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Glutaric aciduria type I, an inherited deficiency of glutaryl-coenzyme A dehydrogenase localized in the final common catabolic

pathway of L-lysine, L-hydroxylysine and L-tryptophan, leads to accumulation of neurotoxic glutaric and 3-hydroxyglutaric acid,

as well as non-toxic glutarylcarnitine. Most untreated patients develop irreversible brain damage during infancy that can be

prevented in the majority of cases if metabolic treatment with a low L-lysine diet and L-carnitine supplementation is started in

the newborn period. The biochemical effect of this treatment remains uncertain, since cerebral concentrations of neurotoxic

metabolites can only be determined by invasive techniques. Therefore, we studied the biochemical effect and mechanism

of metabolic treatment in glutaryl-coenzyme A dehydrogenase-deficient mice, an animal model with complete loss of glu-

taryl–coenzyme A dehydrogenase activity, focusing on the tissue-specific changes of neurotoxic metabolites and key enzymes

of L-lysine metabolism. Here, we demonstrate that low L-lysine diet, but not L-carnitine supplementation, lowered the concen-

tration of glutaric acid in brain, liver, kidney and serum. L-carnitine supplementation restored the free L-carnitine pool and

enhanced the formation of glutarylcarnitine. The effect of low L-lysine diet was amplified by add-on therapy with L-arginine,

which we propose to result from competition with L-lysine at system y+ of the blood–brain barrier and the mitochondrial

L-ornithine carriers. L-Lysine can be catabolized in the mitochondrial saccharopine or the peroxisomal pipecolate pathway.

We detected high activity of mitochondrial 2-aminoadipate semialdehyde synthase, the rate-limiting enzyme of the saccharopine

pathway, in the liver, whereas it was absent in the brain. Since we found activity of the subsequent enzymes of L-lysine

oxidation, 2-aminoadipate semialdehyde dehydrogenase, 2-aminoadipate aminotransferase and 2-oxoglutarate dehydrogenase

complex as well as peroxisomal pipecolic acid oxidase in brain tissue, we postulate that the pipecolate pathway is the major

route of L-lysine degradation in the brain and the saccharopine pathway is the major route in the liver. Interestingly, treatment

with clofibrate decreased cerebral and hepatic concentrations of glutaric acid in glutaryl-coenzyme A dehydrogenase-deficient

mice. This finding opens new therapeutic perspectives such as pharmacological stimulation of alternative L-lysine oxidation in

peroxisomes. In conclusion, this study gives insight into the discrepancies between cerebral and hepatic L-lysine metabolism,
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provides for the first time a biochemical proof of principle for metabolic treatment in glutaric aciduria type I and suggests that

further optimization of treatment could be achieved by exploitation of competition between L-lysine and L-arginine at physio-

logical barriers and enhancement of peroxisomal L-lysine oxidation and glutaric acid breakdown.

Keywords: lysine metabolism; saccharopine; pipecolic acid; dicarboxylic acids; basic amino acid transporter

Abbreviations: AADAT = aminoadipate aminotransferase; AASDH = aminoadipate semialdehyde dehydrogenase;
AASS = 2-aminoadipate semialdehyde synthase; GCDH = glutaryl-CoA dehydrogenase; LOR = lysine 2-oxoglutarate reductase;
OGDHc = 2-oxoglutarate dehydrogenase complex

Introduction
Glutaric aciduria type I is a ‘cerebral’ organic acid disorder first

described in 1975 (Goodman et al., 1975). The estimated overall

prevalence is 1 in 100 000 newborns (Lindner et al., 2004; Kölker

et al., 2007b). The disease is caused by inherited deficiency of the

homotetrameric mitochondrial flavoprotein glutaryl-CoA dehydro-

genase (GCDH; EC 1.3.99.7), which is encoded by the GCDH

gene mapping to human chromosome locus 19p13.2 (Greenberg

et al., 1994). More than 200 disease-causing mutations have

been identified (Goodman et al., 1998; Zschocke et al., 2000).

GCDH catalyzes the oxidative decarboxylation of glutaryl-CoA to

crotonyl-CoA (Dwyer et al., 2000) and is a key enzyme in the

final degradative pathways of L-lysine, L-hydroxylysine

and L-tryptophan. Deficiency of this enzyme results in accumula-

tion of glutaric acid, 3-hydroxyglutaric acid and glutarylcarnitine.

L-lysine oxidation is quantitatively the most relevant pathway for

production of these metabolites. In mammals, the first steps of

L-lysine oxidation are catalyzed by the bifunctional enzyme

2-aminoadipate semialdehyde synthase (AASS) consisting of a

lysine 2-oxoglutarate reductase (LOR) and saccharopine dehydro-

genase subunit being localized in the mitochondrial matrix

(Blemings et al., 1994). An alternative route via the pipecolate

pathway has been postulated to initiate lysine oxidation in brain

(Mihalik and Rhead, 1989; Rao et al., 1993; Ijlst et al., 2000).

However, direct evidence for the first steps of cerebral lysine

oxidation is still lacking. Subsequently, both pathways converge

at the level of 2-aminoadipate semialdehyde that is further

broken down by the two cytosolic enzymes 2-aminoadipate semi-

aldehyde dehydrogenase (AASDH) and 2-aminoadipate amino-

transferase (AADAT) (Chang et al., 1990; Okuno et al., 1993).

The next enzymatic step is 2-oxoglutarate dehydrogenase complex

(OGDHc), the rate-limiting enzyme of the tricarboxylic acid cycle

catalyzing the conversion of 2-oxoadipate to glutaryl-CoA

(Hirashima et al., 1967; Majamaa et al., 1985; Bunik and

Pavlova, 1997). In line with this, we demonstrated product inhib-

ition of OGDHc by glutaryl-CoA—in analogy to succinyl-CoA

(Sauer et al., 2005). Glutaryl-CoA is then dehydrogenated and

decarboxylated to crotonyl-CoA by GCDH.

The initial clinical presentation of affected neonates is usually

non-specific. Untreated patients usually develop an acute

encephalopathic crisis during a finite period of brain development

resulting in permanent brain damage, mainly affecting the striatum

and resulting in dystonia (Bjugstad et al., 2000; Strauss et al., 2003;

Kyllerman et al., 2004; Kölker et al., 2006a). These crises are

precipitated by episodes that are likely to induce catabolic state.

Some patients, however, develop neurological symptoms without

a clinically apparent crisis (Bahr et al., 2002; Külkens et al., 2005;

Strauss et al., 2007; Heringer et al., 2010). In addition to acute

striatal injury, there is increasing cranial MRI evidence of abnormal-

ities in extrastriatal regions with as yet uncertain clinical relevance

and of mental retardation in some patients who have not suffered an

encephalopathic crisis (Harting et al., 2009).

