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Abstract—Whereasch/ch wild-type mice andch/14CoS heterozygotes are viable,14CoS/14CoS mice homozygous for
a 3800 kb deletion on chromosome 7 die during the first day postpartum. Death is caused by disruption of the
fumarylacetoacetate hydrolase (Fah) gene; absence of FAH, final enzyme in the tyrosine catabolism pathway, leads to
accumulation of reactive electrophilic intermediates. In this study, we kept14CoS/14CoS mice alive for 60 d with oral
2-(2-nitro-4-trifluoromethyl-benzyol)-1,3-cyclohexanedione (NTBC), an inhibitor ofp-hydroxyphenylpyruvate dioxy-
genase, second enzyme in the tyrosine catabolic pathway. The 70% of NTBC-treated14CoS/14CoS mice that survived
60 d showed poor growth and developed corneal opacities, compared withch/14CoS littermates; NTBC-rescued
Fah(�/�) knockout mice did not show growth retardation or ocular toxicity. NTBC-rescued14CoS/14CoS mice also
exhibited a striking oxidative stress response in liver and kidney, as measured by lower GSH levels and mRNA
induction of four genes: glutamate cysteine ligase catalytic (Gclc) and modifier (Gclm) subunits, NAD(P)H:quinone
oxidoreductase (Nqo1), and heme oxygenase-1 (Hmox1). Withdrawal of NTBC for 24–48 h from rescued adult
14CoS/14CoS mice resulted in severe apoptosis of the liver, detected histologically and by cytochromec release from
the mitochondria, increased caspase 3-like activity, and further decreases in GSH content. In kidney, proximal tubular
epithelial cells were abnormal. Human hereditary tyrosinemia type I (HT1), caused by mutations in theFAH gene, is
an autosomal recessive disorder in which the patient usually dies of liver fibrosis and cirrhosis during early childhood;
NTBC treatment is known to prolong HT1 children’s lives—although liver fibrosis, cirrhosis, hepatocarcinoma, and
corneal opacities sometimes occur. The mouse data in the present study are consistent with the possibility that
endogenous oxidative stress-induced apoptosis may be the underlying cause of liver pathology seen in NTBC-treated
HT1 patients. © 2003 Elsevier Inc.

Keywords—Apoptosis of hepatocytes, Corneal opacity, Fumarylacetoacetate hydrolase (FAH), 2-(2-nitro-4-trifluoro-
methyl-benzoyl)-1,3-cyclohexanedione (NTBC) therapy, Tyrosine catabolism, Free radicals

INTRODUCTION

In the late 1950s, numerous “albino-deletion” mouse
lines were developed in an attempt to identify important
developmental genes [1]. The deletions could be detected
only if they included deletion of the albino (c) locus
(now termed theTyr gene that encodes tyrosinase) on

chromosome (Chr) 7, which causes lack of pigmentation
in the eye and coat. Whereas all the other albino-deletion
lines are lethal as homozygotes in utero, the14CoS/
14CoS homozygote is lethal during the first day postpar-
tum [2]. The14CoS deletion, spanning 3800 kb (Fig. 1),
was found to be the smallest deletion of the more than 30
characterized lethal deletion lines [1,2].

It is now established that disruption of the fumaryl-
acetoacetate hydrolase (Fah) gene at the proximal end of
the14CoS Chr 7 deletion leads to FAH deficiency in the
14CoS/14CoS homozygote [3,4]. FAH catalyzes the final
step in the tyrosine catabolic pathway (Fig. 2). The
Fah(�/�) knockout mouse shows the same lethal phe-
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notype as the 14CoS/14CoS mouse [5], and introduction
of a functional Fah transgene into the 14CoS/14CoS
mouse reverts the lethal trait to the viable wild-type
phenotype [6]. These data strongly suggest that absence
of the Fah gene is primarily responsible for the lethal
phenotype in the 14CoS/14CoS mouse. Whether any
other genes in the 3800 kb deletion contribute to the
14CoS/14CoS phenotype is not clear.

The exact cause of liver failure and death in 14CoS/
14CoS mice and Fah(�/�) mice remains an open question.
Previous studies from this laboratory indicated that oxida-
tive stress likely plays a significant role. Striking increases
in NAD(P)H:quinone oxidoreductase (NQO1) mRNA [7]
and several additional oxidative stress-inducible mRNAs
[8] are seen in 14CoS/14CoS homozygotes, compared with
that in ch/ch wild-type and ch/14CoS heterozygote litter-
mates. Each of the genes upregulated by oxidative stress
contains a particular regulatory DNA motif termed electro-
phile response element (EPRE; also called antioxidant re-
sponse element, ARE) [9,10]. Reactive oxygenated metab-
olites (ROMs) are known to signal via the EPRE to cause
increases in transcription [9–12]. Before dying during the
first day postpartum, Fah(�/�) mice show elevated NQO1
and CHOP10 (DNA damage-inducible transcript-3,
DDIT3) mRNA levels [5]. 14CoS/14CoS mice are rescued
from lethality with the Fah transgene; mice having �2% of
normal FAH activity exhibit increased NQO1 and CHOP10
mRNA levels in liver and kidney, whereas mice expressing
higher FAH levels do not [6].

Clinically, FAH deficiency—termed hereditary ty-
rosinemia type I (HT1)—is a rare and potentially lethal
autosomal recessive trait resulting in severe hepatorenal
disease; without aggressive treatment, infants presenting
within the first few months of life will inevitably die of
this disease [13]. HT1 patients suffer from progressive
liver failure during infancy, renal tubular damage, neu-
rological problems, and early development of hepatocel-
lular carcinoma. The diagnostic hallmark of HT1 is the
presence of succinylacetone in both blood and urine.
Fumarylacetoacetate (FAA), and perhaps other reactive
intermediates capable of causing oxidative stress (Fig.
2), are probably causally related to the severe liver and
kidney disease in HT1. Preventing the accumulation of
these reactive metabolites would presumably aid HT1
patients. Accordingly, NTBC [2-(2-nitro-4-trifluoro-
methylbenzyol)-1,3-cyclohexanedione]—a potent inhib-
itor of p-hydroxyphenylpyruvate dioxygenase (HPD),
second enzyme of the tyrosine catabolic pathway (Fig.
2)—was tested clinically and has shown some success in
treating HT1 patients [14–16].

It was then demonstrated that Fah(�/�) mice can be
rescued from death by NTBC treatment [17]. In the
present report, we show that 14CoS/14CoS mice can also
be rescued from neonatal lethality with NTBC, and we
have examined a number of molecular, biochemical, and
histological parameters in the liver and kidney of 14CoS/
14CoS mice, when rescued with NTBC, as well as fol-
lowing withdrawal of NTBC therapy.

