fisher 
exact test.
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supporting the notion that TAL deficiency is a relevant model for 
human hepatocarcinogenesis.

Inhibited apoptosis allows the survival of hepatocytes with genetic 
mutations that provide growth advantage in the context of oxida-
tive stress (8, 10, 62). Depletion of GSH, which is required for activ-
ity of caspases, can abrogate Fas-dependent apoptosis of the liver 
(37). Alternatively, ATP concentration is key factor in the decision 
between apoptosis and necrosis; as depletion of ATP shifts suscep-
tibility from apoptosis to necrosis (63), the loss of Δψm and reduced 
ATP/ADP ratio may thus contribute to inhibited apoptosis. Howev-
er, production of NADPH, GSH, and NO were all corrected in NAC-
fed mice, which suggests that these metabolic changes are located 
upstream of mitochondrial dysfunction in TAL deficiency.

In summary, these results provided insight into the mechanisms 
of oxidative stress in the liver by revealing a dominant role for the 
TAL-controlled nonoxidative PPP in the spontaneous develop-
ment of NASH, cirrhosis, nodular hyperplasia, and HCC and by 
identifying TAL as a tumor suppressor in the liver. The metabolic 
basis of oxidative stress was characterized by the accumulation of 
S7P and the failure to recycle R5P for the oxidative branch of the 
PPP, which resulted in diminution of NADPH and GSH (Supple-
mental Figure 9). Hepatocarcinogenesis in TAL deficiency appears 
to require diminished GSH and the resultant curtailment of  
β-catenin phosphorylation and Fas-dependent apoptosis. The suc-
cess of NAC therapy in normalizing of GSH and preventing hepa-
tocarcinogenesis in Taldo1–/– mice suggests that a similar approach 
may benefit TAL-deficient patients.

Methods
Mice. Taldo1–/– mice were developed by inactivation of the Taldo1 genomic 
locus (18). Taldo1–/– male mice are infertile as a result of sperm dysmotility 
associated with loss of the Δψm (18). Therefore, Taldo1–/– mice were gener-
ated through breeding heterozygotes and genotyping by PCR and Western 
blot analysis of TAL expression in excised tail tissue (18). All studies in ani-
mals were approved by the Institutional Committee for the Humane Use 
of Animals of the State University of New York Upstate Medical University 
College of Medicine.

In vivo treatments. Fas-induced apoptosis was provoked by i.p. injection of 
10 μg/30 g body weight of Fas-specific Jo2 hamster monoclonal antibody 
(catalog no. 554254; BD Biosciences — Pharmingen) in 100 μl PBS. APAP 
was injected i.p. at a dose range of 100–800 mg/kg. Fas- or APAP-treated 
mice were continuously monitored and euthanized at predetermined time 
points or at the earliest sign of distress. JNK inhibitor SP600125 (cata-
log no. 420119; Calbiochem/EMD Biosciences) was resuspended in 10% 
DMSO and 90% PBS and administered at doses of 10–30 mg/kg i.p. 1 hour 
prior to APAP injection. When testing the effect of SP600125 on JNK acti-
vation, control mice were injected with an equal volume of 10% DMSO and 
90% PBS. NAC (10 mg/ml, pH 6.7; Sigma-Aldrich) was administered in 
the drinking water. To test glucose tolerance, after fasting overnight (~14 
hours), mice were injected i.p. with sterile-filtered glucose (2 g/kg, from a 
solution of 10% glucose and 0.9% NaCl). Tail vein blood was obtained by 
needle pricks before and 15, 30, 60, and 120 minutes after glucose injec-
tion. Glucose levels were assessed using a OneTouch Ultra electronic blood 
glucose monitor (LifeScan), as described previously (64).

Liver pathology. Paraffin-embedded sections were stained with H&E and 
evaluated blindly as to the genotype for dysplasia, cirrhosis, and HCC 
using previously established criteria (19, 65). Clearly circumscribed nodu-
lar lesions with dysplastic cells and small or large cell change were regarded 
as dysplastic nodules. Only lesions with definitive invasion, manifested by 
irregular and infiltrative interface into the adjacent liver, were regarded 

as carcinoma. No adenomas were observed. Fat-storing hepatic stellate or 
Ito cells were identified by staining with antibody to glial fibrillary acidic 
protein (66). Fat deposition and fibrosis were detected by Oil-Red-O and 
Klatskin trichrome staining (67, 68), respectively. Apoptosis of liver cells of 
Fas antibody–injected animals was assessed by TUNEL staining using the 
In Situ Cell Death Detection kit from Roche. Paraffin-embedded liver sec-
tions were deparaffinized, rehydrated, and labeled with fluorescein‑dUTP 
using terminal deoxynucleotidyl transferase (TdT). During this incuba-
tion period, TdT catalyzes the addition of fluorescein‑dUTP at free 3′‑OH 
groups in single‑ and double‑stranded DNA breaks. After washing, the 
label incorporated at the damaged sites of the DNA was marked by an 
anti‑fluorescein antibody conjugated with the reporter enzyme alkaline 
phosphatase (AP). After washing to remove unbound enzyme conjugate, 
the AP retained in the immune complex at the site of the damaged DNA 
was visualized by the addition of Vector Black AP Substrate (Vector Labs).