Several studies highlight the role of glutaric acid,

3-hydroxyglutaric acid and glutaryl-CoA in the pathogenesis of

this disease. Precipitation of excitotoxic mechanisms and oxidative

stress (Kölker et al., 2004), imbalance in glutamatergic and

GABAergic neurotransmission (Bennett et al., 1973; Stokke

et al., 1976; Porciúncula et al., 2000) and impairment of energy

metabolism by inhibition of the OGDHc and the dicarboxylic acid

shuttle between astrocytes and neurons, have all been indicated as

putative synergistic pathomechanism (Sauer et al., 2005, 2006;

Yodoya et al., 2006; Stellmer et al., 2007). We have recently

identified the blood–brain barrier as playing a central role in the

neuropathogenesis of glutaric aciduria type I, by trapping intra-

cerebrally generated glutaric acid and 3-hydroxyglutaric acid due

to a low permeability of the blood–brain barrier and the choroid

plexus for dicarboxylic acids (Kölker et al., 2006b; Sauer et al.,

2006, 2010). This hypothesis was based on several in vitro,

in vivo and post-mortem findings. Strikingly, two subgroups of

patients called ‘high excretors’ and ‘low excretors’, excrete differ-

ent amounts of glutaric acid and 3-hydroxyglutaric acid but re-

vealed similar brain concentrations in post-mortem brain biopsies

(Goodman et al., 1977; Leibel et al., 1980; Bennett et al., 1986;

Baric et al., 1999; Funk et al., 2005; Külkens et al., 2005).

Furthermore, they share the same risk for brain injury

(Christensen et al., 2004; Kölker et al., 2006a). Gcdh�/� mice

display highly increased cerebral levels of glutaric acid and 3-

hydroxyglutaric acid (Koeller et al., 2002; Sauer et al., 2006) des-

pite low cerebral GCDH activity in wild-type mice (Woontner

et al., 2000; Sauer et al., 2006). Finally, the blood–brain barrier

is only weakly permeable and the choroid plexus not permeable

for these metabolites in vitro (Sauer et al., 2010). These findings

have led to the assumption that lowering the L-lysine influx to the

brain is a therapeutic means of decreasing the accumulation of

neurotoxic dicarboxylic metabolites in the brain.

If infants with glutaric aciduria type I are identified by newborn

screening and metabolic treatment is started neonatally, motor

dysfunction can be prevented in the majority of patients

(Hoffmann et al., 1996; Strauss et al., 2003, 2007; Naughten
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et al., 2004; Kölker et al., 2007b; Bijarnia et al., 2008; Heringer

et al., 2010). Metabolic treatment usually includes: (i) a low

L-lysine diet; (ii) L-carnitine supplementation and (iii) intensified

emergency treatment to prevent or reverse catabolism during

intercurrent illness (Strauss et al., 2003; Kölker et al., 2007a).

The biochemical proof of principle of these therapeutic strategies,

i.e. lowering cerebral concentrations of neurotoxic metabolites,

has not yet been shown in patients since glutaric acid and

3-hydroxyglutaric acid cannot be determined by magnetic reson-

ance spectroscopy and CSF, plasma and urine concentrations do

not correlate with brain concentrations.

The aim of the present study was to investigate the mitochon-

drial and peroxisomal branches of lysine metabolism in brain and

liver, the biochemical effect of current therapeutic interventions

and to develop new treatment strategies by inhibiting lysine

transport across biological barriers, i.e. the blood–brain barrier

and mitochondrial membrane using arginine supplementation.

Furthermore, we tested the modulation of cerebral lysine oxidation

as an additional therapeutic target.

Materials and methods

Animals
The Gcdh�/� mice used in this study were generated via gene

targeting in mouse embryonic stem cells, and have been described

previously (Koeller et al., 2002; Sauer et al., 2005, 2006; Zinnanti

et al., 2006, 2007). In Gcdh�/� mice, the first seven exons of the

Gcdh gene have been replaced by a �-gal cassette that encodes a

modified b-galactosidase enzyme that includes a nuclear localization

sequence and is transcriptionally regulated by the Gcdh promoter.

Mice used in the experiments described below were from the F4 to

F6 generation on a C57BL/6J inbred background. Animal care and

experiments followed the official governmental guidelines and were

approved by the governmental review board (#35-9185.81/G-33/

07). As it has been shown previously that Gcdh+/+ and Gcdh+/�

mice show the same range of biochemical key parameters in body

fluids and tissue homogenates and thus are biochemically indistin-

guishable with regard to the key metabolites of glutaric aciduria

type I (Koeller et al., 2002; Sauer et al., 2006; Zinnanti et al., 2006,

2007), Gcdh+/� mice instead of Gcdh+/+ were used as control animals

to reduce the number of animals to be sacrificed for this study.

Therefore, the term ‘control mice’ used in the manuscript indicates

Gcdh+/� mice. Gcdh+/� females were bred with Gcdh�/� males.

Unless stated otherwise, each experimental group contained five

Gcdh�/� and five Gcdh+/� mice from the same litter.

Treatments used in Gcdh�/� mice
All treatment studies were started at P28 and were continued until

P42. Mice were given ad libitum access to food and water. Before the

start of treatment studies mean food and water intake was monitored

for 7 days, revealing a mean intake of 4 g food per day and of 3.5 ml

water per day.

Low L-lysine diet

Mice were fed with either a standard diet containing 1.7% (w/w)

L-lysine (Altromin, C1069) or a low L-lysine diet. All diets are based

on amino acid formulas to calculate amino acid intake. Low L-lysine

diets contained 0.4, 0.2 and 0.1% L-lysine, respectively, with 0.2%

being the minimal maintenance requirement of mice. In analogy to

humans, we hypothesized that a diet containing the minimal L-lysine

requirement for mice (i.e. a diet with 0.2% L-lysine) would reduce the

concentrations of glutaric acid, 3-hydroxyglutaric acid and glutarylcar-

nitine effectively, but not affect weight gain. Note that the absolute

amount of L-lysine intake used in the low L-lysine diet in mice is dif-

ferent from that recommended for children with glutaric aciduria type I

(Kölker et al., 2007b). This discrepancy is explained by

species-dependent minimal L-lysine requirements of mice and

humans. However, as a basic therapeutic strategy low L-lysine diets

in both mice and humans aim to reduce L-lysine intake to the minimal

requirements of each species.

L-Arginine supplementation

L-Lysine and L-arginine compete for system y+ localized in the blood–

brain barrier to enter the brain. We hypothesized that L-arginine

supplementation should decrease the cerebral accumulation of glutaric

acid and 3-hydroxyglutaric acid due to reduced cerebral influx of L-

lysine. To test this hypothesis Gcdh�/� mice were fed on a standard

diet or on a low L-lysine diet (0.2%). These diets contained 1.3% L-

arginine as the standard maintenance requirement of mice. In parallel

experiments, mice received standard L-arginine intake only or were

additionally supplemented with 2 or 3% (w/w, referring to dietary

L-arginine intake) L-arginine, which was added to drinking water, cor-

responding to 1.5- and 2-fold increases of daily L-arginine intake com-

pared to maintenance requirements.

L-Carnitine supplementation

L-Carnitine supplementation has two aims: (i) to amplify the physiologic-

al detoxification of glutaryl-CoA via glutarylcarnitine and (ii) to

prevent secondary L-carnitine depletion (Kölker et al., 2007a). To evalu-

ate L-carnitine supplementation, mice were fed a standard diet supple-

mented with L-carnitine via drinking water. Treatment was started

with 100 mg/kg body weight per day, which did not affect glutaric

acid or 3-hydroxyglutaric acid levels (brain: glutaric acid 116�15% of

control, 3-hydroxyglutaric acid 99�16% of control; liver: glutaric acid

89� 40% of control, 3-hydroxyglutaric acid 74�39% of control) in

tissue and body fluids of Gcdh�/� mice. Therefore, L-carnitine supple-

mentation was further increased to an excess dosage (500 or 1000 mg/

kg body weight per day) to identify whether supraphysiological concen-

trations were able to lower glutaric acid and 3-hydroxyglutaric acid

levels. The standard diet did not contain L-carnitine.

