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a b s t r a c t

Hereditary tyrosinemia type 1 (HT1) is an autosomal recessive disease severely affecting

liver and kidney and is caused by a deficiency in fumarylacetoacetate hydrolase (FAH).

Administration of 2-(2-nitro-4-trifluoro-methylbenzyol)-1,3 cyclohexanedione (NTBC)

improves the HT1 phenotype but some patients do not respond to NTBC therapy. The

objective of the present study was to evaluate whether administration of dichloroacetate, an

inhibitor of maleyl acetoacetate isomerase (MAAI) to FAH-knockout mice could prevent

acute pathological injury caused by NTBC withdrawal. DCA (0.5 and 5 g/L) was given in

combination with a standard diet or with a tyrosine-restricted diet. With the low-tyrosine

diet body weight loss and most of hepatic and renal injuries were prevented regardless the

DCA dose. The administration of DCA with a standard diet did not prevent damage nor the

oxidative stress response nor the AFP induction seen in FAH-knockout mice. DCA was

shown to inhibit hepatic MAAI activity to 86% (0.5 g/L) and 94% (5 g/L) of untreated wild-type

mice. Interestingly, FAH�/� mice deprived of NTBC (NTBC-OFF) and NTBC-treated FAH-

knockout mice had similar low hepatic MAAI activity levels, corresponding to 10–20% of

control. Thus the failure of DCA treatment in FAH�/� mice seems to be attributed to the

residual MAAI activity, high enough to lead to FAA accumulation and HT1 phenotype.
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1. Introduction

The most severe disease of the tyrosine catabolic pathway

(Fig. 1) is hereditary tyrosinemia type I (HT1, OMIM 276700), an

autosomal recessive disease characterized by progressive liver

and kidney damage and neurological crisis [1–3]. In the acute

form, symptoms appear in early childhood and are character-

ized by a rapid deterioration of hepatic and renal functions,

leading to death during the first year because of liver failure.

The chronic form includes symptoms such as progressive

hepatic dysfunction during infancy and death from liver

cirrhosis or hepatocarcinoma [4]. Additional features of the

disease include renal dysfunction and severe neurological

crisis [5].

HT1 is caused by the deficiency of fumarylacetoacetate

hydrolase (FAH, EC 3.7.1.2) the last enzyme of the tyrosine

catabolic pathway [6–8]. FAH catalyses the hydrolysis of

fumarylacetoacetate (FAA) into fumarate and acetoacetate. A

deficiency in FAH causes accumulation of FAA, maleylace-

toacetate (MAA), succinylacetone (SA) and tyrosine (Fig. 1).

The metabolite FAA has been proposed to be the main effector

of the disease. Mutagenic, cytostatic and apoptogenic

activities of FAA, but not MAA nor SA, have been demon-

strated using V79 Chinese hamster cells [9–11]. The muta-

genicity of FAA in vivo has also been inferred from studies in a

mouse model of HT1 [12] and FAA may also be involved in

development of hepatocellular carcinoma in HT1. Other

metabolites of tyrosine breakdown may also play a patho-

genic role in HT1. SAA and SA are the main FAA-derived

metabolites in HT1 (Fig. 1), and an accumulation of SA after

reduction of SAA can cause porphyria-like neurological crisis
by inhibition of d-aminolevulinic acid dehydratase (d-ALAD,

EC 4.2.1.24) [5]. Prevention of FAA accumulation should have

beneficial therapeutic effects in HT1. A dietary restriction in

tyrosine and phenylalanine is given to HT1 patients to limit

the accumulation of the toxic metabolite FAA, but liver

transplantation [13] remains the ultimate treatment for the

prevention of the acute phenotype and hepatocarcinoma.

However, this alternative is problematic because of poor

organ availability and risks of complications [14,15]. Since

1992, drug therapy with 2-(2-nitro-4-trifluoro-methylben-

zoyl)-1,3-cyclohexanedione (NTBC), an inhibitor of hydro-

xyphenylpyruvate dioxygenase (HPPD, EC 1.13.11.7) [16,17]

(Fig. 1), is used for treatment in HT1 patients [16,18]. NTBC

rapidly improves liver and kidney functions but does not

completely prevent the formation of hepatocarcinoma in

long-term therapy [19,20]. NTBC has also been administered

to FAH-knockout mice to prevent neonatal death but

hepatocarcinoma was observed in 50% of NTBC-treated mice

at 10 months of age [21]. Despite the beneficial clinical effects

of NTBC, the occurrence of hepatocarcinoma in HT1 empha-

sizes the importance of the study of HT1 for improving

treatment of this disease. As an alternative approach, we

evaluated whether chemical inhibition of maleylacetoacetate

isomerase (MAAI, EC 5.2.1.2, Fig. 1), another enzyme of the

tyrosine degradation pathway acting upstream of FAH, could

replace or supplement NTBC treatment. We hypothesized

that inhibition of MAAI with dichloroacetate (DCA) would

prevent the accumulation of FAA and might ameliorate the

acute phenotype of HT1.

DCA is a major by-product of water chlorination and is also

used as an investigational drug for several acquired and
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Fig. 1 – The five enzymatic reactions of the tyrosine catabolic pathway. The GSH-dependent non-enzymatic bypass for MAA

transformation in FAA [48] is also indicated. d-ALAD is inhibited by succinylacetone causing d-ALA accumulation and

inhibition of heme biosynthesis. Doted line represents a pathway with no known enzyme. TAT: tyrosine aminotransferase;

HPPD: 4-hydroxyphenylpyruvate dioxygenase; HGO: homogentisate dioxygenase; MAAI: maleylacetoacetate isomerase;

FAH: fumarylacetoacetate hydrolase; NTBC: 2-(2-nitro-4-trifluoromethylbenzoyl)1,3-cyclohexanedione; DCA:

dichloroacetate; d-ALAD: d-aminolevulinic acid dehydratase; d-ALA: d-aminolevulinic acid.
congenital metabolic diseases [22,23]. DCA has also been

proposed as a neuroprotective agent in experimental models

of cerebral ischemia [24]. DCA is mainly biotransformed to

glyoxylate by gluthatione S-transferase (GSTZ) [25,26] in a

GSH-dependent manner. GSTZ is identical to MAAI [27],

which catalyses isomerisation of MAA into FAA (Fig. 1). It has

also been demonstrated in vitro that DCA inhibits the enzyme

GSTZ in a GSH-dependent and irreversible manner [26,28,29].