Electron microscopy. Freshly excised tissues were fixed overnight in PBS 
with 2.5% glutaraldehyde, postfixed in 1% OsO4, dehydrated in graded 
ethanol series, infiltrated with propylene oxide, and embedded in Araldite 
502 epoxy resin (Electron Microscopy Sciences). Ultrathin sections were 
stained with uranyl acetate and Reynold’s lead citrate prior to examination 
with a Tecnai BioTWIN 12 transmission electron microscope (FEI).

Isolation and in vitro culture of mouse hepatocytes. Livers of 8‑ to 10‑week‑old 
Taldo1+/+, Taldo1+/–, and Taldo1–/– female littermates were cannulated 
through the portal vein, and, after nicking the inferior vena cava, perfused 
by a 2‑step procedure using Ca2+-free preperfusion buffer and perfusion 
medium with 0.02% type IV collagenase and 0.4 U/ml elastase (both from 
Sigma-Aldrich), as previously described (69). Isolated hepatocytes with 
viability greater than 90% were resuspended in DMEM containing 100 IU/
ml penicillin G, 100 μg/ml streptomycin, 0.2 mg/ml serum bovine albu-
min, 1 mM sodium pyruvate, and 10% fetal calf serum and kept on ice 
until staining for flow cytometry. For in vitro culture, 2.4 × 106 hepatocytes 
were plated in 60 mm Petri dishes precoated with type I collagen (cata-
log no. C9791; Sigma-Aldrich). After 3 hours of incubation, plates were 
washed and incubated for 6 hours with fresh DMEM and used for in vitro 
nitrite assays using the Griess kit (Invitrogen). For Fas-induced apoptosis,  
2.4 × 106 hepatocytes were plated in collagen-coated 24-well plates. After 
3 hours of incubation, plates were washed and incubated for 8 hours with 
0.5 μg/ml Jo2 in combination with 50 μg/ml cycloheximide or 50 ng/ml 
actinomycin D (8). Control cultures were incubated with DMEM, cyclo-
heximide, or actinomycin D only. Caspase 3 activity of cell supernatants 
was measured by the DEVD-AFC cleavage assay (70).

Flow cytometric analysis of Δψm, mitochondrial mass, NO and ROI production, GSH, 
and cytoplasmic and mitochondrial Ca2+ levels. Hepatocytes were analyzed on a BD 
LSRII flow cytometer equipped with 20 mW solid-state Nd-YAG (emission at 
355 nm), 20 mW argon (emission at 488 nm), and 16 mW helium-neon lasers 
(emission at 634 nm), as described in Supplemental Methods.

Western blot analysis. Protein lysates of freshly excised tissue were prepared 
by sonication using a sonic dismembrator (model 100; Fisher Scientific) 
in 300 μl of buffer containing 20 mM Tris‑HCl (pH 7.5), 150 mM NaCl,  
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 
1 mM β‑glycerophosphate, 1 mM Na3VO4, and 1 μg/ml leupeptin. Pro-
tein concentrations were determined by the Bradford method using the 
Bio-Rad Protein Assay (Bio-Rad). Protein lysates (40 μg unless otherwise 
indicated) were separated on a 12% SDS-polyacrylamide gel, electroblotted 
to nitrocellulose, and developed with specific antibodies as described in 
Supplemental Methods.

JNK assay. Liver tissue aliquots (~100 mg) were homogenized by sonica-
tion in 400 μl of lysis buffer containing 20 mM Tris (pH 7.4), 150 mM 
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophos-
phate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, and 
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1 mM phenylmethylsulfonyl fluoride. JNK activity was tested by mixing 
200 μg of liver lysate protein with agarose beads coupled to GST–c-Jun1–89 
fusion protein overnight at 4°C, followed by washing twice in lysis buffer 
and incubating with 200 μM ATP in 50 μl of 25 mM Tris (pH 7.5), 5 mM  
β-glycerophosphate, 2 mM DTT, 0.1 mM Na3VO4, and 10 mM MgCl2 for 30 
minutes at 30°C. Phosphorylation of GST–c-Jun1–89 was detected by West-
ern blot analysis using anti–phospho–c-JunSer63 antibody (Cell Signaling).

PPP and related metabolic enzyme activity assays. Enzyme activities were 
determined as described in Supplemental Methods.

Measurement of phosphorylated sugars and nucleotides. All samples were ana-
lyzed after methanol/water extraction by LC-MS/MS (25). Sugar phos-
phates and nucleotides were detected in the same sample. NADH and 
NADPH were separately analyzed after extraction with KOH (25, 71). This 
method allowed parallel detection of NADH (m/z 665), NADP (m/z 743), 
and NADPH (m/z 744) by CapLC/Q-TOF detection (25). ATP levels were 
also determined using the luciferin-luciferase kit (Invitrogen).

Microarray of gene expression. RNA extraction, reverse transcription, hybrid-
ization to Mouse Expression Set 430A GeneChip, validation by real-time PCR, 
and analyses of gene expression are described in Supplemental Methods.

Statistics. Results of parametric data are expressed as mean ± SEM. Dif-
ferences between Taldo1+/–, Taldo1–/–, and Taldo1+/+ mice were determined by  
2-tailed Student’s t test. Nonparametric data were analyzed with χ2 or  
Fisher exact test for fewer than 5 observations. Survival curves were ana-
lyzed with the log-rank test. P values were calculated with Prism (version 
3.02; GraphPad); a P value less than 0.05 was considered significant.
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