Clofibrate

In higher eukaryotes, L-lysine is not only degraded via the mitochon-

drial saccharopine but also via the L-pipecolate pathway (Mihalik and

Rhead, 1989; Rao et al., 1993) that is thought to be localized in

peroxisomes. Therefore, we wondered whether induction of peroxi-

somal proliferation by clofibrate could modulate the concentrations

of glutaric acid and 3-hydroxyglutaric acid. Mice were fed with a

standard diet supplemented with 0.5% clofibrate (800 mg/kg body

weight per day) via food. Catalase activity was determined as a

marker for peroxisomal proliferation. Since clofibrate also induces the

expression of enzymes of the mitochondrial fatty acid oxidation

(Djouadi and Bastin, 2008), we tested the activity of medium-chain

acyl-CoA dehydrogenase that is known to be upregulated by clofi-

brate. Furthermore, we studied whether clofibrate may induce

GCDH activity. Medium-chain acyl-CoA dehydrogenase and GCDH

activity were detected as previously described (Sauer et al., 2005).

Mice did not show any adverse effects of clofibrate treatment.
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Preparation of tissue homogenates
Mice were sacrificed at P42, i.e. at the end of the treatment inter-

val and perfused with a solution of phosphate buffered saline and

25 U/ml heparin. Afterwards, tissues (brain, liver and kidneys) were

removed and chilled on ice in buffer A (0.1 ml per 0.1 mg of tissue)

containing 250 mmol/l sucrose, 50 mmol/l KCl, 5 mmol/l MgCl2,

20 mmol/l Tris/HCl (adjusted to pH 7.4). Tissues were homogenized

with a Potter Elvehjem system using a pestle with a size that allows

disruption of cell membranes but not organelles, and subcellular frac-

tions were prepared. For preparation of mitochondrial enriched frac-

tions, homogenates were centrifuged at 600g for 10 min at 4�C and

the resulting supernatants were centrifuged at 3000g for 10 min at

4�C. The pellet of this centrifugation step was used

as mitochondria-enriched fractions, since mitochondrial fractions pre-

pared at a higher g are contaminated with peroxisomes as well as

particles of the endoplasmic reticulum and Golgi apparatus.

Mitochondria-enriched fractions were washed twice with buffer A.

For preparation of mitochondrial membrane and matrix fractions the

3000g pellet was sonicated and centrifuged at 10 000g for 10 min at

4�C. The 3000g supernatant or the so-called light mitochondrial frac-

tion was centrifuged at 8000g for 10 min at 4�C to minimize contam-

ination with mitochondria. The resulting supernatant was used as

peroxisomal enriched fractions. Due to the lack of methods to prepare

brain peroxisomes at a sufficient quality and quantity, we decided to

use this fraction for measuring cerebral peroxisomal enzymes. For the

preparation of liver peroxisomes, the peroxisome-enriched fraction was

centrifuged at 30 000g for 20 min. Cytosolic fractions of liver and brain

homogenates were prepared by centrifuging the peroxisome-enriched

fraction at 30 000g for 20 min.

Purity of the fractions was tested by assaying organelle-specific

enzymes, i.e. the mitochondrial matrix enzyme citrate synthetase and

the mitochondrial membrane component cytochrome c oxidase

according to previously described protocols (Sauer et al., 2005), and

peroxisomal catalase activity. Protein was determined according to

Lowry (Lowry et al., 1951) with modifications (Helenius and Simons,

1972) using bovine serum albumin as a standard.

Quantitative analysis of glutaric acid
and 3-hydroxyglutaric acid
Glutaric acid and 3-hydroxyglutaric acid were detected in tissue hom-

ogenates (600g supernatant) and serum from mice as previously

described (Sauer et al., 2006) using quantitative gas chromatog-

raphy/mass spectrometry with stable-isotope dilution assay.

Quantitative analysis of
glutarylcarnitine
Glutarylcarnitine was determined in tissue homogenates (600 g super-

natant) and serum by electrospray ionization tandem mass spectrom-

etry according to a modified method as previously described (Sauer

et al., 2006).

Amino acid analysis
Amino acid content of brain homogenates was analysed by

high-performance liquid chromatography (LC3000 Eppendorf-

Biotronik). To evaluate the impact of low L-lysine diet and L-arginine

supplementation on brain amino acid levels, we grouped amino acids

into: (i) (non-basic) non-essential amino acids (L-alanine, L-glycine,

L-serine, L-asparagine, L-aspartic acid, L-glutamic acid and L-glutamine);

(ii) (non-basic) essential amino acids (L-phenylalanine, L-valine,

L-threonine, L-methionine, L-isoleucine, L-leucine, L-histidine and

L-tryptophan) and (iii) (essential or non-essential) basic amino acids

(L-lysine, L-arginine, L-ornithine and L-citrulline). Basic amino acids

were grouped separately as described since they might have been

influenced directly (L-lysine, L-arginine) or indirectly (L-ornithine,

L-citrulline) by dietary treatment (for concentrations of single amino

acids see Supplementary Table 1).

Enzyme analysis

2-Aminoadipate semialdehyde synthase

AASS is a bifunctional enzyme with LOR (EC 1.5.1.8) and saccharo-

pine dehydrogenase (EC 1.5.1.9) activity. LOR and saccharopine

dehydrogenase activity were determined as described previously

(Blemings et al., 1994).

2-Aminoadipate semialdehyde dehydrogenase

AASDH was prepared as previously described (Sadilkova et al., 2009).

AASDH (EC 1.2.1.31) activity was assayed in buffer A additionally

containing 1 mmol/l NAD and 0.5 mmol/l aminoadipate semialdehyde

at pH 8.5.

2-Aminoadipate aminotransaminase

AADAT (EC 2.6.1.39) activity was recorded in buffer A additionally

containing 10 mmol/l oxoadipate, 1 mmol/l glutamate, 1 mmol/l

alanine, 0.5 mmol/l NADH and 1 U/ml of alanine transaminase and

lactate dehydrogenase (both Sigma Aldrich).

2-Oxoglutarate dehydrogenase complex assay

OGDHc (EC 1.2.4.2, 2.3.1.61, 1.8.1.4) activity was determined as

previously described (Sauer et al., 2005).

Catalase assay

Catalase activity was assayed in a buffer containing 50 mmol/l, 0.05%

sodium deoxycholate and 15% H2O2 adjusted to pH 7 (25�C).

Catalase activity was determined after the addition of 3 mg protein

of liver homogenate at �= 240 nm.