DCA inhibits its own metabolism and the tyrosine degrada-

tion pathway (Fig. 1). MAAI activity is reduced in a time- and

dose-dependent manner by DCA in mice [30] and rats

[28,29,31]. Enzyme activity was virtually eliminated with a

single dose of 1 g/kg/day DCA in rats [31]. A maximal

inhibition of 95% of MAAI activity has been observed in rats

after a 5-day administration of 0.3 mmol DCA/kg/day [29].

Protein levels of MAAI are also reduced by DCA in rats with a

dose>4 mg/kg/day [32] and with 0.3 mmol/kg [29]. A study by

Tzeng et al. [28] reported a reduction of MAAI activity in

human liver cytosol with 0.5 mM DCA, but another study [31]

showed no significant inhibition of the enzyme. Hepatocar-
cinogenicity of DCA (80 mg/kg/day) was reported in rats

[33,34] and in mice [34–40]. However, hepatocarcinogenicity

of DCA in humans has not been demonstrated [41,42]. Based

on the ability of DCA to inhibit MAAI, we evaluated whether it

could be used as an alternative treatment for HTI using the

FAH-knockout mouse model.
2. Materials and methods

2.1. Chemicals

DCA (sodium salt) was purchased from Aldrich Chemical Co.

(Milwaukee, WI, USA) and dissolved in distilled water at 0.5 g/

L (�0.08 g/kg/day) and 5 g/L (�0.8 g/kg/day) (pH 5). NTBC

kindly provided by S. Lindstedt (Gothenburg University,

Sweden) was solubilized in water (7.5 mg/L, pH 7). Protein

assay reagents and SDS-Page molecular weight standards

(low range) were purchased from Bio-Rad (Hercules, CA). For

the glutathione determination assay, reduced glutathione
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(GSH), oxidized glutathione (GSSG), 5,50-dithiobis (2-nitro-

benzoic acid) (DTNB), nicotinamide adenine dinucleotide

phosphate (reduced form) (NADPH), 5-sulfosalicylic acid,

triethanolamine and glutathione reductase were obtained

from Sigma Chemical Co. (St. Louis, MO, USA). 2-Vinylpyr-

idine was purchased from Aldrich Chemical Co. For MAAI

activity determination, ascorbic acid and homogentisate

(HGA) were purchased from Sigma Chemical Co. and ferrous

sulfate, from BDH Co. (Toronto, Canada).

2.2. Animals and treatment

Three-month old male FAH-knockout (FAHDexon5, referred to

here as Fah�/� mice) was used and was genotyped by PCR as

described in [43] using 50 ng of DNA isolated from mice hair

bulbs [44]. Pregnant females and newborn Fah�/� mice were

treated with NTBC in drinking water until the beginning of

the experiments. A first group of Fah�/� mice received ad

libitum a standard rodent chow diet (Charles River Rodent,

Agribrands St. Hubert, QC, Canada) containing 0.51% tyrosine

and 0.82% phenylalanine. Mice were withdrawn from NTBC

and instead given 0.5 g/L DCA (0.08 g/kg/day; DCA 0.5 group;

n = 6) or 5 g/L DCA (0.8 g/kg/day; DCA 5 group; n = 8). As

control groups, five Fah�/�mice received NTBC (NTBC group),

nine Fah�/�mice were taken off NTBC (NTBC-OFF group), and

four Fah+/+ mice (untreated group) given water. DCA (0.5 g/L)

and (5 g/L) was administered to three and four Fah+/+ mice,

respectively. A second similar experiment was done but this

time with a low-tyrosine diet (Harlan TD 96105, Wilmington,

DE, USA) containing no tyrosine and 0.3% phenylalanine.

All mice were weighed three times per week, examined for

hair appearance, corneal opacification and general motility

to evaluate their health status, and were sacrificed after 5

weeks of treatment. Mice were anaesthetized by intraper-

itoneal injection of ketamine–xylazine (0.2 mL/10 g body

weight) and sacrificed by cardiac puncture. Blood, urine,

liver and kidney were collected.

2.3. Histology

At sacrifice, 1 mm slices of liver and kidney were cut for

histology. The remaining tissues were frozen at �80 8C. Liver

and kidney slices were fixed in 10% PBS-buffered formalde-

hyde, pH 7.4, for a period of 24 h and kept in ethanol 80% at 4 8C

after dehydration. Tissues were embedded in paraffin wax at

58 8C and 4 mm sections were rehydrated and stained with

hematoxylin-eosin and with a polyclonal rabbit antibody to rat

FAH [7,45]. Endogenous peroxidase activity was blocked with

3% hydrogen peroxide and methanol. Avidin and biotin

pretreatment was used to prevent endogenous staining. The

secondary antibody was biotinylated goat anti-rabbit IgG (BA-

1000; VectorLabs, Burlingame CA, USA). Color development

was performed with the AEC detection kit from Ventana

Medical Systems (Tucson, AR, USA).

2.4. Biochemical analysis

Blood was collected at the time of sacrifice and put in serum

separator tubes (Microtainer Brand; Becton Dickinson,

New Jersey, USA), which contain a polymer barrier material
allowing separation of serum and cells during centrifugation

(5000 rpm for 10 min). Serum levels of alkaline phosphatase

(AP), g-glutamyl-transferase (GGT), urea, glucose and creati-

nine were quantified by using an automated analyzer. Serum

levels of succinylacetone were measured by the d-aminole-

vulinate dehydratase (d-ALAD) inhibition assay [46].

Urine was collected weekly from each mouse in a group,

pooled and kept at �80 8C until analysis. DCA and its

metabolites as well as tyrosine metabolites (maleylacetone,

MA; fumarylacetone, FA; SA, fumarate, acetoacetate) and

lactate were measured by gas chromatography–mass spectro-

metry (GC–MS) as described [47].