Fig. 1. The mouse Chr 7 region relevant to the development of the radiation-induced albino-deletion mutant lines, not drawn to scale.
Four representative lines, with their approximately sized deletions, are shown. Deletion of the tyrosinase (Tyr at centiMorgan [cM]
position 44.0; formerly called albino, c) locus is shared in all lines. Other loci shown are taupe (tp) at cM position 42.0, mitochondrial
malic enzyme complex (Mod2) at cM position 46.2, and potassium voltage-gated channel, subfamily Q, member 1 (Kcnq1 at cM
position 69.3; formerly called shaker-1, Sh1). The 14CoS deletion is the smallest of all deletions in more than 30 albino-deletion lines,
with the 3' end of the Fah gene (cM position 42.6) disrupted at the proximal end of this deletion. The C3H/He-derived chinchilla (ch)
allele of the Tyr (albino) gene produces wild-type pigment. This allows identification of the genotype of the mice by additive
inheritance of coat color (or eye color in the fetus or neonate): 14CoS/14CoS have no pigmentation, ch/14CoS heterozygotes exhibit
light chinchilla, and ch/ch wild-type show dark chinchilla.
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MATERIALS AND METHODS

Chemicals

NTBC was initially a generous gift of Edward A.
Lock (Syngenta CTL, formerly Astrazeneca; Alderley
Park, Cheshire, UK) and subsequently was bought
from Zeneca Pharmaceuticals (Wilmington, DE,
USA). Nucleotides were obtained from NEN (Boston,
MA, USA). Glutathione monoethyl ester (GSH-EE)

was synthesized as detailed [18]. All other laboratory
reagents and chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) or Fisher Scientific
(Pittsburgh, PA, USA) except where indicated.

Animals

Heterozygous ch/14CoS breeders were a gift of Liane
B. Russell (Oak Ridge National Laboratory, TN) in
1987, and this line has been maintained in our mouse

Fig. 2. The tyrosine (Tyr) degradation pathway. Absence of FAH, the final step of tyrosine catabolism, results in accumulation of the
electrophilic intermediates FAA, MAA, and SAA. NTBC, used in the treatment of HT1 patients, prevents accumulation of these
reactive electrophiles by inhibiting pHPP dioxygenase (HPD). The accumulation of tyrosine, however, is an undesirable side-effect of
NTBC therapy, which can lead to corneal opacification. pHPP � p-hydroxyphenylpyruvate; HGA � homogentisic acid; MAA �
maleylacetoacetate; FAA � fumarylacetoacetate; F � fumarate; AA � acetoacetate; SAA � succinylacetoacetate; SA � succinyl-
acetone.
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colony since then; the genetic background of this line
remains as “mixed” between the C3H and 101 inbred
strains. To generate 14CoS/14CoS mice, the ch/14CoS
heterozygotes are mated to produce litters in the ex-
pected 1:2:1 ratio of ch/ch:ch/14CoS:14CoS/14CoS. The
genotype is distinguishable by the degree of eye pigmen-
tation and coat color (chinchilla:dilute chinchilla:white,
respectively). Heterozygous Fah(�/�) breeders were
kindly provided by Markus Grompe (Oregon Health
Sciences University, Portland, OR, USA); these mice
were backcrossed eight times into the C57BL/6J back-
ground and maintained as heterozygous stock in our
mouse colony. Fah(�/�), Fah(�/�) and Fah(�/�)
mice were genotyped using standard PCR conditions
with the described oligonucleotides [5] and 1 �l of tail
DNA preparation [19] as template. The mice were al-
lowed access to rodent food (Harlan Teklad; Madison,
WI, USA) and water ad libitum. The 7012 LM-485
sterilizable mouse/rat complete diet contained the usual
amount of tyrosine (phenylalanine � tyrosine 1.65%)
and was not supplemented with ascorbate. NTBC was
dissolved at a concentration of 10 mg/l in 2 l of 60 mM
sodium bicarbonate by heating at 65°C for 15 min. The
mice thus received NTBC (10 �g/ml) in this alkalinized
drinking water. This oral NTBC regimen initially was
determined to cause no effect on viability, normal
growth, or development in wild-type mice. FAH is first
expressed in the fetal mouse at gestational day 16 [2].
For pregnant and nursing animals, therefore, NTBC was
begun at gestational day 14 and maintained at this dose
throughout the 28 d weaning period. The NTBC dose
was similar to that used to rescue Fah(�/�) mice [17],
and NTBC doses four times larger had no different effect
[17]. All studies were approved by the University of
Cincinnati Medical Center (UCMC) Institutional Animal
Care and Use Committee (IACUC).

RNA isolation and analysis

At appropriate times, the tissues were snap-frozen in
liquid N2 and stored at �70°C until processing. Total
RNA was extracted, size-separated and blotted on nylon
membranes, and specific transcripts were detected, as
previously described [20,21]. [32P]-labeled antisense
RNA probes were synthesized from mouse NQO1 [22],
GCLC [23] and GCLM [23], and rat HMOX1 [24], and
�-actin [25] cDNA clones. Transcripts were quantitated
using a Storm 860 Phosphorimager (Molecular Dynam-
ics; Sunnyvale, CA, USA) and ImageQuant 5.0 software.

Histology

Tissues were fixed in an iso-osmolar paraformalde-
hyde/glutaldehyde-phosphate-buffered solution, post-
fixed in 1% phosphate-buffered osmium tetroxide, dehy-

drated in graded ethanol solutions ranging from 30–
100%, treated with propylene oxide, and embedded in
Spurr’s resin. One micron thick sections were stained
with toluidine blue for determining the extent of hepa-
tocyte apoptosis. The sections for electron microscopy
were placed on naked copper grids and stained with
uranyl acetate and lead citrate. Prints from negatives
were scanned at high resolution to produce the electron
micrographs for publication.

Glutathione, cytochrome c release, and caspase assays

GSH and GSSG were measured using the fluores-
cence probe o-phthalaldhyde [26]. Cytosolic and mito-
chondrial fractions to determine cytochrome c release
were prepared from liver tissues as described [27,28].
The cytochrome c signal was detected using the ECL
detection kit (Amersham Pharmacia Biotech, Inc.; Pis-
cataway, NJ, USA) and Kodak X-OMAT film.