Pipecolate oxidase assay

The organellar localization (mitochondria, peroxisomes) and activity of

L-pipecolic acid oxidation differs in mammalian species (Mihalik and

Rhead, 1991) and the localization of this enzyme in mouse brain is still

uncertain. Therefore, we assayed pipecolate oxidase activity in mito-

chondrial and peroxisomal enriched fractions of brain homogenates of

control mice using L- and D-pipecolate. Pipecolate oxidase activity was

assayed in a buffer consisting of 50 mmol/l Bis-Tris-propane, 1 mmol/l

aminopyridine, 6 mmol/l tribromohydroxybenzoate, 0.1% Triton

X-100, 10 mmol/l NaN3, 25mmol/l flavin adenine dinucleotide, 3.5

U/ml horseradish peroxidase and 50 mmol/l L- or D-pipecolate at

37�C (Ijlst et al., 2000). For assays in the mitochondrial fractions pH

was adjusted to 7.4 and for peroxisomal fractions to 8.4. For the

characterization of a putative mitochondrial pipecolate oxidase, add-

itional enzyme studies were performed in a buffer containing

250 mmol/l sucrose, 50 mmol/l KCl, 5 mmol/l MgCl2 and 20 mmol/l

Tris/HCl at pH 7.4 using functional mitochondria (mitochondrial en-

riched fraction) or mitochondria disrupted by detergent (0.01% [v/v]

Triton X-100 or 0.1% [v/v] laurylmaltoside) or sonicated. Various elec-

tron acceptor systems were tested to assay pipecolate oxidase activity

using 0.006mmol/l phenazin methosulfate and 0.6 mmol/l
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iodo-nitro-tetrazolium, 0.06 mmol/l dichlorophenol indophenol,

0.04 mmol/l ubiquinone and 0.06 mmol/l dichlorophenol indophenol,

or by coupling of pipecolate oxidase activity to cytochrome c reduction

by complex III of the respiratory chain by adding 0.04 mmol/l ubiquin-

one, 0.1 mmol/l cytochrome c and 1 mmol/l NaCN to mitochondria in

analogy to a previously described proline dehydrogenase assay (Hu

et al., 2007). Under all experimental conditions specific activity was

detected with and without the addition of substrate to calculate the

baseline activity. The following wavelengths were used: (i) tribromo-

hydroxybenzoate, �= 510 nm; (ii) iodo-nitro-tetrazolium, �= 500–

750 nm; (iii) dichlorophenol indophenol, �= 610–750 nm and (iv) cyto-

chrome c, �= 540–550 nm.

Mitochondrial uptake assay of Carbon-
14-L-lysine
To study mitochondrial lysine uptake, cerebral and hepatic mitochon-

drial fractions were incubated with 14C-L-lysine (1 mmol/l; specific ac-

tivity, 0.1 mCi/nmol) in buffer A for 10 min at 37�C. Afterwards,

mitochondria were washed twice with ice cold buffer A. The

amount of intramitochondrial 14C-L-lysine was measured using a scin-

tillation counter (Beckmann LS6500).

Statistical analysis
All experiments were performed in �5 Gcdh�/� and control mice. Data

are expressed as mean � SD unless otherwise indicated. Tissue concen-

trations and enzyme activities were normalized to the protein concen-

tration of the same sample. For statistical analysis we divided our

experiments into experiments with and without an a priori hypothesis.

In case of special diets we postulated that the treatment reduces the

levels of toxic metabolites and therefore results were evaluated with

ANOVA and repeated contrasts. The following contrasts were calcu-

lated: (i) Contrast A = comparison between control group and experi-

mental group 1; (ii) Contrast B = comparison between experimental

groups 1 and 2 and (iii) Contrast C = comparison between experimental

groups 2 and 3. When lysine reduction was combined with arginine

supplementation, two-factorial ANOVA was calculated to identify the

contribution of each diet to the overall effect. Statistical parameters (t

and f values) and exact P-values are described in Supplementary Table 2.

Enzymatic studies were evaluated with ANOVA with Bonferroni adjust-

ment for multiple comparisons or Student’s t-test. All statistical analyses

were performed by SPSS for Windows 16.0 Software. P50.05 was con-

sidered significant.

Results

Low L-lysine diet reduces glutaric
acid and 3-hydroxyglutaric acid con-
centrations in Gcdh�/� mice
First, we investigated whether reduction of oral L-lysine intake for

two weeks (P28 to P42) lowered glutaric acid and 3-hydroxyglu-

taric acid concentrations. Gcdh�/� and control mice were fed a

standard diet containing 1.7% L-lysine or on a low L-lysine diet

containing 0.4% (Group 1), 0.2% (minimal L-lysine requirement;

Group 2) or 0.1% L-lysine (below minimal L-lysine requirement;

Group 3). Gcdh�/� mice fed on standard diet showed strongly

elevated glutaric acid (brain: 8.0� 1.4 nmol/mg protein or

1200� 210mmol/l; liver: 14.8� 2.9 nmol/mg protein or

5286� 1036 mmol/l) and 3-hydroxyglutaric acid concentrations

(brain: 0.3� 0.05 nmol/mg protein or 45� 8mmol/l; liver:

0.4� 0.04 nmol/mg protein or 143� 14 mmol/l) compared to con-

trol mice [glutaric acid (brain; liver): 0.08� 0.02 nmol/mg protein

or 12� 3mmol/l; 0.1� 0.03 nmol/mg protein or 36� 11 mmol;

3-hydroxyglutaric acid (brain; liver): 0.06� 0.01 nmol/mg protein

or 9� 2mmol/l; 0.05� 0.01 nmol/mg protein or 18� 4 mmol/l).

Reducing the L-lysine content of the diet resulted in a

dose-dependent decrease in glutaric acid concentrations in brain

and liver (Fig. 1A), whereas 3-hydroxyglutaric acid levels remained

unaffected (Fig. 1B). Glutaric acid and 3-hydroxyglutaric acid

levels in control mice on these diets remained unchanged (data

not shown).

Animals started on the amino acid-based standard diet showed

a transient drop of weight during the first week (87� 4% of P28),

but subsequently gained weight again until P42 (90� 7% of P28).

Figure 1 Low L-lysine diet reduces glutaric acid concentrations

in brain and liver. Gcdh�/� mice were fed on a standard diet

containing 1.7% L-lysine or on a low lysine diet containing

0.4%, 0.2% (minimal L-lysine requirement) or 0.1% L-lysine.

Dietary reduction of L-lysine levels decreased the concentrations

of glutaric acid (GA) in liver and brain in a dose-dependent

manner (A), whereas 3-hydroxyglutaric acid (3OHGA) concen-

trations remained virtually unchanged (B). Data are expressed as

mean � SD in nmol/mg protein (n = 5 mice per group;

*P50.05, ANOVA and repeated contrasts).
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The same was found for the 0.2 and 0.4% L-lysine diets.

In contrast, mice fed on a 0.1% L-lysine diet continued to lose

weight during the whole feeding period (P35: 83� 7% of weight

at P28; P42: 80� 10%). Therefore, the 0.1% L-lysine diet was

discontinued and for all following experiments the 0.2% L-lysine

diet was used.

L-Arginine supplementation amplifies
the biochemical effect of low L-lysine
diet
Since L-arginine competes with L-lysine at dibasic amino acid trans-

porters, such as cationic amino acid transporters belonging to

system y+ at the blood–brain barrier (O’Kane et al., 2006), we

tested whether L-arginine supplementation alone or in combin-

ation with low L-lysine diet lowered the cerebral glutaric acid

and 3-hydroxyglutaric acid concentrations. Oral administration of

L-arginine (3%) to Gcdh�/� mice receiving standard diet mimicked

the biochemical effects of low L-lysine diet and decreased glutaric

acid concentrations (brain: 74� 13% of Gcdh�/� mice fed on

standard diet; liver: 68� 15%; P50.05). A combination of low

L-lysine diet (0.2% L-lysine and 1.3% L-arginine; Group 1) and

additional L-arginine supplementation [total L-arginine content:

2% (Group 2) or 3% (Group 3)] additively decreased cerebral

and hepatic glutaric acid (Fig. 2A) and 3-hydroxyglutaric acid

concentrations (Fig. 2B) in Gcdh�/� mice. However, increasing

the L-arginine content of the diet from 2 to 3% did not further

decrease glutaric acid and 3-hydroxyglutaric acid concentrations in

brain or liver. Two-factorial ANOVA revealed main effects for L-

lysine reduction and L-arginine supplementation on brain and liver

glutaric acid and 3-hydroxyglutaric acid levels. Serum and kidney

concentrations were not reduced by L-arginine supplementation

(Supplementary Fig. 1). Glutaric acid and 3-hydroxyglutaric acid

levels of control mice remained unaffected by these diets

(Supplementary Fig. 2).