2.5. Immunoblotting

Liver and kidney were homogenized (10% w/v) in phosphate

buffer, pH 7.4 and were centrifuged 30 min at 10,000 rpm.

Supernatants were collected and protein concentrations

determined using the Bio-Rad protein assay (Biorad, Hercules,

CA). The rest of the homogenates were frozen at �80 8C for

further analysis. Proteins (20 mg) were separated on a 12% SDS-

PAGE gel, transferred onto a nitrocellulose membrane (Bio-

Trace, Pall Gelman Laboratory; Pensacola, FL) and membranes

blocked in a tris-buffered saline solution containing 0.1%

Tween 20 and 5% non-fat dry milk for 1 h. Coomassie blue

staining of gels was used as a protein loading control. Primary

rabbit polyclonal antibodies raised against enzymes impli-

cated in tyrosine metabolism were anti-MAAI, anti-HPPD and

anti-homogentisate dioxygenase (HGO) (made in our lab from

fused cloned protein in the pET30 vector (Novagene, Madison,

WI). Other primary rabbit polyclonal antibodies were anti-a-

fetoprotein (AFP, a gift from Dr. L. Bélanger, CRHQC, QC,

Canada), anti-gamma-glutamyl cysteine synthetase (g-GCS,

catalytic subunit; Neo Markers, Fremont, CA), anti-methionine

adenosyl transferase I/III (MAT; a gift from Dr. Jose Mato,

University de Navarra, Spain), and anti-heme oxygenase 1

(HO-1, Stressgen, Victora, CA). Primary mouse monoclonal

antibodies against NAD(P)H:quinone oxidoreductase 1 (NMO,

a gift from Dr. D. Siegel, University of Colorado, Denver, CA)

was also used. As secondary antibodies, goat anti-rabbit

peroxidase (Jackson ImmunoResearch Lab, West Grove, PA) or

anti-mouse (Molecular Probes, Eugene, OR) coupled to horse-

radish was used. Incubations with different antibodies were

followed by several washes in tris-buffered saline solution

containing 0.1% Tween 20. The detection of proteins was done

by using a chemiluminescence kit (Perkin-Elmer; Boston, MA)

on X-ray films (Fuji Photo Film Co., Tokyo, Japan). Films were

scanned and signal intensities estimated using NIH Image

software.

2.6. MAAI activity

MAAI activity in mouse liver was determined by a spectro-

photometric assay [48]. Transformation of HGA to MAA was

started with the addition of 50 mg of extract of E. coli-expressed

HGO to the reaction cuvette containing 2 mM ascorbate, 50 mM

ferrous sulfate and 50 mM of GSH in a phosphate 10 mM buffer

(pH 7.4). The reaction was followed at 330 nm. When a plateau

was achieved, 25 mg of purified FAH (recombinant His-tag

fused protein expressed in E. coli synthesized in our lab) and
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400 mg of cytosolic proteins, obtained after centrifugation of a

10% homogenate at 10,000 rpm, were added to the reaction

cuvette (1 mL final volume). Transformation of MAA in FAA,

catalyzed by MAAI, was followed at 330 nm. MAA concentra-

tion was measured by its absorbance coefficient (13,500/M/

cm). Adding 50 mM of GSH to the cuvette should not affect the

MAAI activity since the GSH concentration of liver cells is

5 mM.

2.7. Glutathione determination

For total glutathione determination (GSH and GSSG), livers

were homogenized (10% w/v) in a 3% 5-sulfosalicylic acid

buffer for deproteinization [49]. One microliter of liver

homogenate was incubated with 0.21 mM NADPH, 0.6 mM

DTNB and 100 mM triethanolamine in a final volume of 1 mL

of stock buffer containing 125 mM sodium phosphate pH 7.5

and 6.3 mM Na4-EDTA. Ten units of glutathione reductase

were added to the cuvette and 5-thio-2-nitrobenzoic acid

formation was followed by absorbance measurements at

412 nm. GSSG was determined specifically by a different

assay [49]. Liver homogenate (10 mL) was added to 400 mM

triethanolamine and 5 mL of 2-vinylpyridine was added to

the tube to prevent GSH oxidation. Tubes were mixed and

kept at room temperature for 1 h. Following the incubation,

0.2 mM of NADPH and 0.6 mM of DTNB were added to the

mixture. Zero was set and 10 units of glutathione reductase
Fig. 2 – Body weight curves (%) for DCA-treated FAH-

knockout mice fed with a regular (A) or tyrosine-low

diet (B) over 35 days. Mice were weighed three times a

week. The untreated group (&) are Fah+/+ mice and

other groups are FahS/S mice (NTBC-OFF (*), NTBC (*),

DCA 0.5 (~), DCA 5 (~)).

Fig. 3 – Relative liver (left) and kidneys (right) weight

(g/100 g body weight) for male FAH wild type and

knockout mice fed on a regular- or a low-tyrosine

diet during 35 days.
were added to initiate the reaction. The reaction was

followed at 412 nm. Total glutathione, GSH and GSSG

contents were determined by comparison to standard curves

generated with known amounts of GSH or GSSG.
3. Results

3.1. DCA does not prevent body weight loss in FAH-
knockout mice after NTBC withdrawal

When NTBC treatment is discontinued, Fah�/� mice begin to

show a progressive decrease in body weight [21]. At the end of

the experiment (day 35), Fah�/�mice deprived of NTBC (NTBC-

OFF) on a regular diet had lost 30% of body weight (Fig. 2A). The

DCA 5 group displayed similar body weight loss. The DCA 0.5

group displayed a final loss of 20% body weight but all mice

from this group gradually regained body weight mostly during

the last week of the treatment perhaps as a result of injured

liver. At higher doses of DCA (10 g/L), Fah�/� mice became ill

and died before the end of the experiment (data not shown). In
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comparison, all mice on a low-tyrosine diet (NTBC, NTBC-OFF,

DCA 0.5, DCA 5) gained 5–25% of body weight during the same

treatment period (Fig. 2B).

