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4-Aminophenol (4-AP) and D-serine are established rodent nephrotoxins that
selectively damage renal proximal tubules. In an attempt to understand the mechanism
of action of these toxicants in greater detail, a high throughput proteomics approach was
used to profile protein changes in the plasma of animals treated with these compounds.
Male Fischer 344 and Alderley Park rats were treated with increasing doses of 4-AP or D-
serine and plasma samples were collected over time. Control groups received either saline
or the non-toxic enantiomer, L-serine. Using high throughput two-dimensional gel
analysis, a number of plasma proteins showing dose- and time-dependent regulation
were identified. One toxicity-associated plasma protein was identified as the cellular
enzyme fumarylacetoacetate hydrolase (FAH), which is known to be required for tyrosine
metabolism. The FAH gene is mutated in the human genetic disorder type I tyrosinaemia,
which is associated with liver and kidney abnormalities and neurological disorders. FAH
was elevated in the plasma of animals treated with 4-AP and D-serine at early time points
and returned to baseline levels after 3 weeks. The protein was not elevated in the plasma of
control animals or those treated with L-serine. The presence of FAH in plasma is intriguing
as it is normally a cellular enzyme with no known function in plasma. It is possible that 4-
AP and D-serine may work through a previously unknown mechanism in the kidney via
regulation of tyrosine metabolism or FAH activity. Therefore, FAH may function in a
fashion analogous to the aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) enzymes that are used to measure liver injury. The link between kidney toxicants
and inherited tyrosinaemia also raises the possibility that FAH may be a marker of kidney
toxicity in humans. These observations highlight the value of proteomics in identifying new
biomarkers and providing new unprecedented insights into complex biological mechan-
isms.

Keywords: kidney, toxicity, proteomics, tyrosinaemia, biomarker, two-dimensional
polyacrylamide gel electrophoresis, protein profiling, metabolism.

Introduction

The paracetamol (acetaminophen) metabolite, 4-aminophenol (4-AP), is
an established nephrotoxin that produces severe necrosis of the pars recta
of the proximal tubule in the rat (Green et al. 1969, Davis et al. 1983, Gartland
et al. 1989). The mechanism by which 4-AP exerts its nephrotoxic action
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is not completely understood, although it is thought to be mediated by the
formation of a toxic metabolite 1,4-benzoquinoneimine, which may bind
to thiol groups in proteins (Calder er al. 1979, Crowe et al. 1979). In support
of this concept, studies performed using radiolabelled 4-AP demonstrated bin-
ding to renal proteins and a corresponding decrease in renal glutathione levels
(Eckert et al. 1990). Recent studies have shown that the glutathione conjugate
of 4-AP is targeted to the kidney, where further processing of the conjugate
and oxidation may produce the nephrotoxic metabolite (Fowler ez al. 1991, 1994).
Several groups have also reported rat strain differences in sensitivity to
4-AP toxicity, with the Fischer 344 rat being more sensitive to renal injury than
the Sprague-Dawley rat (Newton er al. 1983). D-Serine is the enantiomer of
L-serine, which is also known to selectively damage the pars recta of proximal
tubules in the kidney (Ganote et al. 1974, Kaltenbach er al. 1982). The basis
for the selective toxicity of D-serine is not fully understood, although the amino
acid has been shown to concentrate in the region of the nephron that is damaged
(Imai er al. 1998). D-Serine enters cells in the pars recta by reabsorption (Silbernagl
et al. 1999), where it is a substrate for D-aminoacid oxidase, which may lead to
the formation of toxic oxidative metabolites. Thus, although both compounds
damage the same part of the nephron, there is little evidence to suggest they act
via a similar mechanism or pathway.