L-Arginine inhibits mitochondrial
L-lysine uptake
Since L-arginine supplementation and low L-lysine diet additively

reduced the cerebral and hepatic concentrations of glutaric acid

and 3-hydroxyglutaric acid in Gcdh�/� mice, we wondered

whether competition between L-arginine and L-lysine at the mito-

chondrial ornithine carriers 1 and 2 might contribute to the addi-

tive effect of L-arginine supplementation. The human

mitochondrial ornithine carriers 1 and 2 (SLC25A15, SLC25A2)

mediate the mitochondrial uptake of basic amino acids

(Fiermonte et al., 2003), such as L-lysine, L-arginine and L-orni-

thine. We therefore studied the uptake of 14C-L-lysine (1 mmol/l;

specific activity, 0.1 mCi/nmol) in cerebral and hepatic mitochon-

dria of control and Gcdh�/� mice and subsequently investigated if

mitochondrial uptake was blocked by L-arginine. In fact, L-arginine

(2 mmol/l) strongly reduced mitochondrial L-lysine uptake in brain

and liver mitochondria of control and Gcdh�/� mice (reduction of

mitochondrial 14C-L-lysine uptake by L-arginine: brain, 85� 6%;

liver, 52� 1%; P = 0.000).

Effect of dietary treatment on brain
amino acid levels
Next we studied the effect of dietary treatment on brain amino

acid levels. Low L-lysine diet (containing 0.2% L-lysine) did not

significantly change brain levels of amino acids in general.

Similarly, a combination of low L-lysine diet and L-arginine supple-

mentation (2%) had no significant effect on brain amino acids,

whereas at a higher dosage (3%) L-arginine supplementation

caused a mild decrease of brain non-essential and essential

amino acids. Brain levels of L-lysine were not affected by low

L-lysine diet but were decreased by L-arginine supplementation

(Supplementary Fig. 3).

Divergent therapeutic modulation of
tissue-specific glutarylcarnitine and free
L-carnitine concentrations
Glutarylcarnitine concentrations were significantly elevated in brain,

liver and serum of Gcdh�/� mice (Fig. 3; Supplementary Fig. 4)

Figure 2 L-Arginine supplementation amplifies the effect of

low L-lysine diet. A combination of low L-lysine diet (0.2%;

containing 1.3% L-arginine) and L-arginine supplementation

(total content: 2 or 3%) amplified the biochemical effect of a

low L-lysine diet and thus further decreased the cerebral and

hepatic glutaric acid (GA) concentrations (A) and 3-hydroxy-

glutaric acid (3OHGA) concentrations (B). Data are expressed as

mean � SD in nmol/mg protein (n = 5 mice per group;

*P50.05, ANOVA and repeated contrasts).
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compared to control mice. Low L-lysine diet [0.2% L-lysine

(Group 1)] alone or in combination with L-arginine [2% (Group 2)

or 3% L-arginine (Group 3)] decreased glutarylcarnitine concen-

trations in liver and serum but not in brain (Fig. 3; Supplementary

Fig. 4). Two-factorial ANOVA revealed a main effect of low L-lysine

diet on liver and serum glutarylcarnitine levels.

L-Carnitine supplementation [500 mg/kg body weight

(Group 1) or 1000 mg/kg body weight (Group 2)] caused a

massive increase of glutarylcarnitine in tissue and serum of

Gcdh�/� mice (Fig. 3; Supplementary Fig. 4) but not in control

mice (Supplementary Fig. 5), confirming that L-carnitine

supplementation stimulates the formation of glutarylcarnitine in

Gcdh�/� mice. Despite the increased formation of glutarylcarnitine

and thus removal of glutaryl-CoA, cerebral and hepatic

concentrations of glutaric acid (Fig. 4A) and 3-hydroxyglutaric

acid (Fig. 4B) remained virtually unchanged after L-carnitine sup-

plementation in Gcdh�/� mice fed on a standard diet, highlighting

that L-carnitine supplementation alone even at high doses is insuf-

ficient to lower glutaric acid and 3-hydroxyglutaric acid levels. In

control mice, dietary treatment and L-carnitine supplementation

did not significantly influence tissue-specific glutarylcarnitine con-

centrations (Supplementary Fig. 5).

When fed on a standard diet, free carnitine concentrations were

significantly lower in brain and serum of Gcdh�/� mice than in

control mice, whereas the hepatic free L-carnitine concentration

was similar in both groups (Fig. 5; Supplementary Fig. 4). Low

L-lysine diet (0.2%) and L-arginine supplementation (2 and 3%)

did not change free L-carnitine concentrations in brain, liver and

serum of Gcdh�/� mice (Fig. 5; Supplementary Fig. 4). In contrast,

L-carnitine supplementation restored tissue-specific free L-carnitine

concentrations in Gcdh�/� (Fig. 5; Supplementary Fig. 4) and

Figure 4 L-Carnitine supplementation does not affect glutaric

acid and 3-hydroxyglutaric acid (3OHGA) concentrations. Even

at high doses, carnitine supplementation (500 or 1000 mg/kg

body) did not reduce hepatic and cerebral glutaric acid (GA) (A)

and 3-hydroxyglutaric acid (B) concentrations in Gcdh�/� mice.

Data are expressed as mean� SD in nmol/mg protein.

Figure 3 Divergent therapeutic modulation of glutarylcarnitine

concentrations. Glutarylcarnitine (C5DC) concentrations were

increased in brain and liver of Gcdh�/�mice compared to control

mice. Low L-lysine diet (0.2%) alone or in combination with

L-arginine supplementation (2 or 3%) decreased glutarylcarnitine

concentrations in liver but not in brain. Carnitine supplementation

(500 or 1000 mg/kg body weight) caused a massive and

dose-dependent increase of glutarylcarnitine in liver and—less

pronounced—in brain of Gcdh�/� mice. Data are expressed as

mean � SD in nmol/mg protein (brain, primary y-axis; liver

secondary y-axis; n = 5 mice per group; *P50.05, ANOVA and

repeated contrasts).

Figure 5 Therapeutic modulation of the free carnitine pool. Free

carnitine (C0) concentrations were significantly lower in the brain

of Gcdh�/� mice than in control mice, whereas the hepatic free

L-carnitine concentrations were similar in both groups. Carnitine

supplementation increased free L-carnitine concentrations in

Gcdh�/� mice. In contrast, low L-lysine diet (0.2%) alone or in

combination with L-arginine supplementation (2 or 3%) did not

restore the decreased free L-carnitine concentrations. Data are

expressed as mean � SD in nmol/mg protein (brain, primary

y-axis; liver secondary y-axis; n = 5 mice per group; *P50.05,

ANOVA and repeated contrasts).
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increased free L-carnitine concentrations above the normal range

in control mice (Supplementary Fig. 6).