3.2. DCA does not prevent hepatic and renal damage after
NTBC discontinuation

FAH is mainly expressed in liver and kidney both of which

show tissue damage [7,16,50,51]. Macroscopic (Fig. 3) and

microscopic evaluations (summarized in Table 1 and illu-

strated in Fig. 4) were done on these tissues. NTBC-OFF group

showed high relative liver weight (g liver/g body weight)

regardless of the diet. DCA treatment did not prevent this

high relative liver weight. Fah+/+ mice treated with DCA

showed a similar increase in relative liver weight.

Microscopically, the NTBC-OFF group showed abnormal

hepatic features with diffuse necroinflammation and focal

bile duct proliferation (Fig. 4 C) compared to the untreated

mouse control group (Fah+/+ mice). NTBC-treated Fah�/�mice

showed a few small foci of necroinflammation, minimal focal

micro- and macrosteatosis and minimal nuclear pleomorph-

ism (Fig. 4B). The DCA 0.5 treated group displayed milder

damage than the other groups. The intensity of damage in

the DCA 5 g/L was similar to that observed in the NTBC-OFF

group (Fig. 4D). Administration of DCA (5 g/L) also caused

hepatic abnormalities in Fah+/+ mice (Fig. 4A). In contrast,

all groups (including those treated with DCA) fed with a
Table 1 – Liver and kidneys histological findings

Diet FAH
genotype

Nb of
mice

Treatment

Reg +/+ 4 Untreated Normal wi

of inflamm

Reg �/� 6 NTBC Small foci

moderate m

and nuclea

Reg �/� 9 NTBC-OFF Diffuse nec

focal bile d

Reg �/� 3 DCA 0.5 Diffuse hep

(milder tha

regular die

Reg �/� 6 DCA 5 Diffuse hep

massive ne

abundant g

Reg +/+ 3 DCA 0.5 Normal

Reg +/+ 4 DCA 5 Hepatocell

foci of infla

Low +/+ 3 Untreated Normal

Low �/� 4 NTBC Normal wi

Low �/� 4 NTBC-OFF Abundant

anisocytos

hepatocellu

than NTBC

Low �/� 3 DCA 0.5 Extensive b

diffuse mil

Low �/� 3 DCA 5 Hepatocell

necrosis an

Note: regular diet is indicated by Reg and low-tyrosine diet, by Low.
low-tyrosine diet showed a lower degree of liver injury than

those treated and fed the regular diet.

Kidneys of Fah�/� mice deprived of NTBC and fed with a

regular diet were generally swollen, pale and showed a high

relative weight compared to untreated Fah+/+ mice or NTBC-

treated Fah�/� mice (Fig. 3). Similar macroscopic alterations

were observed in kidney of DCA-treated Fah�/� mice (0.5 and

5 g/L), but not in DCA-treated Fah+/+ mice. All mice on the low-

tyrosine diet, including those treated with DCA (0.5 and 5 g/L),

showed normal or reduced kidney size. Results from the

histological analysis of the kidneys are summarized in Table 1

and illustrated in Fig. 5. NTBC treatment had a beneficial effect

on size and visual appearance of the kidneys as kidneys of the

NTBC-treated Fah�/�mice were normal. NTBC discontinuation

induced rare foci of tubular injury (NTBC-OFF; Fig. 5A) and

administration of DCA (0.5 or 5 g/L) did not prevent renal

damage (Fig. 5B). A low-tyrosine diet significantly improved

kidneys histology regardless of the treatment.

3.3. DCA-treated FahS/S mice do not show improvement
of hepatic and renal functions

To determine whether DCA could prevent the development of

the biochemical HT1 phenotype, several markers were

analyzed in the serum and urine of Fah�/�mice. These results

are summarized in Table 2. Liver function was assessed by

serum GGT, AP, glucose and urea levels. Renal function was
Liver
histology

Kidney
histology

th small foci

ation

Normal

of necroinflammation,

icro and macrosteatosis

r pleomorphism

Normal

roinflammation and

uct proliferation

Rare foci of tubular injury,

nuclear size and chromatin

variation with cytoplasmic

vacuoles

atocellular injury

n NTBC-OFF on

t)

Proximal tubular vacuolization,

focal anisocytosis and

protein casts

atocellular swelling,

crosis and

lycogen

Focal tubular dilatation,

proximal tubular vacuoles,

single cell necrosis and

nuclear variation

Normal

ular swelling and small

mmation

Normal

Normal

th mild focal of inflammation Proximal tubular vacuolization

glycogen, focal steatosis,

is and diffuse mild

lar swelling (less injury

-OFF on regular diet)

3 mice on 4 were normal;

one mouse has tubular

vacuolization

ile duct proliferation and

d hepatocellular swelling

Tubular vacuolization

ular swelling, rare focal

d inflammation

Tubular vacuolization
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Fig. 4 – Liver histology for FahS/S mice compared to FAH+/+ mice under regular diet (200�). Panels are liver sections of

untreated Fah+/+ (A), NTBC-treated FahS/S mice (B), NTBC-OFF-treated mice FahS/S (C) and DCA (5 g/L)-treated FahS/S mice (D).

Microscopic analysis of untreated Fah+/+ liver is shown as control and is normal. Liver section of NTBC-OFF mice displays

diffuse necroinflammation and focal bile duct proliferation. Liver section of DCA (5 g/L)-treated FahS/S/S mouse shows

diffuse hepatocellular swelling with massive necrosis.
assessed by serum creatinine. Tyrosine and SA, a hallmark

metabolite of HT1, were measured to assess the function of

the tyrosine degradation pathway.

NTBC-OFF and DCA (0.5 and 5 g/L) Fah�/�mice had higher

GGT levels than untreated Fah+/+ and Fah�/� mice on NTBC.