Caspase 3-like activity was assayed according to the
manufacturer of the kit (PharMingen; San Diego, CA,
USA). A 10% (w/v) homogenate of liver was prepared in
5X Reporter Lysis Buffer (Promega; Madison, WI,
USA), snap-frozen in liquid N2, and stored at �70°C
until analysis. The homogenate (50 �l) was added to 1
ml of 1X HEPES buffer containing 10 �l (10 �g) of
Ac-DEVD-AMC [N-acetyl-Asp-Glu-Val-Asp-(7-amino-
4-methylcoumarin)]. Reactions were incubated at 37°C
for 1 h, and released AMC was detected spectrophotoflu-
orometrically (excitation wavelength � 380 nm; emis-
sion wavelength � 440 nm). Negative control reactions
were assayed as above, except the inhibitor N-acetyl-
Asp-Glu-Val-Asp-(aldehyde) was also added to the re-
action. After subtracting negative control values, AMC
values were determined by comparison against a stan-
dard curve generated with AMC, and normalized to the
amount of protein per unit homogenate.

Protein assays

Protein concentrations for the assays of GSH, cyto-
chrome c release, and caspase 3-like activity were deter-
mined using the bicinchoninic acid (BCA) assay kit from
Pierce (Rockford, IL, USA), using bovine serum albumin
as a standard.

RESULTS

NTBC rescue of 14CoS/14CoS mice

14CoS/14CoS newborns always die during the first
24 h, but NTBC in the drinking water rescued these mice
(Fig. 3); although there was a high degree of protection
over a 60 d period, there were more deaths in 14CoS/
14CoS than in ch/14CoS or ch/ch mice. The 70% 14CoS/
14CoS that survived the weaning period (postpartum day
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28) stayed alive through day 60. The mice that died
typically showed striking lethargy and failure to thrive,
and were moribund. Some, but not most, NTBC-rescued
14CoS/14CoS mice grew poorly as measured by the rate
of weight gain, and there was no gender difference (data
not shown). Histological examination of the liver and
kidney from mice that appeared very lethargic showed
hepatic toxicity, whereas examination of those appearing
healthy did not. This heterogeneity in response most
likely reflects the mixed genetic background.

Oxidative stress response in liver and kidney of
NTBC-rescued mice

Neonatal 14CoS/14CoS [6–8,29], as well as neonatal
Fah(�/�) mice [5,17], exhibit elevated mRNA levels
and enzyme activities that are associated with an oxida-
tive stress response. Because FAH is expressed primarily
in the liver and kidney [4,13–16], we chose these tissues
for Northern blot analysis of four oxidative stress-induc-
ible genes (Figs. 4 and 5). Glutamate cysteine ligase
(GCL) is the rate-limiting enzyme in the de novo syn-
thesis of GSH, the major cellular antioxidant [9,10,30];
the enzyme comprises a catalytic and a modifier subunit
(GCLC and GCLM, respectively), which are encoded by
separate genes on different chromosomes [23]. Heme
oxygenase-1 (HMOX1) catalyzes the conversion of
heme to bilirubin, and is inducible by oxidative stress
and protective against oxidative insult [31–33]. NQO1 is
an obligate 2-electron quinone reductase that is well
established as an enzyme that is inducible by oxidative
stress [9–11].

At 12 h postpartum (Fig. 4), all four hepatic mRNAs
are elevated in the untreated 14CoS/14CoS, as compared
with untreated ch/14CoS and NTBC-treated ch/14CoS

and 14CoS/14CoS mice. This is the only time point for
untreated 14CoS/14CoS mice, as they all die before the
end of postpartum day 1. Intriguingly—after 10, 15,
30 d, and, to a lesser extent at 60 d, of oral NTBC—
14CoS/14CoS mice showed large increases in all four
transcripts, as compared with untreated ch/14CoS and
NTBC-treated ch/14CoS mice. NTBC thus appears to
prevent the oxidative stress response at 12 h postpartum,
but not at the later time points, although the 14CoS/
14CoS mice are kept alive and look healthy.

The patterns of expression of the four mRNAs in
kidney (Fig. 5) are much like that in liver. NTBC treat-
ment did not prevent oxidative stress in the 14CoS/
14CoS, especially at days 10 and 15 of treatment. The
GCLM and GCLC mRNA levels seemed to rise, regard-
less of genotype or NTBC treatment at the 30 and 60 d
time points. The HMOX1 mRNA returned to near-nor-
mal at the 30 and 60 d time points, and the NQO1 mRNA
in all groups was slightly elevated at day 30 but close to
baseline at day 60.

Hepatic GSH levels in NTBC-rescued mice

Because these oxidative stress-inducible genes have
been associated with decreases in GSH and increases in
GSSG [9,34,35], we measured these parameters in un-
treated ch/14CoS and NTBC-treated ch/14CoS and
14CoS/14CoS mice (Table 1). Whereas a downward
trend but no significant differences were seen at days 15
or 30, at day 60 the NTBC-rescued 14CoS/14CoS mice
displayed approximately half the GSH seen in untreated
or NTBC-treated ch/14CoS mice. This was also reflected
in the significantly lowered GSH/GSSG ratio in NTBC-
treated 14CoS/14CoS, as compared with that in untreated
and NTBC-treated ch/14CoS mice.

GSH depletion, then hepatic apoptosis, when NTBC
treatment is withdrawn from rescued 14CoS/14CoS
mice

In separate experiments we discontinued NTBC
therapy after 30 d; this would be expected to cause the
re-accumulation of electrophilic reactive intermedi-
ates (Fig. 2). The mice became moribund within
24 –48 h after removal of NTBC and died by 60 –90 h.
The liver of these animals was pale, and the gall
bladder engorged; all other organs appeared to be
normal, except for an occasional kidney that was en-
larged and somewhat pale. Histological analysis of the
liver (Figs. 6A–F) from 14CoS/14CoS mice that had
NTBC withdrawn for 24 h was consistent with wide-
spread hepatocyte apoptosis, whereas NTBC-treated
and NTBC-treated-then-without ch/14CoS exhibited
normal liver morphology. Curiously, the kidney
showed presumably lipid accumulation in the basal

Fig. 3. Survival curves for mice treated with oral NTBC. Groups of 30
mice were monitored for 60 d. No gender differences in deaths were
observed.
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Fig. 4. Liver mRNA levels in untreated (�) and NTBC-treated (�) 14CoS/14CoS (14/14) and ch/14CoS (ch/14) mice during the first
60 d of life. Untreated 14CoS/14CoS mice do not survive beyond 16–24 h and therefore are included only in the 12 h time point. ACTB,
36�-actin, was used as a loading control and an indicator of RNA integrity. Results shown are representative of tissues taken from at
least two mice per time point, except for animals at 12 h, in which livers from 3–5 mice were pooled and analyzed as a single sample.
In this and in subsequent experiments, the response of the ch/ch wild-type was essentially the same as that of the C57BL/6J wild-type;
these data are not included in order to decrease the clutter in each figure. (A) Northern blot analysis. (B) Quantitative phosphorimaging
of the Northern blots; arbitrary units reflect the signal of the indicated probe normalized to the signal for �-actin. GCLM � glutamate
cysteine ligase modifier; GCLC � glutamate cysteine ligase catalytic subunit; HMOX1 � heme oxygenase-1; NQO1 � NAD(P)H:
quinone oxidoreductase.
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aspect of proximal tubular epithelial cells, although
the distal tubular cells and glomeruli were remarkably
spared (Figs. 6G and H).