Discrepant role of mitochondrial and
peroxisomal pathways of L-lysine
oxidation in brain and liver
To identify new treatment strategies for glutaric aciduria type I,

we investigated cerebral L-lysine metabolism in Gcdh�/� and con-

trol mice. It has been reported that dietary L-lysine supply modu-

lates the activity of AASS (Blemings et al., 1998). Upregulation of

this bifunctional enzyme (LOR/saccharopine dehydrogenase)

would counteract the aim of a low L-lysine diet, whereas pharma-

cological inhibition of this enzyme could be a new therapeutic

option for glutaric aciduria type I. Therefore, we determined

LOR and saccharopine dehydrogenase activity in the mitochondrial

matrix fractions of liver and brain of Gcdh�/� and control mice fed

on a low L-lysine diet (0.2%) with or without L-arginine supple-

mentation. Hepatic activity of LOR and saccharopine dehydrogen-

ase was similar in control and Gcdh�/� mice and was not

influenced by dietary treatment (Fig. 6A and B). In brain, however,

LOR and saccharopine dehydrogenase activities were below the

detection limit of the method. Neither mitochondrial membrane

fractions nor cytosolic or peroxisomal enriched fractions of liver

and brain displayed LOR or saccharopine dehydrogenase activity

underlining the purity of our fractions. In addition to enzymatic

studies, we compared AASS messenger RNA expression in differ-

ent brain regions (striatum, cortex and cerebellum) with liver

tissue. Messenger RNA expression of AASS was very low, if at

all (Supplementary Fig. 7). We wondered whether the lack of

cerebral LOR and saccharopine dehydrogenase activity reflects a

low L-lysine oxidation capacity of the brain in general. Therefore,

we measured the subsequent enzymatic steps of L-lysine oxida-

tion, i.e. AASDH, AADAT and OGDHc. In contrast to AASS we

found significant activities of AASDH and AADAT in cytosolic

fractions of liver and brain of mutant and control mice (Fig. 6C).

We further identified OGDHc activity in the mitochondrial matrix

fraction of liver and brain tissue. Cerebral OGDHc activity was

slightly higher in control than in mutant mice (P = 0.049), whereas

hepatic OGDHc activity did not differ (Fig. 6C). In line with

decreased cerebral OGDHc activity in Gcdh�/� mice, concentra-

tions of 2-aminoadipate were elevated in brain tissue compared

to control mice (Gcdh�/� mice: 0.27� 0.02 nmol/mg protein;

control: 0.18� 0.05 nmol/mg protein; P = 0.012) suggesting

accumulation of metabolites upstream of OGDHc.

Since it is an ongoing debate whether OGDHc catalyzes the

conversion of 2-oxodipate to glutaryl-CoA (Sherman et al.,

2008), we tested if 2-oxoadipate is a substrate of OGDHc. In

our hands, 2-oxoadipate was degraded by OGDHc using purified

enzyme from porcine heart (Sigma Aldrich) and in liver mitochon-

dria from control mice. Using equimolar concentrations of

2-oxoadipate and 2-oxoglutarate (1 mmol/l), 2-oxoadipate

dehydrogenase activity of OGDHc was estimated to be three

times lower than its 2-oxoglutarate dehydrogenase activity as

previously described (Supplementary Fig. 8; Hirashima et al.,

1967; Majamaa et al., 1985; Bunik and Pavlova, 1997).

Figure 6 Mitochondrial saccharopine pathway in brain and

liver. We investigated whether dietary treatment modulates the

activity of the bifunctional enzyme AASS containing LOR and

saccharopine dehydrogenase activity. Since there was no

biochemical difference between animals receiving 2 and 3%

L-arginine, these groups were pooled. Hepatic activity of LOR

(A) and saccharopine dehydrogenase (SDH) (B) enzymes was

not affected by dietary treatment in control and Gcdh�/� mice.

We could not detect LOR or saccharopine dehydrogenase

activity in brain tissue, whereas the subsequent enzymes of

L-lysine oxidation, AASDH, AADAT and OGDHc, were

detectable in brain and liver of control and Gcdh�/� mice (C).

Cerebral OGDHc activity was decreased in Gcdh�/� mice

compared to control mice. Data are expressed as mean� SD

in mU/mg protein (n = 5 mice per group; *P50.05, Student’s

t-test; n.d. = not detectable).
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Since the very low cerebral AASS (LOR/saccharopine dehydro-

genase) activity is contrasted by relatively higher AASDH and

AADAT activities (Fig. 6C), we wondered whether the pipecolate

pathway is the major route of L-lysine oxidation in the brain.

Pipecolate oxidase is the key enzyme of this pathway (Ijlst

et al., 2000). Determination of pipecolate oxidase activity in

mitochondria- and peroxisome-enriched fractions of brain

homogenates demonstrated a discrepant localization of L- and

D-pipecolate oxidase activity. As reported in humans, L-pipecolate

oxidase activity was detected in peroxisome-enriched fractions

(0.04� 0.006 mU/mg protein), whereas D-pipecolate oxidase

activity was found in mitochondria-enriched fractions

(0.01� 0.005 U/mg) and mitochondrial membrane fractions

(0.01� 0.002 mU/mg protein). D-Pipecolate oxidase activity

was only detectable in undisrupted mitochondria or purified

mitochondrial membranes (after sonication) indicating localization

to the mitochondrial membrane. L- and D-Pipecolate oxidase

activities were only detectable in a horseradish peroxidase-coupled

system, suggesting oxygen as electron acceptor in both reactions.

To further investigate the role of the peroxisomal pipecolate

pathway in L-lysine oxidation, we fed mice with the peroxisome

proliferator-activated receptor-alpha activator clofibrate (0.5%).

Peroxisomal proliferation was strongly induced by clofibrate

treatment, as indicated by increased catalase activity (278� 28%

of untreated Gcdh�/� mice). Unexpectedly, clofibrate treatment

caused a significant decrease in the glutaric acid concentration in

the liver (P = 0.011) and—less pronounced—also in the brain

(P = 0.049), whereas serum glutaric acid concentration remained

unchanged (Fig. 7; Supplementary Table 3). In contrast, serum

and tissue 3-hydroxyglutaric acid concentrations were not influ-

enced by clofibrate treatment (data not shown).

The finding of clofibrate-induced decrease in hepatic and

cerebral glutaric acid concentrations suggests an alternative

peroxisomal breakdown of glutaric acid. It has been shown that

glutaryl-CoA can be oxidized by the inducible peroxisomal

acyl-CoA (palmitoyl-CoA) oxidase I (van Veldhoven et al., 1992;

Wanders et al., 1993). Therefore, we assayed this enzyme in

purified liver peroxisomes using the same buffer as described for

the L-pipecolate oxidase assay with palmitoyl-CoA as substrate.

Inducible acyl-CoA oxidase I activity was significantly increased

in clofibrate-treated mice (untreated mice: 7.5� 2.5 mU/mg

protein; clofibrate-treated mice: 14.6� 1.1 mU/mg protein).

Accordingly, glutaryl-CoA oxidase activity was detectable after

clofibrate treatment in liver peroxisomes (0.5� 0.6 mU/mg).

These results highlight that clofibrate pre-treatment enhances

alternative hepatic and cerebral peroxisomal breakdown of glutaric

acid thereby lowering glutaric acid concentrations.