However, GGT levels were four-fold (DCA 0.5) and 2.5-fold

higher (DCA 5) than in NTBC-OFF mice, indicating a higher

degree of liver damage (Table 2). Levels of AP in DCA 0.5 and

DCA 5 groups were also higher than in NTBC-OFF mice (1079

and 1215 U/L, respectively, versus 540 U/L). Low levels of

glucose are usually found in HT1 [3] and hypoglycemia was

also noted in NTBC-OFF and DCA-treated (0.5 and 5 g/L)

mice. Levels of urea were 2.5-fold lower for the NTBC-OFF

group compared to controls on regular diet. That result

suggests a hepatic cause of the abnormal cycle of urea. DCA

administration increases levels of urea to 3.9 mmol/L (DCA

0.5 g/L) and 4.2 mmol/L (DCA 5 g/L). Creatinine levels were

normal for the majority of Fah�/� and Fah+/+ mice. Only the

DCA 5 group presents a slight increase in creatinine,

indicative of renal damage most likely of glomerular origin.

Levels of SA were 0.20 mmol/L for NTBC-OFF mice compared

to 0.30 mmol/L for DCA 5 mice. Tyrosine levels in the NTBC-

OFF group were nine-fold higher than controls (Fah+/+ mice).

Tyrosine levels were higher in the DCA groups than in the

NTBC-OFF Fah�/� mice. The low-tyrosine diet prevented

elevations of tyrosine. This diet improved the levels of most

biochemical markers evaluated here (phosphate, GGT, urea,
tyrosine and glucose) in comparison with the groups fed a

regular diet (Table 2).

3.4. DCA does not prevent the oxidative stress response
and AFP induction in the liver

As shown in the western blot of Fig. 6A, the liver of NTBC-OFF

Fah�/� mice fed with the regular diet showed a striking

oxidative stress response, as assessed by an increase in the

protein levels of NMO-1, HO-1 and gGCS. NMO-1 is a phase II-

detoxification enzyme and marker of oxidative burst, which

has already been reported to be induced in murine HTI

models [2,52,53]. The anti-NMO antibody used here recog-

nized two NMO isoenzymes, the slower migrating band

corresponding to the inducible NMO-1 isoform, which is only

detected in the liver of NTBC-OFF and DCA (0.5 or 5 g/L)-

treated Fah�/� mice fed with the regular diet (Fig. 6A). HO-1

catalyzes the conversion of heme to bilirubin and is inducible

by oxidative stress as a protective mechanism (for a review

[54]). gGCS catalyzes the first step of GSH synthesis, and is

inducible due to excessive GSH consumption or oxidation.

This oxidative stress response was induced to the same

extent in Fah�/� mice treated with DCA (0.5 or 5 g/L) and fed

with the regular diet (Fig. 6A).

In contrast, neither NMO-1 nor HO-1 was induced in the

liver of NTBC-OFF or DCA-treated Fah�/� mice fed with the

low-tyrosine diet, although slightly elevated gGCS protein
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Fig. 5 – Histology of kidneys of NTBC-OFF FahS/S mice (A) compared to DCA (5 g/L)-treated FahS/S mice (B) (400�). The kidney

section of the NTBC-OFF mice displays nuclear size and chromatin variation with tubular vacuolization. The kidney section

of the DCA (5 g/L)-treated FahS/S mice shows focal single cell necrosis with nuclear pleomorphism.
levels were observed in these mice (Fig. 6A). None of the

markers of the oxidative stress response was induced in

NTBC-treated Fah�/� mice, untreated or DCA-treated Fah+/+,

regardless of the diet. The western blot analysis also showed

that the expression of AFP, a marker of liver cell immaturity

and/or genetic dysregulation leading to malignancy, was

exclusively expressed in NTBC-OFF and DCA (0.5 or 5 g/L)-

treated Fah�/� mice fed with a regular diet.

3.5. DCA reduces MAAI activity in the liver

In view of the lack of phenotypic effects of the DCA treament,

we tested if indeed DCA inhibited hepatic MAAI in vivo. The

expression of three enzymes sequentially involved in the

tyrosine catabolic pathway, HPPD, HGO and MAAI, was

analyzed by western blot in mice treated or not with DCA.

As shown in Fig. 7A, discontinuation of NTBC treatment

caused a general decrease in protein levels of HPPD, HGO and

MAAI in the liver of Fah�/�mice fed the regular diet. A similar

decrease in the levels of these proteins was noticed in the liver

of DCA (0.5 or 5 g/L)-treated Fah�/� mice. A densitometric
Table 2 – Biochemical analysis in serum

Diet FAH No of
mice

Treatment AP (U/L) GGT (U/L)

Reg +/+ 4 Untreated 61 � 7 4 � 0

Reg �/� 6 NTBC 43 � 9 4 � 0

Reg �/� 9 NTBC-OFF 540 � 333 46 � 10

Reg �/� 3 DCA 0.5 1079 � 40 191 � 17

Reg �/� 6 DCA 5 1215 � 337 115 � 21

Reg +/+ 3 DCA 0.5 70 � 1 4 � 0

Reg +/+ 4 DCA 5 86 � 14 4 � 0

Low +/+ 3 Untreated 17 � 13 4 � 0

Low �/� 4 NTBC 54 � 9 6 � 3

Low �/� 4 NTBC-OFF 50 � 5 4 � 0

Low �/� 3 DCA 0.5 54 � 9 4 � 0

Low �/� 3 DCA 5 49 � 1 4 � 0

Note: Mean and standard deviation are indicated. Regular diet is indicate

mice (AP – as in text AP: alkaline phosphatase; GGT: g-glutamyl transfer
analysis of immunoreactive MAAI in NTBC-OFF and DCA-

treated Fah�/� mice showed that its expression was reduced

to �50% of levels found in NTBC-treated Fah�/� mice or

untreated wild-type mice fed with the regular diet. Treatment

of Fah�/� mice on the regular diet with DCA (0.5 or 5 g/L) did

not cause a further decrease in MAAI protein levels as

reported in normal rodents [32,29,55]. However, the expected

DCA-induced degradation of the MAAI protein was evident

after DCA treatment of Fah+/+ mice, as the densitometric

analysis shows a reduction to �80% and 30% of control MAAI

values after treatment of Fah+/+ mice with the low (0.5 g/L) and

high (5 g/L) DCA dose, respectively.