Recently a range of genomic and proteomic technologies have been high-
lighted as tools that may be of help in addressing certain issues in toxicology
(Smith 2001, Aardema and MacGregor 2002). Proteomics based on two-
dimensional (2D) technologies are already showing promise in the iden-
tification of novel mechanistic pathways and biomarkers of toxicity (Kennedy
2001, Bandara and Kennedy 2002). Several proteomic toxicity studies have
already been performed on rat renal tissue in an attempt to gain new mechanistic
insights. For example, Witzmann ez al. (1999) identified a number of proteins
associated with oxidative stress and mitochondrial function that were regulated
in the rat kidney in response to treatment with lead acetate. Studies using the
aminoglycoside antibiotic gentamicin reported changes in a variety of proteins
responsible for stress response, glucose metabolism and lipid biosynthesis (Charl-
wood er al. 2002, Kennedy 2002). Several other kidney proteome studies
investigating glomerular injury have also been reported (Cutler ez al. 1999, Steiner
et al. 1996). Surprisingly, few proteomic studies have been published to date
on analysing changes in blood following a toxic insult. Serum or plasma toxicity
markers may be particularly attractive as a clinical tool to monitor patient health,
since, unlike kidney tissue, blood samples can be readily obtained with minimal
risk to the patient. We therefore chose to examine the nephrotoxicity of 4-AP and
D-serine in greater detail by monitoring protein changes in the plasma of treated
rats using the high throughput 2D gel proteomics technology developed at Oxford
GlycoSciences (OGS) (Page et al. 1999, Harris et al. 2002). Here we report
the results of this work, focusing in particular on the plasma levels of the
enzyme fumarylacetoacetate hydrolase, which correlated with the extent of
nephrotoxicity despite having no previously reported role in the plasma.
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Materials and methods

Compounds

4-AP hydrochloride was purchased from the Aldrich Chemical Company (Gillingham, UK) and
dissolved in isotonic saline for dosing. Both D- and L-serine were purchased from Sigma-Aldrich
Company Ltd (Gillingham, UK).

Animals and dosing

Four groups of 20 male Fischer 344 (F344) rats (7—8 weeks old, weighing 150—200 g on arrival)
(Charles River Ltd, Margate, UK) were given a single intraperitoneal injection of either isotonic saline or
4-AP in isotonic saline at a dose of 20, 50 or 80 mg kg~ ! at a dose volume of 2.5 ml kg ~ ! bodyweight. In
addition, two groups of 20 male Alderley Park (Alpk) rats (7—8 weeks old, weighing 201-230 g on
arrival) (Rodent Breeding Unit, Alderley Park, Macclesfield, UK) were dosed via the same route with
either isotonic saline or 4-AP at a dose of 80 mg kg~ '. Five groups of 20 male Alpk rats were also given a
single intraperitoneal injection of either isotonic saline, D-serine in isotonic saline at a dose of 75, 250 or
750 mg kg !, or L-serine at a dose of 750 mg kg, at a dose volume of 4.0 ml kg~ ! bodyweight. An
additional group of Alpk rats were placed in metabolism cages, and urine collected over solid carbon
dioxide before and then 12, 24 and 36 h after a single intraperitoneal injection of 250 mg kg~ ' D-serine.

Assessment of renal function

Animals were sacrificed by inhalation of an overdose of halothane 4, 8 or 24 h post-dosing or
following a 3 week treatment-free period. Blood samples were collected via cardiac puncture in
heparinized tubes for clinical chemistry assessment and in ethylene diamine tetra-acetic acid (EDTA)
tubes for proteomic analysis. The blood was then centrifuged at 1500 g at 4°C for 10 min and the plasma
removed. For the proteomic samples, protease inhibitors were also added to plasma and all samples were
snap frozen in liquid nitrogen prior to analysis. Blood urea nitrogen and plasma creatinine were
measured with a Kone automated analyser using standard procedures. A macroscopic examination was
carried out post mortem for signs of toxicity. In addition, the left kidney and a sample of liver and heart
were removed and fixed in 10% neutral buffered formol saline. Following processing into wax, 5 um
sections were stained with haematoxylin and eosin and examined by light microscopy.