Medium-chain acyl-CoA dehydrogenase activity was 2.5-fold

increased after clofibrate treatment in liver mitochondria of

Gcdh�/� mice, whereas the cerebral medium-chain acyl-CoA

dehydrogenase activity was unchanged. However, neither in

brain nor in liver mitochondria did we find evidence that

glutaryl-CoA is a substrate of any other mitochondrial flavin ade-

nine dinucleotide-dependent acyl-CoA dehydrogenase than Gcdh

(which is lacking in Gcdh�/� mice), virtually excluding alternative

mitochondrial breakdown of glutaryl-CoA in Gcdh�/� mice (data

not shown).

Discussion
The aim of the present study was to elucidate the biochemical

effects of current dietary treatment for glutaric aciduria type I,

to develop additional treatment strategies and to investigate

tissue-specific differences of L-lysine oxidation in brain and liver.

Therapeutic modulation of L-lysine
transport and metabolism
The blood–brain barrier has low permeability for dicarboxylic acids,

preventing plasma glutaric acid and 3-hydroxyglutaric acid from

entering the brain at a significant rate (Sauer et al., 2006, 2010).

As a consequence, accumulation of neurotoxic glutaric acid,

3-hydroxyglutaric acid and glutaryl-CoA in the brains of glutaric

aciduria type I patients and Gcdh�/� mice is mostly the result of L-

lysine oxidation in the brain compartment (Sauer et al., 2006;

Zinnanti et al., 2007). It is thus probable that modulation of

L-lysine intake changes the cerebral concentrations of neurotoxic

dicarboxylic metabolites. This is supported by increased cerebral

glutaric acid and 3-hydroxyglutaric acid concentrations and induc-

tion of a phenotype similar to an acute encephalopathic crisis in

weanling Gcdh�/� mice by a high L-lysine diet (Zinnanti et al.,

2006, 2007). In contrast, reduction of L-lysine intake to

age-dependent minimal requirements of patients is recommended

for patients with glutaric aciduria type I (Kölker et al., 2007a).

Two studies have shown a neuroprotective effect of low L-lysine

diet (Kölker et al., 2006a; Heringer et al., 2010), whereas another

study has failed to demonstrate a beneficial effect of dietary treat-

ment (Strauss et al., 2007). A mechanistic understanding of low

L-lysine diet has been hampered by the fact that cerebral glutaric

acid and 3-hydroxyglutaric acid concentrations can only be deter-

mined by invasive methods and therefore, rarely available data of

Figure 7 Clofibrate treatment. Mice were fed with the

peroxisome proliferator-activated receptor-alpha agonist

clofibrate (0.5%). Clofibrate treatment induced a decrease of

glutaric acid (GA) concentrations in brain and liver of Gcdh�/�

mice. Data are expressed as mean � SD in nmol/mg protein

(n = 6 mice per group; *P50.05, Student’s t-test).
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brain concentrations are limited to a few post-mortem investiga-

tions and one brain biopsy (Goodman et al., 1977; Bennett et al.,

1986; Funk et al., 2005; Külkens et al., 2005). In the present

study we show that reduced dietary L-lysine supply causes a

concentration-dependent decrease of cerebral glutaric acid but

not of 3-hydroxyglutaric acid concentrations. This is in line with

previous observations in patients with glutaric aciduria type I

showing a major decrease in urinary excretion of glutaric acid

but only minor or no changes of 3-hydroxyglutaric acid concen-

trations after the start of dietary treatment (Strauss et al., 2003;

Harting et al., 2009).

Furthermore, we demonstrate that L-arginine supplementation

in combination with L-lysine reduction additively reduces cerebral

glutaric acid and 3-hydroxyglutaric acid, supporting the idea that

L-arginine competes with L-lysine for transport into the brain at

system y+ of the blood–brain barrier. This is in line with a pre-

vious study showing that homoarginine, a homologue of L-ar-

ginine, also decreases cerebral glutaric acid concentrations

(Zinnanti et al., 2007). Notably, many patients with glutaric

aciduria type I receive L-lysine-free amino acid supplements

(Kölker et al., 2007a, b; Heringer et al., 2010) that also contain

L-arginine (Supplementary Table 4). However, unlike in patients

with urea cycle defects, selective L-arginine supplementation has

not yet been used for the treatment of patients with glutaric

aciduria type I (Coman et al., 2008). Interestingly, L-arginine

supplementation also reduced hepatic glutaric acid and 3-hydr-

oxyglutaric acid concentrations. Since system y+ (SLC7A1-3) is

only expressed at the blood–brain barrier but not in the liver

(Smith, 2000; Hawkins et al., 2006), additional transport systems

for cationic amino acids must contribute to this effect. Two

mitochondrial transporters mediate dibasic amino acid transport

from the cytosol into the mitochondrial matrix, human mito-

chondrial ornithine carriers 1 and—less active—2 (Fiermonte

et al., 2003). Mitochondrial L-lysine uptake is thought to be

the rate-limiting step in L-lysine oxidation via the saccharopine

pathway (Blemings et al., 1998; Benevenga and Blemings, 2007)

and L-lysine influx via human mitochondrial ornithine carrier 1 is

inhibited by L-arginine and L-ornithine, but less effectively by

their D-isomers or homoarginine (Fiermonte et al., 2003).

Accordingly, our study shows that mitochondrial 14C-L-lysine

uptake in brain and liver of Gcdh�/� and control mice was

strongly reduced by L-arginine. We therefore assume that the

competition between L-lysine and L-arginine at human mitochon-

drial ornithine carrier 1 contributes to reduced glutaric acid and

3-hydroxyglutaric acid levels, especially in the liver.

L-Carnitine is also recommended for the treatment of patients

with glutaric aciduria type I (Kölker et al., 2007a). L-Carnitine

supplementation is thought to improve the outcome of patients

with glutaric aciduria type I by: (i) amplification of the physiologic-

al detoxification of glutaryl-CoA by increased formation of glutar-

ylcarnitine formation thereby replenishing the intracellular free

CoA pool and (ii) prevention of secondary L-carnitine depletion

(Seccombe et al., 1986; Hoffmann et al., 1996; Kölker et al.,

2006a, 2007a; Sauer et al., 2006). Both effects could be shown

in Gcdh�/� mice after carnitine supplementation. We found

no evidence that L-carnitine also reduces cerebral or hepatic

accumulation of glutaric acid and 3-hydroxyglutaric acid.

New insights in cerebral L-lysine
metabolism
Cerebral L-lysine oxidation is poorly understood yet. Based on

studies in bacteria, the first steps of mammalian L-lysine oxidation

were originally believed to be catalyzed by the pipecolate path-

way. Later, discovery of the bifunctional enzyme AASS in mam-

malian mitochondria (Blemings et al., 1994; Sacksteder et al.,

2000) and identification of mutations of this enzyme in familial

hyperlysinaemia suggested the mitochondrial saccharopine path-

way to be the primary route of L-lysine oxidation in most tissues.

Several studies in mice and rats, however, indicate that cerebral

L-lysine oxidation differs from other organs in that the peroxisomal

pipecolate pathway is the major route (Chang, 1976, 1978;

Giacobini et al., 1980; Rao et al., 1993; Ijlst et al., 2000).

Since our study aimed to therapeutically modulate cerebral

L-lysine oxidation, we investigated the activity of involved

enzymes. AASS activity is known to be upregulated by high

protein diet (Blemings et al., 1998; Sacksteder et al., 2000), glu-

cagon (Scislowski et al., 1994) and starvation (Papes et al., 1999).