When Fah�/� mice were fed with the low-tyrosine diet and

NTBC was discontinued, protein levels of HPPD, HGO and

MAAI were unchanged or slightly decreased compared to

control mice (Fig. 7A). MAAI expression in the liver of NTBC-

OFF Fah�/� mice decreased lightly to �90% of control values

(Fig. 7A). Treatment of Fah�/�mice fed on the low-tyrosine diet

with DCA caused the expected decrease of MAAI protein

levels, which corresponded to �35% and 10% of control levels

after DCA treatment with 0.5 and 5 g/L, respectively.
Glucose
(mmol/L)

Creatinine
(mmol/L)

Urea
(mmol/L)

Tyrosine
(mmol/L)

SA
(mmol/L)

12.9 � 1.5 15 � 3 5.2 � 0.2 74 � 8 0 � 0

12.0 � 1.9 17 � 4 6.4 � 1.0 457 � 53 0.1 � 0.1

4.8 � 0.2 19 � 9 2.0 � 0.3 696 � 232 0.2 � 0.1

5.2 � 0.4 18 � 6 3.9 � 0.1 840 � 54 NA

4.7 � 1.6 23 � 4 4.2 � 0.9 840 � 54 0.3 � 0.1

10.3 � 0.4 15 � 0 7.4 � 0.3 NA NA

10.4 � 1.6 20 � 2 7.7 � 0.4 87 � 22 0.1 � 0.1

16.7 � 5.3 17 � 2 4.4 � 1.0 100 � 18 0 � 0

16.8 � 0.9 17 � 2 5.3 � 0.5 381 � 91 0 � 0

12.8 � 3.7 26 � 6 5.4 � 0.8 91 � 8 0.1 � 0.10

9.5 � 1.5 19 � 0 5.1 � 0.1 NA NA

8.8 � 1.2 17 � 3 4.3 � 0.4 NA NA

d by Reg and low-tyrosine diet, by Low. Data represent male treated

ase; NA; not available).
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Fig. 7 – Immunoblot analysis of enzymes of the tyrosine

degradation pathway (A) and enzymatic activity of MAAI

(B) in liver of FahS/S and Fah+/+ mice, with or without DCA

treatment, after 5 weeks of treatment, fed a regular or low-

tyrosine diet FAH genotype (S/S or +/+) are indicated

following name group. Means and standard deviations of

MAAI activity (nmol/min/mg) are shown in panel B.

Fig. 6 – Western blot analysis of oxidative stress proteins in

liver of FahS/S and Fah+/+ mice, with or without DCA

treatment, after 5 weeks of treatment, fed a regular or low-

tyrosine diet. FAH genotype (S/S or +/+) is indicated

following name group.
Since, in normal rodents, DCA has been reported to

inhibit MAAI by direct inhibition and by degradation of the

protein, the activity of hepatic MAAI was also measured. As

shown in Fig. 7B, a striking decrease in MAAI activity

occurred in the liver of all Fah�/� mice, regardless of the

treatment or diet. Relative to the activity found in the liver of

untreated wild-type mice, the residual MAAI activity in

Fah�/�mice was�15–20% in the NTBC and NTBC-OFF groups,

�10% in the low (0.5 g/L) DCA group and �5% in the high

(5 g/L) DCA group. In Fah+/+ mice treated with DCA, a marked

decrease in MAAI activity was only observed after treatment

with the high DCA dose, the residual activity corresponding

to �30% of control values.

3.6. Tyrosine catabolism and DCA degradation products

The excretion of tyrosine metabolites and DCA degradation

products in the urine of Fah�/� mice treated or not with DCA

was analyzed by GS–MS. Tyrosine metabolites MA, FA and SA

were not detected nor in the urine of untreated wild-type

mice nor in NTBC-treated FAH�/� mice (Table 3), which
Table 3 – Tyrosine metabolites found in urine of FAH-knockou

Genotype Treatment group Week of t

FAH+/+ Untreated –

FAH�/� NTBC 1

3

5

FAH�/� NTBC-OFF 1

3

5

FAH�/� DCA (0.5 g/L) 1

3

5

FAH�/� DCA (5 g/L) 2
indicates an efficient HPPD inhibition by NTBC. In contrast,

MA, FA and SA were found in the urine of NTBC-OFF mice

and DCA-treated mice. SA excretion was at its highest during

the first week of NTBC discontinuation. A general tendency

to decline was observed in excreted SA, MA and FA levels
t mice treated or not with DCA and fed with a regular diet

reatment Concentration (mg/mL)

MA FA SA

0 0 0

0 0 0

0 0 0

0 0 0

3.7 2.3 8.4

2.3 3.1 3.9

1.8 1.3 2.5

2.1 3.0 5.7

1.4 1.9 3.4

2.0 1.8 1.4

4.9 4.5 12.3



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 6 4 8 – 1 6 6 1 1657

Table 4 – DCA, DCA metabolites in urine of FAH-knockout mice treated or not with DCA and fed with a regular diet

Genotype Treatment group Week of treatment Concentration (mg/mL)

DCA Glyoxylate Oxalate Hippurate

FAH+/+ Untreated – 0 2.5 87.0 619.8

FAH�/� NTBC 1 0 1.7 113.1 532.8

3 0 2.1 107.0 460.1

5 0 2.5 133.2 396.0

FAH�/� NTBC-OFF 1 0 4.9 273.1 500.0

3 0 4.7 138.2 534.4

5 0 1.8 45.2 186.2

FAH�/� DCA (0.5 g/L) 1 0 5.1 179.2 724.8

3 0 2.8 141.9 485.0

5 15.8 2.9 65.7 313.3

FAH�/� DCA (5 g/L) 2 4045.1 4.0 230.3 445.2

Fig. 8 – Hepatic GSH (top) and GSSG (bottom) contents in

FahS/S mice treated with DCA at the end of a 35 days

treatment. GSH:GSSG ratios are indicated on top of the

columns of the GSH top graph. FAH genotype (S/S or +/+)

is indicated following name group.
from weeks 1–5. In DCA (0.5 g/L)-treated mice, urinary SA

levels were slightly lower than in NTBC-OFF mice, but

showed a similar decline with time (Table 3). Fah�/� mice

treated with the high DCA dose (5 g/L) presented a poor

urinary miction capacity and enough urine could only be

collected at the second week of treatment. At this time point,

urinary SA, MA, and FA levels were higher than the

corresponding metabolite levels observed in Fah�/� mice

treated with the low DCA dose (0.5 g/L).