Proteome analysis

Plasma samples were analysed using the high throughput 2D gel proteomics technology developed at
OGS (Page et al. 1999, Harris er al. 2002). Briefly, samples were initially enriched to remove the high
abundance proteins, immunoglobulins, haptoglobin, transferrins and albumin (Kennedy 2001, Bandara
et al. 2003). Enriched samples were then separated by isoelectric focusing in the first dimension and by
apparent molecular weight in the second dimension. Gels were subsequently fixed, stained with a
fluorescent dye and scanned using a digital scanner (Page er al. 1999). The resulting images were
compiled into a database (mastergroup) containing all the protein data points from each sample with the
associated clinical chemistry data. Further data analysis was performed using the Rosetta™ software
developed at OGS (Page ez al. 1999).

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and immunoblotting

Enriched plasma samples from D-serine-treated rats taken 4 h after 75 mg kg~ ' or 4 or 8 h after 750
mg kg ~! and from L-serine-treated rats taken 8 h after 750 mg kg~ ! were used. Urine samples from rats
before and then 0—12 h, 12-24 h and 2436 h after 250 mg kg~ ! of D-serine were also analysed.
Approximately 3—-5 pg of plasma protein or 15 pg of urinary protein were mixed with sample buffer
consisting of 0.125 M Tris-HCI, pH 6.8, containing 8% sodium dodecyl sulphate (w/v), 20% glycerol (v/
v), 0.002% bromophenol blue (w/v) and dithiothreitol (6 mg ml~'), and boiled for 5 min. Aliquots were
resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using Bio-RAD
Criterion minigels with 12.5% acrylamide in the resolving gel for 120 min at 120 V (urine) or 180 min at
80 V (plasma). The protein was transferred overnight at 0.2 mA at 4°C onto Hybond-P membranes
(Amersham). The membranes were incubated for over 60 min at room temperature in a blocking
solution consisting of Tris buffered saline (TBS), Tween-20 (0.1% v/v) and fat-free dry milk (5% w/v).
Anti-fumarylacetoacetate hydrolase antibody, a generous gift from Professor R. Berger, Department of
Metabolic Diseases, Wilhelmina Children’s Hospital, Holland, was used at a dilution of 1:1000 in 20
mM Tris-HCI and 0.9% sodium chloride, pH 8.2 (i.e. TBS), containing Tween-20 (0.1% v/v) for 60
min, after which the blots were thoroughly washed with TBS-Tween-20 and incubated for 60 min with
donkey anti-rabbit horseradish peroxidase (HRP) conjugate at a dilution of 1:1500 in TBS-Tween. The
membranes were washed again in TBS-Tween prior to the antibody reactivity being visualized using
enhanced chemiluminescence HRP (ECL Plus, Amersham Life Sciences).
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Table 1. BUN (mmol 17 ?) data from F344 rats treated with 4-AP. 4-AP treatment resulted in a dose-
dependent increase in BUN, peaking at 24 h post-dosing.

4-AP dose (mg kg™ ")

Time post-dose 0 20 50 80

4 h 1.85+0.24 2.07+0.17 3.15+0.26** 3.29+0.64**
8h 1.954+0.26 1.87+0.30 3.6140.83** 4.36 +1.91**
24 h 2.76+0.22 2.2840.22% 5.114+2.06* 6.60+2.62*
3 weeks 2.89+0.35 2.914+0.36 2.89+0.19 2.884+0.32

Values represent the mean+SD of five animals. *p <0.05 and **p <0.01 compared with
concurrent control (0 mg kg ~!) group using the Student’s r-test.