Quantifying the amount of apoptosis versus necro-
sis (Table 2), it can be seen that NTBC withdrawal in
14CoS/14CoS but not in ch/14CoS mice leads rapidly
and progressively to apoptotic changes in hepatocyte
nuclei. Early apoptotic changes were not associated

with inflammation; however, at 48 h some polymor-
phonuclear cells were present in the sinusoids. Iso-
lated apoptosis need not induce inflammatory re-
sponses, but when more than three-fourths of the
hepatocytes are in some stage of apoptosis, the ab-
sence of inflammation is not a realistic expectation.
The endpoint of both apoptosis and necrosis is in fact
the same: cell death.

Fig. 5. Kidney mRNA levels in untreated and NTBC-treated 14CoS/14CoS and ch/14CoS mice during the first 60 d of life. All
abbreviations are identical to those in Fig. 4. (A) Northern blot analysis. (B) Quantitative phosphorimaging of the Northern blots. The
values on the Y-axis are in arbitrary units.
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To corroborate the liver histology, we performed fur-
ther biochemical assays for apoptosis. Mitochondrial cy-
tochrome c release into the cytosol is recognized as an
event often central to the initiation of apoptosis [27,28].
Figure 7 shows that a large amount of cytochrome c
appeared in the liver cytosol from NTBC-treated-then-
without 14CoS/14CoS mice. Little or no cytosolic cyto-
chrome c was seen in NTBC-treated-then-without ch/
14CoS mice, or in untreated ch/14CoS heterozygotes.
These data suggest that hepatic cytochrome c release
from mitochondria begins to occur in NTBC-rescued
14CoS/14CoS mice, very soon after NTBC withdrawal.

An additional biochemical marker of apoptosis is the
activation of caspase-3 activity [36]. Figure 8 illustrates
that the same mice that had high levels of cytosolic
cytochrome c also exhibited significant increases in
caspase 3-like activity, compared with that in the two
groups of ch/14CoS controls. The combination of histo-
logical evidence, plus these biochemical parameters, is
thus consistent with hepatocyte apoptosis being the pri-
mary cause of cell death in the NTBC-treated-then-with-
out 14CoS/14CoS mouse.

We found that GSH levels were significantly lower
(7.3 � 1.8 nmol/mg protein) in the 14CoS/14CoS treated
with NTBC 30 d, then without NTBC for 24 h, as
compared with that (11.8 � 1/0 nmol GSH/mg protein)
in 14CoS/14CoS mice staying on NTBC for 31 d. We
compared Northern blots for the four oxidative stress-
induced genes in NTBC-treated-then-without and
NTBC-treated 31 d old 14CoS/14CoS mice, and these
mRNA levels were already highly elevated, with no
significant differences seen between the two groups of
animals (data not shown). These findings suggest that the
oxidative stress-responsive enzymes are already upregu-
lated to their full extent; removal of NTBC therapy
results in no further possible compensation, which in turn
leads to GSH depletion, following which the liver goes
into apoptosis.

Comparison of GSH therapy in newborn and adult
14CoS/14CoS mice

Because of the observed GSH depletion, we won-
dered whether the cell-permeable analog of GSH, gluta-
thione monoethyl ester (GSH-EE) [37] might also rescue
14CoS/14CoS mice. Ascorbate is another antioxidant
often used to combat oxidative stress [38]. Based on
reports in the literature, we chose GSH-EE (10 mmol/kg)
plus ascorbate (1 mmol/kg) every 8 h as the GSH-EE/
ascorbate regimen. The reasons we combined GSH-EE
and ascorbate were 2-fold. First, GSH and ascorbate
complement each other in antioxidant function. This
complementarity goes beyond both simply being antioxi-
dants, and it has long been known that ascorbate can
spare GSH, and visa versa, where oxidant stress is con-
cerned. In addition, we also used ascorbate as a buffer for
preparing the GSH-EE solution; sulfhydryls are more
stable at slightly acid pH, and this was achieved using
ascorbate/ascorbic acid. GSH-EE, or ascorbate, alone
was not tested—due to the limited number of mice under
study. For the fetus and newborn, we gave the GSH-EE/
ascorbate cocktail by two approaches: first, pregnant
mothers from gestational day 14 as well as nursing
mothers were treated with GSH-EE/ascorbate intraperi-
toneally every 8 h; second, newborn 14CoS/14CoS pups
were given the same dosage of GSH-EE/ascorbate orally
every 8 h, using a pipetteman. None of the 14CoS/14CoS
newborns, by either approach, lived any longer than
untreated 14CoS/14CoS newborns (data not shown).

Can the GSH-EE/ascorbate regimen replace NTBC in
rescued 30 d old 14CoS/14CoS mice? Starting with six
30 d old animals, we stopped NTBC treatment in four
mice and began them on the GSH-EE/ascorbate regimen,
intraperitoneally every 8 h. The mice remained healthy
for 2 weeks without NTBC; there was no weight loss,
and histological examination of the liver and kidney in a
limited number of mice was within normal limits. The

Table 1. Hepatic GSH and GSSG Levels in Untreated and NTBC-treated Mice

Age Genotype NTBC n GSH (nmol/mg protein) GSSG (nmol/mg protein) GSH/GSSG ratio

15 d ch/14CoS No 5 16.7 � 2.0 0.29 � 0.06 61 � 16
ch/14CoS Yes 4 16.4 � 0.6 0.35 � 0.04 48 � 4.4
14CoS/14CoS Yes 5 13.6 � 1.5 0.22 � 0.03 64 � 12

30 d ch/14CoS No 5 14.9 � 2.0 0.22 � 0.07 72 � 25
ch/14CoS Yes 5 14.4 � 2.9 0.23 � 0.04 64 � 7.9
14CoS/14CoS Yes 4 11.8 � 1.0 0.21 � 0.05 57 � 7.9

60 d ch/14CoS No 5 15.3 � 0.8 0.15 � 0.09 130 � 64
ch/14CoS Yes 5 12.7 � 2.3a 0.17 � 0.04 79 � 22
14CoS/14CoS Yes 5 7.0 � 0.9b 0.16 � 0.07 51 � 21a