Unmetabolized DCA was only found in the urine of Fah�/�

mice after 5 weeks of treatment with the low dose (0.5 g/L) and

at 2 weeks at the high dose (5 g/L). Metabolites derived from

DCA biotransformation, but also generated endogenously,

such as glyoxylate, oxalate and hippuric acid, were found in

the urine of all mice. Hippurate was the main excreted

metabolite, followed by oxalate and glyoxylate. Urinary

glyoxylate, the main product of the oxidative dechlorination

of DCA catalyzed by MAAI [26], was excreted at a relatively

high concentration (�5 mg/mL) in DCA (0.5 g/L)-treated mice

during the first week of treatment, but similar urinary

glyoxylate levels were observed in NTBC-OFF mice up to week

3 of treatment. From weeks 3–5 of DCA treatment, glyoxylate

excretion decreased and stabilized to around 3 mg/mL, a value

slightly higher than that observed in urine of NTBC-OFF mice

after 5 weeks of NTBC discontinuation (1.8 mg/mL).

Other DCA metabolites, such as oxalate and hippurate,

formed from the dehydrogenation or transamination of

glyoxylate [23], respectively, were generally excreted at max-

imal levels during the first week of DCA 0.5 treatment and then

declinedtominimal levelsatweek5 (Table 4).However, this was

also the case for the endogenously formed oxalate and

hippurate found in the urine of NTBC-OFF mice. Treatment

ofFah�/�mice with the high DCA dose (5 g/L) resulted on similar

excretion levels of oxalate and hippurate than those found

in mice treated with the low DCA dose (Table 4).

3.7. DCA alters the GSH/GSSG ratio only when
administered at high dose

Since DCA treatment has been shown to increase GSH content

in the liver of male rats [56] GSH and GSSG levels were

measured in FAH�/� mice treated or not with DCA. As shown

in Fig. 8, slightly higher GSH levels were found in the liver
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of NTBC-treated and NTBC-OFF FAH�/� mice compared to

untreated wild-type mice fed with a regular diet. GSH contents

near control levels were observed in DCA (0.5 g/L)-treated

mice, but these increased almost four-fold with the high DCA

dose (5 g/L). In FAH+/+ mice, hepatic GSH levels were 2.3-fold

higher after treatment with the high DCA dose. When mice

were fed with the low-tyrosine diet, slightly higher levels of

hepatic GSH were observed in NTBC-treated and NTBC-OFF

FAH�/� mice compared to similar groups fed with the regular

diet, but a marked increase in GSH content (four-times the

control levels) was observed after treatment of FAH�/� mice

with DCA (0.5 g/L).

The GSH/GSSG ratio, an indicator of the cellular redox

state, is around 10 under normal physiological conditions

[57]. As shown on top of Fig. 8, only FAH�/�mice treated with

the high DCA dose (5 g/L) showed a marked alteration in the

GSH/GSSH ratio, which increased almost six times over

control values due to an increase in GSH contents and a

parallel decrease in GSSG levels.
4. Discussion

Mice on a regular diet but treated with NTBC did not develop

the HT1 phenotype. DCA-treated groups (0.5 and 5 g/L) fed on

a regular diet for a 5-week period presented a phenotype

similar to the one observed after removal of NTBC. First,

similar progressive body weight losses were seen in NTBC-

OFF and DCA 5 g/L groups (�30% at day 35). Mice receiving the

0.5 g/L DCA dose lost �20% of body weight. Second, renal

damage observed in Fah�/� mice fed with a regular diet were

not prevented with five weeks administration of DCA (0.5

and 5 g/L). NTBC-OFF and DCA-treated (0.5 and 5 g/L) mice

showed a higher relative kidney weight with a moderate

increase of creatinine. Higher creatinine levels were observed

in DCA 5 g/L mice although no nephrotoxicity was observed at

that dose in Fah+/+ mice. Third, the livers of DCA-treated (0.5

and 5 g/L) mice displayed severe abnormalities with a high

relative weight and microscopic alterations such as diffuse

hepatocellular injury. Interestingly, microscopic alterations

were less severe in 0.5 g/L DCA-treated mice than in the

NTBC-OFF group. This finding suggests a possible beneficial

clinical effect of DCA 0.5 g/L in HT1. However, liver functions

of DCA 0.5 mice were not improved in comparison to NTBC-

OFF mice.

Our observations indicate some toxic effects to Fah�/�mice

by DCA. DCA 5 g/L induced more severe microscopic liver

damage. DCA-treated mice showed several abnormalities of

liver functions: serum AP and GGT levels were higher in DCA

0.5 and DCA 5 mice, respectively, compared to untreated Fah+/+

and NTBC Fah�/� mice.

Western blot analysis of livers from Fah�/�mice off NTBC

or treated with DCA (0.5 and 5) showed an oxidative stress

response as evidenced by the induction of NMO 1, HO-1 and

gGCS. The DCA 0.5 group showed a lighter HO-1 induction

than NTBC-OFF mice. DCA treatment (0.5 and 5 g/L) did not

prevent the expression of alpha foeto protein (AFP) a feature

also observed in NTBC-OFF mice. The oxidative stress

response found in the liver of NTBC-OFF mice is likely

caused by the toxic metabolites (FAA, MAA, FA and MA). The
absence of FAH activity and the reduced activity of MAAI

found in NTBC-OFF mice explain the accumulation of FAA,

MAA, FA, MA and SA reported in several studies. FAA, MAA,

FA and MA are alkylating compounds. FAA accumulation

in HT1 causes oxidative stress and induces apoptosis

[10,11,58–60] and perturbation of gene expression (NMO,

TAT, HPPD, G-6P) [61]. These could include misregulation of

MAAI. MAA is an electrophilic compound and could be toxic

to cells; MA (>150 mM) was proposed to be associated with

DCA-toxicities in part because it is cytotoxic to hepatocytes

in vitro [62]. FA has a similar structure to FAA and MAA but

their roles in DCA toxicity remain unknown. Moreover, the

mutagenicity of FAA is enhanced by GSH depletion [10].