Results

Blood urea nitrogen (BUN) levels in F344 animals treated with 4-AP indicated
the presence of marked kidney damage in both the 50 and 80 mg kg~ ' groups
between 4 and 24 h post-dosing (Table 1). The BUN levels peaked at 24 h and
returned to control levels by the end of the 3 week recovery period, indicating repair
of the lesion. The Alpk, Wistar-derived rat strain also showed a marked increase in
BUN following treatment with 80 mg kg~ * 4-AP (Table 2). The increase in BUN
in Alpk rats indicated an equivalent level of renal damage to that seen in F344 rats.
The plasma creatinine level paralleled the elevation in BUN readings in all groups
in the 4-AP study (data not shown). Microscopic examination of kidney sections
from rats receiving doses of 50 and 80 mg kg~ ! revealed necrosis to the pars recta
of proximal tubular epithelial cells in the corticomedullary region. This was visible
as an early degenerative change at 4 h, progressing by 8 and 24 h to widespread
coagulative necrosis, with tissue repair evident after 3 weeks, consistent with the
BUN and plasma creatinine data (Figure la—e). At a dose of 20 mg kg~ ! 4-AP,
mild reversible vacuolation of some tubular epithelial cells was seen at 4 and 8 h but
not at later time points (data not shown). A very similar pattern of toxicity was also
observed following D-serine treatment, with elevated BUN and creatinine evident
in the 250 and 750 mg kg~ ' groups between 4 and 24 h, followed by recovery after
3 weeks (Table 3). The pattern of tubular necrosis to the pars recta of the proximal
tubules extending into the medullary rays in the D-serine group was very similar to
that observed in the 4-AP-treated groups (Figure 1f). Therefore both toxicants
elicited a similar severity of toxicity in the corticomedullary region, peaking at 24 h

Table 2. BUN (mmol 1~ 1) data from Alpk rats treated with 4-AP. 4-AP treatment resulted in a dose-
dependent increase in BUN, peaking at 24 h post-dosing.

4-AP dose (mg kg 1)

Time post-dose 0 80

4h 2.09+0.17 2.66+0.23**
8h 2.03+0.41 3.33+0.97*
24 h 2.44+0.27 6.43 +3.29%
3 weeks 2.684+0.27° 2.774+0.47

Values represent the mean+SD of five animals. *p <0.05 and **p <0.01 compared with
concurrent control (0 mg kg~ ') group using the Student’s z-test.
n=4.
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Figure 1. Morphology of rat kidneys following 4-AP- and D-serine-induced kidney damage. (a) Section
of the renal cortex from control F344 rats 24 h post-dosing with saline. The boxed region is
shown at high power in (b). (c) Typical section from an F344 rat treated with 80 mg kg~ ! 4-
AP 24 h post-dosing showing tubular degeneration/necrosis. The boxed region is shown at
high power in (d). (e) Section from F344 rats treated with 80 mg kg ~ ! 4-AP following the 3
week treatment-free period, showing recovery of the cortical lesions. (f) Similar representa-
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tive region from the kidney of Alpk rats treated with 750 mg kg ~ ' D-serine 24 h post-dosing,

displaying a conserved pattern of tubular degeneration. Haematoxylin and eosin.

and recovering after 3 weeks. No toxicity was observed in the L-serine treated group
or the in the saline-treated controls; the slight elevation in BUN found at the 4 h
time point in the L-serine group (Table 3) was considered spurious as the creatinine
values were not elevated at this time point. In addition, microscopic examination of
kidney sections from this group did not support evidence of damage (data not
shown). Further microscopic analysis of liver and heart sections from all animals in
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Table 3. BUN (mmol 17 ') data from Alkp rats treated with D- or L-serine. D-serine treatment resulted
in a dose-dependent increase in BUN, peaking at 24 h post-dosing.

Dose

p-Serine (mgkg ™)

L-Serine
Time post-dose Control 75 250 750 (750 mgkg ™ 1)
4h 1.89+0.25 2.02+0.32 2.69+0.39** 3.68+0.61** 3.06+0.50**
8h 2.034+0.15 1.98+0.10 3.67+0.34** 5.12+0.57** 2.2140.29
24 h 2.38+0.27 2.25+0.28 8.234+1.13**  8.43+1.54** 2.03+0.34
3 weeks 2.52+0.40 2.57+0.22 2.524+0.26 2.64+0.17 2.61+0.35

Values represent the mean+SD of five animals. **p < 0.01 compared with concurrent control (0
mg kg~ ') group using the Student’s z-test.

this study showed no evidence of toxicity in these tissues (data not shown). This is
consistent with previous reports highlighting kidney toxicity as the most prominent
effect of 4-AP and D-serine at these doses.