In our study we show that reduction of L-lysine intake to minimal

dietary requirements did not upregulate AASS. This is an important

finding since upregulated AASS would counteract the dietary aim

of reducing L-lysine oxidation. In contrast to the liver, we did not

detect AASS in brain mitochondria. The lack of cerebral AASS

virtually excludes a significant role of the saccharopine pathway

of L-lysine oxidation in the brain. This may explain why inherited

deficiency of AASS causing familial hyperlysinaemia does not pro-

duce a neurological phenotype in affected individuals (Sacksteder

et al., 2000). Furthermore, our finding of a lack of cerebral AASS

necessitates a thorough revision of the proposed mechanism

underlying cerebral injury in weanling Gcdh�/� mice due to

high-lysine diet. It was speculated that increased cerebral L-lysine

influx enhances saccharopine formation and thus 2-oxoglutarate

depletion (Zinnanti et al., 2007). However, based on our results,

enhanced saccharopine formation is likely to occur in liver but not

in brain.

The absence of detectable AASS activity in brain mitochondria is

in contrast to relatively high activities of the following enzymatic

steps, i.e. AASDH, AADAT and OGDHc. Therefore we tested

whether the pipecolate pathway of L-lysine degradation is active

in brain. L-Pipecolate oxidase is the key enzyme of this pathway

(Ijlst et al., 2000) and is characterized by a species-dependent

subcellular localization. Mitochondrial L-pipecolate oxidase activity

was demonstrated in liver and brain of rabbit, guinea pig, pig, dog

and sheep (Mihalik and Rhead, 1991), peroxisomal L-pipecolate

oxidase activity was found in liver of monkey and man (Mihalik

and Rhead, 1989; Singh et al., 1989; Mihalik et al., 1991; Rao

and Chang, 1992) and in rats it was detected in mitochondria and

peroxisomes (Rao et al., 1993). Surprisingly, little is known about

the murine enzyme. Our study provides evidence for L-pipecolate

oxidase localized in peroxisomes of mouse brain. In context with

the lack of AASS activity, our data suggest that cerebral L-lysine

oxidation is initiated by the pipecolate pathway.

To upregulate the peroxisomal L-pipecolate oxidation, we

administered the peroxisome proliferator-activated receptor-alpha
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agonist clofibrate to Gcdh�/� mice assuming that this treatment

should increase glutaric acid production. Surprisingly, clofibrate

treatment decreased glutaric acid concentrations. This finding sug-

gests concomitant upregulation of a peroxisomal glutaryl-CoA

degradation pathway by clofibrate. The notion of peroxisomal

glutaryl-CoA oxidation is underlined by the existence of the per-

oxisomal acyl-CoA thioesterases 4 and 8 with chain-length speci-

ficity for medium-chain dicarboxyl-CoA esters, such as

succinyl-CoA and glutaryl-CoA (Sacksteder et al., 1999; Westin

et al., 2005). Furthermore, glutaryl-CoA can be oxidized by the

inducible acyl-CoA oxidase I (van Veldhoven et al., 1992;

Wanders et al., 1993), an enzyme that was strongly induced

after clofibrate treatment in Gcdh�/� mice. Upregulation of an

alternative peroxisomal glutaryl-CoA catabolism may provide a

novel therapeutic option that should be further studied.

The enzymatic steps leading to pipecolate formation in

mammalian cells are still unknown. In this context, a recent

study by Struys and Jakobs (2010) on L-lysine oxidation in fibro-

blasts of patients with pyridoxine-dependent epilepsy suggested

that pipecolate is formed via an unspecific mechanism from

2-aminoadipate semialdehyde and does not directly derive from

L-lysine, suggesting that L-pipecolate oxidase is a metabolite repair

Figure 8 Discrepant cerebral and hepatic L-lysine oxidation pathways and proposed mechanisms of their therapeutic modulation. Based

on our findings in Gcdh�/� mice, we propose that L-lysine oxidation differs in liver (left) and brain (right). The mitochondrial saccharopine

pathway is the major route in the liver, whereas the peroxisomal pipecolate pathway is the major route in the brain. After mitochondrial

(saccharopine pathway) or peroxisomal (pipecolate pathway) initiation of L-lysine oxidation, both branches converge in

2-aminoadipic-6-semialdehyde and then follow the same distal route. Cerebral L-lysine oxidation is best described by a three-compartment

model (peroxisome, cytosol, mitochondrion), whereas in the liver L-lysine oxidation is merely a two-compartment model (mitochondrion,

cytosol). However, the peroxisomal compartment can be activated by clofibrate treatment. In Gcdh�/� mice, L-lysine oxidation and

the formation of neurotoxic metabolites can be modulated by: (i) reduction of the precursor amino acid L-lysine by low L-lysine diet;

(ii) competition between L-arginine and L-lysine at the mitochondrial membrane and the blood–brain barrier and (iii) enhanced formation

of glutarylcarnitine from glutaryl-CoA by L-carnitine supplementation. Furthermore, clofibrate pre-treatment reduces glutaric acid

concentration. The underlying mechanism of this effect is still unknown, however, upregulation of peroxisomal glutaryl-CoA oxidation

via acyl-CoA thioesterases and inducible acyl-CoA oxidase I is a putative explanation. Blue lines highlight the proposed major pathways

of L-lysine breakdown in brain and liver, therapeutic means and proposed targets are highlighted in red. 3OHGA = 3-hydroxyglutaric acid;

C5DC = glutarylcarnitine; GA = glutaric acid; ORC = human mitochondrial ornithine carriers 1 and 2; PIPOX = pipecolate oxidase; PPAR =

peroxisome proliferator-activated receptor-alpha; TCA cycle = tricarboxylic acid cycle; y+ = system y+ of the blood–brain barrier.
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enzyme. However, these experiments have been performed in

fibroblasts and do not necessarily reflect the cerebral and hepatic

L-lysine oxidation. Furthermore, the proposed mechanism does not

explain why hyperpipecolataemia is found in patients with in-

herited AASS deficiency (Dancis and Hutzler, 1986). In this con-

dition, 2-aminoadipate semialdehyde cannot be formed due to the

lack of AASS. In addition, a study by Murthy and colleagues

(1999) provides evidence for the enzymatic formation of

delta-1-piperidine-2-carboxylate, the precursor of pipecolate, in

mouse brain.

In conclusion, we demonstrate for the first time that low L-lysine

diet decreases cerebral and hepatic concentrations of glutaric acid

and glutarylcarnitine, and that L-arginine supplementation ampli-

fies this effect due to competition with L-lysine at dibasic amino

acid transporters, including system y+ at the blood–brain barrier

and mitochondrial L-ornithine carriers 1 (and 2). Supplementary

Table 4 shows how these results could be translated to improved

dietary treatment for patients with glutaric aciduria type I, which

remains to be tested in clinical trials. Furthermore, we provide

evidence that the peroxisomal pipecolate pathway but not the

mitochondrial saccharopine pathway initiates L-lysine oxidation in

the brain. In addition, our study indicates that glutaric acid can be

degraded in peroxisomes and that this pathway is enhanced by

peroxisome proliferator-activated receptor-alpha activation, sug-

gesting novel approaches to treatment may be possible via

pharmacologic manipulation of alternative metabolic pathways.

A synopsis of discrepant cerebral and hepatic L-lysine oxidation

pathways as well as the proposed mechanisms of their therapeutic

modulation is shown in Fig. 8.
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