Values are expressed as means � SD.
a Significantly different (p � .05) from untreated ch/14CoS mice at the 60 d time point.
b Significantly different (p � .05) from both NTBC-treated and untreated ch/14CoS mice at the 60 d time point.
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Fig. 6. Light (A,B,G,H) and electron (C,D,E,F) microscopy of liver and kidney from NTBC-treated and NTBC-treated-then-without
mice. NTBC-treated mice were given oral NTBC for 30 d, plus 24 h until sacrifice. NTBC-treated-then-without mice received NTBC
for 30 d, following which the drug was not given for the next 24 h. NTBC-treated 14CoS/14CoS (A), as well as both treated and
untreated ch/14CoS mice, displayed normal looking hepatocytes, showing neither an unusual amount of cell proliferation nor cell death
(arrow points to a normal hepatocyte nucleus; bar � 25 microns). In contrast, the NTBC-treated-then-without 14CoS/14CoS mice (B)
showed a dramatic increase in hepatocyte apoptosis—with a distinctive clumping of RNP, RNA and DNA constitutents (arrow points
to apoptotic nucleus, bar � 2.5 microns). By electron microscopy, hepatocyte nuclei from NTBC-rescued 14CoS/14CoS mice (C)
showed normal nucleolar structures, nuclear pores, euchromatin and condensation of DNA (bar � 5 microns). There was also no
apparent pathology in NTBC-treated or NTBC-treated-then-without ch/ch or ch/14CoS hepatocytes (data not shown). On the other
hand, NTBC-treated-then-without 14CoS/14CoS nuclei (D) demonstrated a progressive separation of the nuclear RNA and DNA
components, which is indicative of impending apoptosis (bar � 5 microns). Progressive changes included greater segregation of DNA
and RNA from the matrix proteins and a more typical appearance of late-stage apoptosis. In addition, large numbers of vacuoles (E)
appeared in the hepatocyte cytoplasm (bar � 5 microns). Interestingly, heterogeneity in mitochondrial ultrastructure (F) also occurred
in 14Cos/14CoS hepatocytes after withdrawal of NTBC; these appeared in a highly condensed configuration (white arrow) (continued)
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GSH-EE/ascorbate treatment was then stopped; two
mice lived an additional 120 h, one lived 144 h, and the
other lived 420 h (2.5 weeks). In the remaining two mice,
NTBC treatment was stopped but GSH-EE/ascorbate
was not given; these survived only 72 and 90 h, respec-
tively. Thus, we conclude that the 14CoS/14CoS new-
borns are not responsive, whereas the 30 d old NTBC-
rescued 14CoS/14CoS mice continued to be rescued,
while on GSH-EE/ascorbate therapy.

Ocular toxicity in NTBC-rescued 14CoS/14CoS mice

During the 60 d survival experiments, anecdotally, we
noticed that almost 70% of NTBC-rescued 14CoS/14CoS
mice developed corneal opacities in at least one eye
(Table 3). In contrast, untreated and NTBC-treated ch/
14CoS mice, as well as NTBC-treated Fah(�/�) ho-
mozygous knockout mice, did not develop any detectable
ocular toxicity. Presumably, NTBC treatment would
cause similar degrees of elevated tyrosine in the eye of
all these groups of mice. The reason for this difference
between NTBC-treated 14CoS/14CoS and Fah(�/�) or
ch/14CoS mice is not understood.

DISCUSSION

Previous work from this laboratory [7,8,10,22,29] had
shown that the 14CoS/14CoS fetus and newborn exhibit
elevated levels of mRNAs and enzyme activities of
genes known to be upregulated by oxidative stress. Be-

cause FAH depletion, causing accumulation of the elec-
trophilic metabolites—FAA and MAA—in the tyrosine
catabolic pathway appear to be responsible for the
14CoS/14CoS lethal phenotype [5,6], and because NTBC
has been proven clinically to be successful in prolonging
the lives of HT1 patients who lack FAH [14–16] and of
Fah(�/�) knockout mice [17], it seemed reasonable to
attempt a pharmacological rescue of the 14CoS/14CoS
mouse with NTBC. Although this rescue was achieved,
we show in this report that, compared with ch/14CoS and
ch/ch littermates: (i) only about 70% of the 14CoS/
14CoS survive beyond 30–60 d and many of the survi-
vors show poor growth, (ii) there is a striking oxidative
stress response in the liver and kidney as evidenced by
GSH depletion and four stress-inducible enzymes, and
(iii) NTBC withdrawal after 30–60 d of NTBC therapy
results in rapid and extensive apoptosis of the hepatocyte
within 24 h—as quantified histologically as well as by
increased cytochrome c release and caspase 3-like
activity.

There are not many experimental models in which the
entire organ (liver, in this case) goes into apoptosis at
once and almost synchronously. Withdrawal of therapy
from the NTBC-rescued 14CoS/14CoS mouse could
therefore give scientists an excellent chance to study
early events of hepatic apoptosis (cytochrome c release,
activation of the caspase cascade), as well as the se-
quence of nuclear ultrastructural events in the process of
cleavage of macromolecules.

Table 2. Degree of Hepatic Apoptosis Versus Necrosis in NTBC-Treated-Then-Without Mice

Group Genotype Mice
Hours of NTBC

withdrawal Mid-apoptosis Late-apoptosis Necrosis

A 14CoS/14CoS 3 None 19 � 19% 1.2 � 1.0% 0.2 � 0.2%
B 14CoS/14CoS 3 24 64 � 12%a 30 � 10%b �.01%
C 14CoS/14CoS 2 48 38% 46%c 0.7%d

D ch/14CoS 4 None �.01% �.01% �.01%
E ch/14CoS 2 48 14% �.01% �.01%

a p � .03 to groups A and D.
b p � .03 to groups A, D and E.
c p � .01 to groups A, D and E.
d p � .05 to groups B, D and E.
Mid-apoptosis is defined as hepatocytes where nuclei exhibit considerable peripherally condensed chromatin and

unusually large nucleoli with very prominent fibrillar centers. Late-apoptosis is defined as hepatocytes where nuclei are
pleiomorphic in shape, have large clumps of chromatin condensed radially, an intervening nucleoplasm without texture, and
show a disruption of nucleolar architecture. Necrosis is defined as a swelling lysis of the entire cell, loss of membrane
integrity, with debris everywhere. All histologic assessment was done using a blinded protocol. Percentages were calculated
by dividing the number of apoptotic (or necrotic) hepatocytes by total number counted (�500 hepatocytes per animal),
multiplied by 100. Values are expressed as the means � SEM.

often alongside other mitochondria that had a more normal appearance (black arrow) (bar � 2.5 microns). Kidneys from NTBC-treated 14CoS/14CoS
mice (G), NTBC-treated ch/14CoS mice and NTBC-treated-then-without ch/14CoS (not shown) presented with normal renal histology (bar � 25
microns). NTBC withdrawal in 14CoS/14CoS mice (H) caused a dramatic accumulation of osmiophilic bodies (presumably lipid droplets) in the basal
aspect of proximal tubular epithelial calls—although distal tubules were remarkably spared (bar � 25 microns).
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Cause of death

It is still not established with absolute certainty
whether the cause of death in NTBC-rescued 14CoS/
14CoS mice, in Fah(�/�) animals, or HT1 patients is
liver failure secondary to apoptosis or additional un-

known or contributing factors. For example, succinylac-
etone is known to be an inhibitor of heme synthesis
[39,40]. Inhibition of heme synthesis would also lead to
increased oxidative stress, as well as cause induction of
HMOX1.