Proteome analysis was performed using the Rosetta™ software on the 2D gel
images of plasma samples taken from control and treated animals (Page et al.
1999). For the 4-AP study, protein expression maps (PEMs) containing the 2D gel
digital image data for the plasma samples from the control F344 animals (4—24 h)
were complied together to create a group containing 15 images. The PEMs from
the 80 mg kg~ ' 4-AP-treated F344 animals (4—24 h) were also grouped together.
The 80 mg kg~ ! group was specifically chosen for analysis as this treatment
produced the greatest toxicity at all time points (Table 1). A binary comparison was
performed between the control and treated group to identify proteins that were
increased or decreased based on a statistical difference using the Student’s z-test
(p <0.05). Using this analysis, 8509 protein features or molecular cluster indexes
were reduced to 163 significantly altered features (0.02% of the total number of
features). The Rosetta™ software was used to plot the profile (percentage volume)
of each protein to ascertain if a dose—response and temporal relationship was
evident. The percentage volume represents the fluorescence of a protein feature as a
percentage of the total gel fluorescence for each image (Page et al. 1999). In this
analysis only proteins that increased with the dose of 4-AP and returned to baseline
levels after the recovery period were selected for identification. For the D-serine
study, PEMs from the control plasma samples (4—24 h) were grouped together, as
were the 250 and 750 mg kg~ ! D-serine-treated groups (4—24 h). A second binary
comparison was performed between the control and the D-serine-treated group as
described above, resulting in the selection of 120 protein features (0.02% of the
total number of features) from an initial set of 5022 molecular cluster indexes. As
before, a further filtering of proteins based on the dose and temporal response was
used to identify a subset of protein features with appropriate expression patterns.
Although the 1-serine-treated group was not included in the binary comparison,
the abundance of selected proteins was confirmed in this groups using Rosetta™.
Only proteins that were altered in the D-serine group but unaffected in the 1-serine
group were evaluated further. A total of 20 proteins, nine from the 4-AP study and
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11 from the D-serine study were selected for identification by mass spectrometry
annotation (Page ez al. 1999). Of the proteins identified, several isoforms of the rat-
specific T-kininogen protein were noted (Bandara et al. 2003). In addition, a
number of proteins were shown to be isoforms of the inter-o-inhibitor H4P heavy
chain. The remaining proteins were identified as complement C3, fibrinogen o/
and retinal-binding protein (Bandara et al. 2003).

One protein of interest from both studies was subsequently identified as the
enzyme fumarylacetoacetate hydrolase (fumarylacetoacetase; FAH). The identifi-
cation of FAH was particularly interesting as the other proteins identified in our
analysis were all established plasma proteins, whereas FAH is an intracellular
protein with no known function in the plasma. It is also noteworthy that we did not
observe any other intracellular proteins in the plasma during our analysis. The
migration of the FAH protein on 2D gels suggested an apparent molecular weight
of approximately 41 kDa (Figure 2), which is similar to the published predicted
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Figure 2. Digital image of the master gel from the 4-AP study. The composite (master) gel represents
all the 2D gels in the 4-AP study. pH (3—10) increases from left to right and the molecular
weight (MW) increases from bottom to top. The position of FAH on the master gel is
indicated and the predicted MW and pl based on the Rosetta™ software analysis are shown.
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molecular weight of 45 964 for the rat protein (Labelle ez al. 1991). We could not
determine whether the protein has undergone a post-translational modification
since only a portion of the protein was sequenced (data not shown). Consequently,
we also could not confirm whether the FAH protein released into the blood
following kidney damage is enzymatically active. In the 4-AP study, FAH
concentrations increased in the blood in a dose-dependent fashion in F344 plasma
samples, the effect being most prominent at 4 and 8 h and disappearing after 24 h,
indicating a rapid response (Figure 3a,b). Levels of FAH remained low in the 3
week recovery group but were upregulated in treated Alpk rats, which was
consistent with the observed renal damage (data not shown). These findings
suggest that FAH may be a common marker of 4-AP-induced renal toxicity in at
least two different rat strains. Furthermore, FAH was also detected in the plasma of
D-serine-treated but not L-serine-treated animals, indicating that FAH release may
be a general marker of renal proximal tubular toxicity. The pattern of protein
expression in the D-serine study was very similar to that observed for 4-AP, with
FAH being present at early time points and disappearing by 24 h (Figure 3¢). Again
a dose-dependent increase in FAH was apparent at the 4 h time point (Figure 3d)
The plasma creatinine data obtained at 4 h (Figure 4a,b) confirmed that kidney
damage was present at this time point even though the peak of damage was at 24 h
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Figure 3. Plasma FAH expression levels in the 4-AP and D-serine studies. The relative expression of
FAH in plasma samples is displayed as a percentage of the total gel fluorescence (%Vol). The
histogram represents the average spot volume (z = 5) +SEM. (a) FAH levels were increased
in plasma in the 4-AP groups, with the most prominent expression at 4 and 8 h and
decreasing to control levels by 24 h. (b) A clear dose-dependent increase in expression is
apparent with increasing doses of 4-AP at the 4 h time point. (c) FAH levels showed a similar
temporal regulation in the D-serine groups, with maximal expression at 4 and 8 h and
disappearing by later time points. (d) Dose-dependent regulation was also seen in the
D-serine treatment groups at 4 h, with no significant expression in the L-serine (1L-) or control
groups.
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Figure 4. 4-AP and D-serine plasma creatinine levels (umol 1~ 1y at the 4 h time point. Scatter plots of
individual animal data revealed similar levels of kidney damage in both the 4-AP (a) and the
D-serine (b) studies. Note the similarity between the dose response profile of FAH expression