Decreased levels of GSH in the plasma of a HTI patient were

also reported [63]. Decreased GSH contents are also asso-

ciated to an oxidative stress environment. Replenishment of

GSH is insured by de novo synthesis of GSH or reduction of

GSSG. A moderate up-regulation of hepatic GSH contents was

seen in NTBC-OFF FAH�/� mice on a regular and a restrictive

diet. Higher hepatic GSH levels (14 mmol/g liver) were found

in the DCA 5 groups. This group fed on a regular diet also

showed a high GSH/GSSG ratio (value of 61) indicating an

abnormal redox status and an impairment to stabilize

cellular homeostasis. High hepatic GSH levels in the DCA

(5 g/L) treated mice could be explained by a reduction of GSSG

(Fig. 8) and up-regulation of gGCS proteins found in these

mice. gGCS catalyses the first step of GSH synthesis and its

up-regulation causes GSH synthesis, which is a major

component of daily defense against toxicity of xenobiotic

compounds and oxidants. As DCA is a known xenobiotic

compound, high doses of DCA (5 g/L) could account for

elevated hepatic GSH contents. Increase of GSH contents may

protect cells from an oxidative stress milieu. However, the

high hepatic GSH levels seem to be inefficient to prevent the

oxidative stress response (NMO and HO-1) and protect cells

from liver damages. Moreover, higher level of GSH could

induce a higher MAAI activity since MAAI uses GSH to

transform MAA in FAA. Different levels of GSH might

influence MAAI activity. However, no relation between

GSH levels and MAAI activity was observed in all groups

including DCA groups. So, it seems that DCA metabolism

does not induce GSH depletion.

Inhibition of MAAI by DCA should induce an accumula-

tion of its substrate, MAA. DCA inhibited MAAI causing an

accumulation of tyrosine metabolites in a dose-dependent

manner (except for SA). The excretion of DCA in urine may

explain the reduction of DCA biotransformation products at

day 24. The higher induction of HO-1 in DCA 5 mice on the

regular diet may result from a more severe oxidative stress

caused by hepatotoxicity of DCA and/or a higher accumula-

tion of the toxic metabolites. Such accumulation might be

caused by an incomplete inhibition of MAAI in DCA (0.5 and

5 g/L)-treated mice. However, spectrophotometric assays of

hepatic MAAI activity showed a 94% (DCA 5) and 86% (DCA

0.5) inhibition of the enzyme. Curiously, reduced MAAI

activity was seen in NTBC as well as NTBC-OFF Fah�/� groups

regardless of the diets. Edward and Knox [64] showed that

adducts can be formed between FAA and GSH and are

potential inhibitors of MAAI. Similar findings have been

reported [65] for the FAA homologue fumarylpyruvate, and



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 6 4 8 – 1 6 6 1 1659
GSH. These findings could explain the lower levels of MAAI

activity observed in the NTBC-OFF Fah�/� group fed a regular

diet. Other studies proposed that the tyrosine catabolic

pathway in NTBC-treated mice was still partially open

and this could explain the incomplete protection by the

drug causing residual FAA accumulation and formation of

adducts with GSH. This phenomenon remains unexplained

at this time.

DCA metabolism was found to be severely impaired in the

DCA 5 group compared to NTBC-OFF and DCA 0.5. Lower MAAI

activity is consistent with that result. Urine excretion of DCA

in DCA (0.5 g/L)-treated mice appeared at day 24 of treatment

and glyoxylate levels were reduced by 1.4-fold at that time.

Considering that MAAI transforms DCA in glyoxylate, 24 days

of treatment were required to induce enough MAAI inhibition

to cause a reduction in DCA transformation in glyoxylate.

DCA-treated groups (0.5 and 5 g/L) accumulated biotransfor-

mation products in a dose-dependent manner and the major

DCA by-products found were glycine conjugates (hippuric acid

and phenylacetylglycine) and oxalate. As seen in MAAI-

knockout mice, DCA was not actively metabolized to either

glyoxylate or monochloroacetate [32]. All of these compounds

were excreted in a DCA dose-dependent manner (except for

phenylacetylglycine).

The low-tyrosine diet strikingly improved the HTI pheno-

type in NTBC-OFF mice. All mice (including NTBC-OFF and

DCA groups) showed a gain of body weight (up to 25%) at the

end of the experiment. Biochemical markers of liver function

(GGT and AP) were markedly improved. In addition, these

mice showed no induction of oxidative stress proteins (HO-1

and NMO). Although the low-tyrosine diet reduced nephro-

megaly and counteracted most of the renal tubular lesions

efficiently (except for tubular vacuolization) in all FAH�/�

mice, dietary treatment did not ameliorate renal functions of

the NTBC-OFF group. A combination of NTBC and a tyrosine-

restrictive diet gave the best results to prevent the HTI

phenotype. This finding supports the importance of a better

prevention in accumulation of toxic metabolites for the

treatment of HTI.

In summary, the inefficiency of DCA treatment to improve

the appearance of the HTI phenotype may be attributed to the

residual MAAI activity leading to FAA accumulation. Recently,

a MAAI-knockout mouse model [48] was created. These mice

breed normally and appeared healthy but accumulated high

levels of FAA and SA. This study with MAAI-knockout mice

showed a GSH-dependent non-enzymatic bypass of MAA.

Although the non-enzymatic bypass would not be as efficient

as the enzyme-mediated reaction, it seems to be important

enough to allow FAA accumulation in mice double mutant for

MAAI and FAH [48] fed a regular diet. These mice showed an

altered phenotype with predominant renal injuries and died

rapidly. This finding suggests that even a complete block of

MAAI in HT1 patients with DCA might not block the GSH non-

enzymatic formation of FAA and HTI phenotype. Another

explanation for the inefficiency of DCA as a treatment for HTI

could be the hepatotoxicity of DCA as observed in rodents [22].

This could explain the milder HTI phenotype of mice treated

with a low dose of DCA (0.5 g/L) compared to the high dose (5 g/

L). Thus, our data indicate that DCA is not a favorable

alternative for HTI treatment.
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