Relevance to hereditary tyrosinemia type I

HT1 patients can present with the “acute infantile
form” associated with liver failure. This clinical form
may be similar to the 14CoS/14CoS newborn that dies
during the first postpartum day, and liver necrosis
without apoptosis is seen [2,4]; whether this reflects
the suddenness of death or a property of newborn
mouse liver is not known. HT1 patients usually
present with the more chronic form in which liver
fibrosis and cirrhosis, neurological crises, chronic re-
nal disease, and hepatic carcinoma are seen. Treatment
of these newborns includes dietary restriction of phe-
nylalanine and tyrosine, liver transplantation (10 –20%
mortality rate and a lifetime of immunosuppressive
drugs to prevent rejection), and—in the past decade—
NTBC therapy (0.6 –1.2 mg/kg/d). Although the com-
bination of restricted diet and NTBC currently offers
the best therapy for these children, it is clear that the
health of these patients is still compromised, as evi-
denced by abnormal liver function studies, corneal opaci-
fication, and an occasional hepatocarcinoma [41].

From the findings of the present study, we would
propose that these NTBC-treated HT1 patients—just
like the NTBC-rescued 14CoS/14CoS mice—suffer
from chronic oxidative stress and are living very ten-

Fig. 7. Immunologic analysis of cytochrome c in hepatic cytosolic (C)
and mitochondrial (M) fractions from NTBC-treated-then-without
14CoS/14CoS (14/14; NTBC; w/o) and ch/14CoS (ch/14; NTBC; w/o)
mice and untreated ch/14CoS (ch/14 no NTBC). Following NTBC
treatment until 30 d of life, NTBC was then withdrawn for the next 24 h
(first two pairs, four lanes). The untreated ch/14CoS mice (fifth and
sixth lanes) were also 31 d old at the time of sacrifice. H, horse
cytochrome c, in far right lane. Top, Western immunoblot and Bottom,
quantitative densitometric analysis of relative levels of cytochrome c
from three mice in each group. Data points denote means, and bars
represent � SD. Arbitrary units reflect the signal in each lane normal-
ized to the signal for horse cytochrome c. The values on the ordinate are
in arbitrary units.

Fig. 8. Caspase 3-like activity in livers from NTBC-treated-then-
without 14CoS/14CoS (14/14 NTBC; w/o) and ch/14CoS (ch/14
NTBC; w/o), and untreated ch/14CoS (ch/14; no NTBC) mice. These
livers from 31 d old mice are the same as those used in Fig. 7. Data
points represent means, and bars represent � SD. Value for the
NTBC-treated-then-without 14CoS/14CoS is statistically significantly
(p � .05) different from the other two groups, using one-way ANOVA.

Table 3. Incidence of Corneal Opacities in Untreated and
NTBC-treated 60 d Old Mice

Genotype N NTBC
One eye
affected

Both eyes
affected

Percent
mice with
opacities

14CoS/14CoS 19 Yes 9 6 78.9%
ch/14CoS 20 Yes 0 0 0%
ch/14CoS 20 No 0 0 0%
Fah(�/�) 20 Yes 0 0 0%
Fah(�/�) 20 Yes 0 0 0%
Fah(�/�) 20 No 0 0 0%

Corneal opacification, if it was to occur, began by days 25–30 of age.
No new opacities were seen after 35 to 60 d of age.
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uously “on the edge.” Any changes in diet, or more
stress such as a viral infection, or not taking NTBC
medication every day, might “ tip the balance” in favor
of apoptosis. End-stage diseases such as hepatic fibro-
sis and cirrhosis, chronic renal disease, and liver car-
cinoma could be the ultimate result of this oxidative
stress-induced apoptosis. We therefore propose that a
vigorous antioxidant regimen, in addition to NTBC
plus dietary restriction of phenylalanine and tyrosine,
might be useful in improving the quality of life for
HT1 patients.

Oxidative stress-inducible genes

Interestingly, as measured by hepatic GCLM, GCLC,
HMOX1, and NQO1 mRNA induction (Fig. 4), NTBC
treatment of the mother completely prevents induction of
these hepatic oxidative stress-inducible genes in 14CoS/
14CoS mice at 12 h of age. Why the oxidative stress
response becomes striking at age 10–30 d, and this is
also the time of poor weight gain and 30% deaths, is not
clear. Although this might reflect an insufficient amount
of NTBC reaching the pups via lactation, it has been
shown [42] that an insufficient dose of NTBC to
Fah(�/�) mice does not appear to be the cause of
damage.

GSH depletion

The observations of decreased GSH levels are nota-
ble, especially in the context of our Northern blot anal-
yses. At 15 d of age (Table 1), there is a slight decrease
in the amount of liver GSH in the rescued 14CoS/14CoS
animal with respect to controls; at this time, there are
particularly high levels of GCLM and GCLC mRNA
(Fig. 4). We conclude that, at this time, the liver is
working hard to synthesize GSH and appears to be ca-
pable of compensating for the oxidative stress in the 15 d
old mouse. By age 30 d, hepatic GSH remains near-
normal, whereas GCLM and GCLC induction begins to
decline. By 60 d of age, the oxidative stress response has
fallen off more, compared with the day 15 and day 30
values, but GSH levels have dropped 2-fold. This could
imply that, as the mouse ages, or as the mouse continues
on NTBC rescue, it is less able to compensate for failing
GSH levels by induction of GCLM/GCLC; therefore,
GCL activity falls off, and, hence, GSH levels decrease.
In studies with foreign agents it has been reported, how-
ever, that the effect of oxidative stress on the liver is
specific to the chemical being used and not merely on
GSH depletion [43].