(Table 2). This was in contrast to the change in FAH levels, which peaked between
4 and 8 h in both studies. FAH could also be detected by Western blotting in both
the plasma and urine of rats treated with D-serine but not in rats treated with L-
serine. The antibody, which was generated against human liver FAH, was shown to
cross-react with mouse liver protein (data not shown) and rat liver protein, giving a
band with the expected molecular weight of approximately 41 kDa (Figure 5a,b).
Protein obtained from rat plasma 4 h post-doing with 75 mg kg~ D-serine showed
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Figure 5. Western blot of FAH in rat plasma (a) and rat urine (b) from control rats and rats treated with
D- or L-serine. (a) Lane 1, rat liver cytosol (0.05 pg); lanes 2—4, rat plasma 4 h after 75 mg
kg~ ! D-serine (3.68-5.16 |g protein); lanes 5—7, rat plasma 4 h after 750 mg kg~ ! D-serine
(4.62-5.89 g protein); lanes 8—10, rat plasma 8 h after 750 mg kg~ ' D-serine (3.39-4.57
jg protein); lanes 11—13, rat plasma 8 h after 750 mg kg~ ! L-serine (3.16—4.23 g protein).
(b) Lanes 1-3, rat liver cytosol (0.05 pg); lanes 4—7, control rat urinary protein (15 pug) pre-
dose and 12, 24, and 36 h post-dose with water, respectively; lanes 8 —11, rat urinary protein
(15 pg) pre-dose and 12, 24, and 36 h post-dose with 250 mg kg~ ! D-serine, respectively;
lanes 12—15, as for lanes 8—11.

very faint bands in all three animals (Figure 5a), while 4 and 8 h after 750 mg kg !

D-serine there was a more intensely staining protein band in all animals (Figure 5a).
In contrast, no protein bands were detected in three rats 8 h after receiving 1.-serine
(Figure 5a). Protein obtained from rat urine pre-dosing and post-dosing in controls
given water showed no protein banding (Figure 5b), while in two rats given
D-serine there was the appearance of a protein band 12 h and 12-24 h after dosing
and in one animal 24—-36 h after dosing (Figure 5b).

The FAH protein is normally located intracellularly; therefore its presence in
the plasma of treated animals is surprising. FAH is required for the metabolism of
tyrosine and the gene is also mutated in the inherited autosomal recessive genetic
disorder type I tyrosinaemia. Since we did not detect other cellular proteins in our
analysis, the presence of FAH in plasma appears be a specific cellular response to
the toxicants used. These findings also imply that FAH may be a marker of kidney
toxicity, which may be conserved in humans.

Discussion

Proteomics is one of many new technologies that can aid toxicologists in
defining new insights into mechanisms of toxicity. In addition to mechanistic
studies, proteomics may support the identification of new biomarkers that are more
sensitive or predictive than existing markers (Bandara and Kennedy 2002). In an
attempt to understand the nephrotoxicity of 4-AP and D-serine in greater detail, we
conducted a proteomic analysis of plasma samples from treated animals. A single
intraperitoneal administration of 4-AP or D-serine has been reported to produce
kidney toxicity in rodents (Green ez al. 1969, Ganote et al. 1974, Kaltenbach ez al.
1982, Davis et al. 1983). In this study three different single doses of these
compounds were administered and plasma collected at a variety of time points after
dosing for proteome analysis.

One of the plasma proteins identified that correlated with nephrotoxicity was
the enzyme FAH, which is normally expressed intracellularly and is required for the
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metabolism of tyrosine. FAH participates in a critical step of tyrosine metabolism
involving the conversion of 4-fumarylacetoacetate (FAA) to acetoacetate and
fumarate (Figure 6). Interestingly, the FAA substrate is highly toxic and has been
shown to induce apoptosis of cells i vitro (Jorquera and Tanguay 1999). The FAH
gene is mutated in type I hereditary tyrosinaemia (HT1). Patients with tyrosinae-
mia suffer from kidney damage, although liver dysfunction is the most prominent
symptom associated with this defect (Kvittingen ez al. 1991, Forget et al. 1999).
This is consistent with the expression of FAH, which is enriched in both the kidney
and liver but with the highest level evident in hepatocytes (Labelle ez al. 1991). Of
the multiple kidney defects reported in HT1 patients, renal proximal tubular
damage is a common occurrence, highlighting the link with 4-AP- and D-serine-
induced damage (Forget er al. 1999).

A genetic mouse model for tyrosinaemia has been developed through homo-
logous recombination to knockout the murine faz gene. Knockout mice die after
birth due to extensive liver and kidney damage (Ruppert ez al. 1992, Kelsey ez al.
1993, Grompe et al. 1993). This lethal phenotype can be rescued by a second

Hydroxyphenylpyruvate dioxygenase (hpd)
HO o)

Homogentisic acid OH

(HGA)
OH

Homogentisic acid oxidase

(@] o OH
Malonylacetoacetate o
(MAA) O
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HO OH
MAA isomerase W
0]
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5 HOWWCHs

(¢] 0] (6]

Fumarylacetoacetate hydrolase (fah) Succinyl acetone
(SA)
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Figure 6. Summary of tyrosine metabolic pathway. Tyrosine is converted to fumarate and acetoacetate
via a series of enzyme-catalysed reactions. The enzymes in the pathway are indicated;
metabolites are shown in italics. The dotted arrows indicate the potential conversion of MAA
and FAA to SAA and SA, which can be detected in urine and blood from patients with HT'1.
The enzymes hydroxyphenylpyruvate dioxygenase (HPD) and fumarylacetoacetate hydro-
lase (FAH), which are deleted in the mouse model of HT'1, are shown in bold.
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genetic alteration to remove the /#pdl gene, which functions upstream of FAH in
the tyrosine metabolic pathway (Figure 6) (Endo er al. 1997) or by pharmacolo-
gical intervention with the drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclo-
hexanedione (NTBC) (Lindstedt ez al. 1992, Grompe er al. 1995). Deletion of
hpdl prevents the accumulation of FAA, although tissue damage can be restored by
treatment with homogentisate (homogentisic acid) (Sun ez al. 2000). In this double
knockout mouse the introduction of homogentisate results in kidney damage,
specifically in the proximal tubules, resulting in an elevation in BUN (Sun ez al
2000). The kidney damage observed was thought to be caused by FAA, which can
induce apoptosis in the proximal tubular cells. In support of this concept,
pretreatment of mice with caspase inhibitors before homogentisate treatment
prevents apoptotic cell death (Kubo ez al. 1998, Sun ez al. 2000).