Hepatic apoptosis

The NTBC “ rescue” of Fah(�/�) mice is not com-
plete, as evidenced by increased induction of several

oxidative stress-inducible genes and liver tumors later
in life [17]. The III mouse strain, which has a non-
functional Hpd gene, represents a genetic block of the
same enzyme as that inhibited by NTBC (Fig. 2).
Breeding ch/14CoS heterozygotes with III mice [44]
results in the same “ rescue” of 14CoS/14CoS offspring
as that achieved by NTBC treatment [17], except that
no oxidative stress or liver tumors were seen with the
genetic block [44]—presumably because the genetic
block is more absolute than NTBC treatment. Provid-
ing HGA, or the human HPD cDNA expressed via a
retrovirus, reverses the “genetic rescue,” and histolog-
ical signs of liver apoptosis, a DNA ladder [44], and
cytochrome c release [45] were seen. Primary cultured
hepatocytes from 14CoS/14CoS/Hpd(�/�) mice are
viable, HGA added to the medium causes toxicity, and
retrovirally expressed FAH or a caspase inhibitor pre-
vents this toxicity. Further experiments showed that
FAA, but not MAA or SAA, is able to cause cyto-
chrome c release and activation of the caspase cas-
cade— both in cultured hepatocytes and in a cell-free
system [45]. FAA has been shown to cause cell cycle
arrest and apoptosis, both of which effects are en-
hanced by GSH depletion [46]. Our results in the
NTBC-treated-then-without 14CoS/14CoS intact
mouse, in the present study, are consistent with these
previous reports [44 –46].

GSH levels and apoptosis

The observed depletion of GSH levels in NTBC-
rescued 14CoS/14CoS mice at 60 d, along with the
further GSH depletion seen when NTBC is withdrawn,
is relevant to the observed hepatocyte apoptosis
marked by cytochrome c release and activation of
caspase-3 activity. A generally accepted model of
apoptosis is that apoptotic signals cause cytochrome c
release from the mitochondria, which, in turn, initiates
the caspase cascade resulting in execution of the ap-
optotic program [10,36]. Depletion of mitochondrial
GSH has been shown to increase H2O2 production and
subsequent mitochondrial dysfunction, which are
thought to lead to cytochrome c release [47]. A loss of
mitochondrial transmembrane potential has been
shown as a critical step in the commitment to apopto-
sis, and the coincident generation of ROMs constitutes
an important feature in this process [48,49]. The de-
pletion of GSH has also been described as being
associated with initiating apoptosis or associated with
increasing its severity [50 –52]. On the other hand,
rather than being the cause of apoptosis, it has been
suggested that lower GSH levels in livers undergoing
apoptosis may be a result of cells actively extruding
GSH as part of the apoptotic program [53].
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Table 4. List of Putative Genes Within the 14CoS Deleted Region from the Celera Databasea

Gene
identification Gene name Gene symbol

Gene size
(kb) Gene name (inside other)

Gene size
(kb)

mCG123275 Fumarylacetoacetate hydrolase Fah 20.7
mCG21338 Unknown 174 kb
mCG21866 Prkcll-associated Awp1 (?) 18.6
mCH1028332 Unknown 3.1
mCG1028331 Unknown 3.7
mCG1028188 Unknown 5.4
mCG1028157 Unknown 12.9
mCG65919 Unknown 0.95
mCG51069 Unknown 3.2
mCG59831 Unknown 0.95
mCG1028185 Unknown 1.1
mCG21341 Unknown 4.5
mCG123282 Unknown 12.4
mCG1028330 Unknown 5.2
mCG125764 Unknown 16.5
mCG1028227 Unknown 8.7
mCG1028329 Unknown 5.8
mCG125765 Unknown 11.8
mCG1028328 Unknown 2.8
mCG1028225 Unknown 0.98
mCG125773 Unknown 35.2
mCG59833 Unknown 6.0
mCG1028327 Unknown 2.2
mCG1028324 Unknown 85.7
mCG1028326 Unknown 1.3
mCG1028325 Unknown 39.8
mCG21304 Putative pheromone receptor(s) Cluster of 14 genes? 717 kb
mCG1028323 – Unknown 7.4
mCG1028322 – Unknown 19.7
mCG1028222 – Unknown 6.1
mCG1028318 – Unknown 1.75
mCG54103 – Pol polyprotein 2.1
mCG1028315 – Unknown 0.83
mCG1028314 – Gag polyprotein 67.5
mCG1028313 – Unknown 2.6
mCG1028311 – Unknown 2.2
mCG1028310 – Unknown 0.91
mCG1028309 Olfactory receptor(s) Cluster of 13 genes? 378 kb
mCG60012 – RV related pol polyprotein 5.7
mCG1028307 – Glutamate carboxypeptidase-related 47.6
mCG1028219 – RV-related 9.65
mCG1028306 Unknown 3.6
mCG114789 Folate hydrolase Folh1 60.2
mCG114795 Putative pheromone receptor(s) Cluster of 4 genes? 228 kb
mCG1028305 – RV-related 4.04
mCG1028304 – Unknown 1.55
mCG1028303 Leucine zipper retrotransposon

L1 protein-related
3.3

mCG52311 40S ribosomal protein S4 0.76
mCG18424 NADPH oxidase 4 Nox4 143 kb
mCG18425 Tyrosinase Tyr 67.9
mCG50989 Metabotropic glutamate

receptor 5
Cluster of 3 genes? 540 kb

mCG18427 – Unknown 0.92
mCG1028217 Unknown 21.8
mCG113517 Cathepsin C Ctsc 32.9
mCG52895 40S ribosomal protein S11 46.6
mCG1028302 RT-related 20.8
mCG10204 Rab32 2310011F14Rik 61

a Nine additional unknown “genes” detected by GeneFinder, having a transcript of �600 bases, are not included in this list. Genes that are located
within other genes (or gene clusters) are described in the two columns at right. At least one identification number is provided for each, although some
genes have two or more identification numbers; for the clusters, the identification of only the most 5'-ward gene is given. Pol � polymerase; RV �
retrovirus; RT � reverse transcriptase; Awp1 (?) � nomenclature pending; Rik � Riken.
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GSH-EE/ascorbate supplementation

Whether ROMs in NTBC-treated 14CoS/14CoS mice
might cause some mitochondrial damage is not clear.
Further depletion of GSH, as well as the histology in Fig.
6F, in NTBC-treated-then-without 14CoS/14CoS mice,
however, suggests that additional ROM production af-
fecting the mitochondria may serve to trigger apoptosis.
In addition, because the redox state of the mitochondrion
has been suggested as an apoptotic “sensor” [54], NTBC-
treated 14CoS/14CoS mice, already suffering from oxi-
dative stress, may incur the additional oxidative “boost”
needed to propel the liver cells into apoptosis once
NTBC is removed. This idea is further supported by the
observation that NTBC-rescued-then-without mice,
given GSH-EE/ascorbate, are healthier and live longer
than their counterparts not receiving the GSH-EE/ascor-
bate cocktail. Exogenous GSH may initially help combat
an oxidative “burst,” which occurs once the tyrosine
catabolism pathway resumes, when NTBC leaves the
system.