It is clear therefore that the FAH gene plays an important role in humans and
rodents in both the kidney and the liver. The observation of FAH in the plasma of
4-AP- and D-serine-treated animals, confirmed by two separate methods — protein
identification by mass spectral analysis from 2D PAGE gels and cross-reactivity
with an antibody to FAH - is suggestive of a novel link between nephrotoxicity and
tyrosine metabolism. However, the most interesting aspect of this observation is the
detection of FAH in the blood compartment. The exact mechanism by which FAH
appears in the plasma is not clear, nor is it clear if the source of the enzyme is from
the liver or the kidney. One possibility is that the increased FAH in the blood is
derived from the liver, although this would need to be selective as aminotransferase
enzymes such as ALT and AST are not increased in the plasma after exposure to
these doses of 4-AP (Fowler et al. 1991). Furthermore, this model seems
inconsistent with the known mechanism of action of 4-AP and D-serine and the
rapid response of FAH to both toxicants. In addition, microscopic examination of
liver sections from treated animals revealed no apparent liver toxicity.

The size of the FAH protein would suggest that it should be filtered at the
glomerulus to appear in the tubular lumen and then be reabsorbed in the proximal
tubule. Damage to the site of reabsorption, as occurs with 4-AP and D-serine,
would presumably result in clearance into the urine. This was confirmed using an
antibody to FAH, which showed the presence of the protein in urine 12 h and 12—
24 h after dosing with D-serine but not L-serine (Figure 5b). We cannot exclude at
this stage that some leakage of FAH may have occurred via the basolateral
membranes of the proximal tubule, resulting in release of FAH into the plasma,
although this seems the least plausible explanation at the present time. Such a
mechanism is analogous to the regulation of the liver AST and ALT, suggesting that
FAH could be used in a similar manner to measure kidney damage. We did not
detect any other intracellular proteins in plasma during the course of our analysis,
indicating that a general release of proteins due to kidney damage was not a likely
explanation.

It is also tempting to speculate that 4-AP and D-serine function through a
common pathway to activate the tyrosine metabolic pathway, resulting in an
increase of the toxic metabolite FAA. An increase in the amount of FAH may be
required in order to remove this highly toxic metabolite from the body. Kidney
tissue samples were not analysed in this study; however, the FAH protein was found
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to be upregulated in the renal cortex in a separate rat toxicity study using another
kidney toxicant, gentamicin (Kennedy 2001). It is possible that FAH is actively
secreted into the blood to remove an excess accumulation of FAA, which may
ultimately be released from renal cells. Other metabolites of tyrosine degradation
such as succinyl acetone can be monitored in the urine and blood of HT'1 patients,
supporting the possibility that FAA may also be released in a similar manner (Wyss
et al. 1992). Thus, FAH may function in a highly novel manner to remove FAA
from plasma to reduce any potential local tissue damage. The double knockout
mouse model of tyrosinaemia provides a very useful tool for testing this hypothesis
(Kubo et al. 1998, Sun et al. 2000). If 4-AP and D-serine function through the
elevation of FAA, one might assume that the fak '~ hpd '~ mouse would be more
resistant to renal toxicity. Alternatively, it may be possible to measure metabolites
such as succinyl acetone in urine or blood from rats treated with renal toxicants
since these metabolites may be generated during kidney damage. In further support
of FAH as a kidney toxicity marker, we have detected FAH in the plasma of Wistar
Kyoto rats treated with the compound PDE3 inhibitor SKF 95464 (Zhang et al.
2002). Again, a clear correlation between kidney damage and FAH expression in
plasma was noted in this study (F. Sistare, unpublished data).

In this report, we have made a unique connection between kidney toxicants,
FAH release and HT1, although the precise mechanism requires further study. It
would be particularly interesting to examine a wider range of toxicants in future
studies and to examine other compartments such as urine to confirm the specificity
of the response and to investigate the regulation of FAH in more detail.
Nevertheless, these data are intriguing and suggest that FAH may be a novel
marker of kidney toxicity in humans. A mechanistic marker of this type may be very
valuable in a clinical setting; since FAH is expressed before excessive kidney
damage occurs, one might predict that kidneys may recover if treatment was
stopped. We conclude that proteomics is a powerful tool for identifying new
molecular pathways and biomarkers of disease.
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