Differences between NTBC-treated Fah(�/�) and
14CoS/14CoS mice

One of the most fascinating differences between
NTBC-treated Fah(�/�) mice and NTBC-treated
14CoS/14CoS mice (present study) is that the Fah(�/�)
mice survive 6 weeks after NTBC withdrawal [17], al-
though they display evidence of liver damage (elevated
plasma levels of conjugated bilirubin and aspartate serine
aminotransferase). On the other hand, the 14CoS/14CoS
mice develop hepatocyte apoptosis within hours after
NTBC withdrawal and die within 3–4 d. The most likely
explanation probably reflects the Fah(�/�) mice lacking
a single gene, while the 14CoS/14CoS mice lack more
than 80 genes, including Fah, within the 3800 kb dele-
tion. Another possible explanation is the difference in
genetic background between the Fah(�/�) and 14CoS/
14CoS mice. In the 1995 study [17], the Fah(�/�)
genotype was present in a mixed C57BL/6J and 129/J
inbred strain background. In the present study, the 14CoS
deletion resides in a mixed genetic background of the
C3H and 101 inbred strains. Modifier genes that affect
the phenotype following NTBC withdrawal may thus
differ among these four strains.

Ocular toxicity in NTBC-rescued 14CoS/14CoS but not
Fah(�/�) mice

Another interesting difference between NTBC-treated
Fah(�/�) and 14CoS/14CoS mice is that corneal opac-
ities were never seen in NTBC-treated ch/14CoS or
Fah(�/�) mice or in untreated ch/14CoS animals, but
were found in � 70% of NTBC-treated 14CoS/14CoS
mice (Table 3). As mentioned above, the principal dif-

ference between Fah(�/�) and 14CoS/14CoS mice is
that the former has only the Fah gene disrupted, whereas
the latter has 3800 kb of Chr 7 deleted. It is therefore
likely that another gene in the 14CoS deletion is contrib-
uting to this high risk of corneal opacity. By mining the
Mouse Genome Database, we determined that the 3800
kb deletion spans precisely from the 3' half of the Fah
gene proximally to the 5' half of the Rab32 gene distally
(Table 4). If all the receptor genes listed in the four
clusters are functional rather than pseudogenes, there are
as many as 87 identifiable genes (having transcripts
larger than 600 bases) in the 3800 kb deleted region.
Disregarding the receptor clusters, of the 57 remaining
genes, only five have official names and one has an
official name pending. Of the 51 remaining, there are 35
putative genes whose functions are completely unknown
and which have no significant homology with other
known genes in the mouse genome database (Table 4).
For example, one DNA stretch of 898 kb—from Awp1 to
the putative pheromone receptor cluster—contains 23
unknown genes. Thus, it would appear to be a formidable
task to search for the gene in this 3800 kb region that
might contribute to risk of corneal opacity, although one
might approach this by a series of genetic backcrosses
and genotyping, followed by testing for phenotype. Also,
as mentioned above, a second possibility for explaining
the mouse difference in risk of corneal opacity (Table 2)
is the genetic background: the 14CoS/14CoS mouse is in
a combined C3H and 101 inbred strain background,
whereas our Fah(�/�) genotype has been backcrossed
eight times into the C57BL/6J background.

Lower GSH levels may contribute to the development of
ocular toxicity in rodents [55,56], because oxidative stress
is thought to play a critical role in ocular toxicity [57]. The
lower hepatic GSH levels observed in NTBC-treated
14CoS/14CoS mice are not likely, however, to be associated
directly with ocular toxicity. In fact, a high tyrosine diet in
rats long ago was known to cause corneal lesions [58]. Rats
fed NTBC exhibit hypertyrosinemia and corneal lesions
[59]—especially on a low-protein diet [60]. NTBC-treated
mice were reported not to develop corneal opacities as
NTBC-treated rats do [61], but again, this may depend on
the inbred strain of mouse under study. Patients with he-
reditary tyrosinemia type II show increased ocular toxicity
associated with increased amounts of dietary tyrosine [62].
A patient with HT1 on NTBC therapy was recently reported
to have corneal opacities [63]. Thus, for whatever reason,
the NTBC-treated 14CoS/14CoS mouse, showing corneal
opacities that are most likely due to elevated tyrosine,
appears to be more closely related than the NTBC-treated
Fah(�/�) mouse to the HT1 patient receiving NTBC
therapy.
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CONCLUSIONS

The NTBC-treated 14CoS/14CoS mouse provides an
interesting model for the induction of oxidative stress-
responsive genes—generated by endogenous metabo-
lism—and is to our knowledge unique in this aspect. An
unexpected finding was how healthy the NTBC-rescued
14CoS/14CoS intact mouse appeared, despite showing
evidence of significant oxidative stress in the liver and
kidney. Further studies with this system should provide
insight into common regulatory mechanisms associated
with the induction of NRF2-responsive genes in the
intact animal.

The NTBC-treated 14CoS/14CoS mouse and the
NTBC-treated-then-without 14CoS/14CoS mouse also
appear very similar to the HT1 patient. Even on dietary
and NTBC therapy, these patients show end-stage dis-
eases such as liver fibrosis and cirrhosis, chronic renal
disease, and hepatocarcinoma—most likely the ultimate
result of oxidative stress-induced apoptosis. Our mouse
data suggest that a rigorous antioxidant regimen might be
helpful in improving the quality of life for HT1 patients.
Finally, the NTBC-treated 14CoS/14CoS mouse, show-
ing corneal opacities—in all likelihood due to elevated
tyrosine—appears to be more closely related than the
NTBC-treated Fah(�/�) mouse to the HT1 patient re-
ceiving NTBC therapy.
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ABBREVIATIONS

AMC—7-amino-4-methylcoumarin
FAA—fumarylacetoacetate
Fah, FAH and FAH—fumarylacetoacetate hydrolase,

mouse gene, human gene, mRNA
Gclc and GCLC—glutamate cysteine ligase catalytic

subunit, mouse gene and mRNA
Gclm and GCLM—glutamate cysteine ligase modifier

subunit, mouse gene and mRNA
GSH—reduced glutathione
GSH-EE—reduced glutathione monoethyl ester

GSSG—oxidized glutathione
HGA—homogentisic acid
Hmox1 and HMOX1—heme oxygenase-1, mouse gene

and mRNA
HPD—p-hydroxyphenylpyruvate dioxygenase
HT1—hereditary tyrosinemia type I
MAA—maleylacetoacetate
Nqo1 and NQO1—NAD(P)H:quinone oxidoreductase,

mouse gene and mRNA
NRF2—nuclear factor E2-related factor-2
NTBC—2-(2-nitro-4-trifluoromethyl-benzyol)-1,3-cy-

clohexanedione
ROMs—reactive oxygenated metabolites
SAA—succinylacetoacetate
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