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Abstract 

Glutaric aciduria type I (GA-I) is a rare organic aciduria caused by the autosomal recessive inherited 

deficiency of glutaryl-CoA dehydrogenase (GCDH). GCDH deficiency leads to disruption of L-lysine 

degradation with characteristic accumulation of glutarylcarnitine and neurotoxic glutaric acid (GA), 

glutaryl-CoA, 3-hydroxyglutaric acid (3-OHGA). DHTKD1 acts upstream of GCDH, and its 

deficiency leads to none or often mild clinical phenotype in humans, 2-aminoadipic 2-oxoadipic 

aciduria. We hypothesized that inhibition of DHTKD1 may prevent the accumulation of neurotoxic 

dicarboxylic metabolites suggesting DHTKD1 inhibition as a possible treatment strategy for GA-I. In 

order to validate this hypothesis we took advantage of an existing GA-I (Gcdh
-/-

) mouse model and 

established a Dhtkd1 deficient mouse model. Both models reproduced the biochemical and clinical 

phenotype observed in patients. Under challenging conditions of a high lysine diet, only Gcdh
-/- 

mice 

but not Dhtkd1
-/-

 mice developed clinical symptoms such as lethargic behaviour and weight loss. 

However, the genetic Dhtkd1 inhibition in Dhtkd1
-/-

/Gcdh
-/-

 mice could not rescue the GA-I 

phenotype. Biochemical results confirm this finding with double knockout mice showing similar 

metabolite accumulations as Gcdh
-/-

 mice with high GA in brain and liver. This suggests that 

DHTKD1 inhibition alone is not sufficient to treat GA-I, but instead a more complex strategy is 

needed. Our data highlights the many unresolved questions within the L-lysine degradation pathway 

and provides evidence for a so far unknown mechanism leading to glutaryl-CoA.  
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Graphical abstract 
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1. Introduction 

Glutaric aciduria type I (GA-I; MIM # 231670) is an autosomal recessive metabolic disorder of the 

final degradative pathway of L-lysine, L-hydroxylysine and L-tryptophan caused by deficiency of 

glutaryl-CoA dehydrogenase (GCDH; EC 1.3.99.7). The estimated prevalence of GA-I is about 

1:110,000 newborns [1] with a significantly higher frequency in known high risk populations [2] [3] 

[4] [5] [6]. GCDH deficiency leads to an accumulation of the toxic metabolites glutaryl-CoA, glutaric 

acid (GA) and 3-hydroxyglutaric acid (3-OH-GA) as well as of non-toxic glutarylcarnitine (C5DC). 

Characteristically, untreated patients develop acute or insidious onset striatal damage and, 

subsequently, a complex movement disorder with predominant dystonia, most commonly between age 

3 and 36 months [5] [7].  

The neuropathogenesis of GA-I is attributed to (1) overstimulation of glutamatergic 

neurotransmission by 3-OH-GA [8] [9]; (2) inhibition of 2-oxoglutarate dehydrogenase complex in 

the tricarboxylic acid cycle by glutaryl-CoA [10]; (3) inhibition of the astrocyte-neuron dicarboxylic 

shuttle by GA and - less pronounced - by 3-OH-GA [11]; and (4) disturbance of cerebral 

hemodynamics resulting in expanded cerebrospinal fluid volume [12]. The prerequisite of these 

neurotoxic mechanism is that the toxic metabolites are de novo synthesized and, subsequently, trapped 

in the brain compartment due to very limited efflux across the blood-brain barrier [13] [14] [15]. 

Gcdh knockout mice (Gcdh
-/-

) have a complete loss of Gcdh and biochemically resemble GA-I 

patients but do not spontaneously develop a clinical phenotype, and striatal damage cannot be 

triggered by catabolic stress [16] [17]. A neurological phenotype can be induced by feeding high 

lysine diet resulting in massive cerebral accumulation of toxic metabolites and death [18]. The 

severity of the induced biochemical and clinical phenotype is modulated by gender, genetic 

background, and daily oral lysine supply [19].  

In patients, striatal damage can be prevented if affected individuals are diagnosed before the 

onset of irreversible neurologic symptoms and treated by low lysine diet, carnitine supplementation 

and, on demand, emergency treatment (during episodes that are likely to induce catabolism) [1] [20]. 
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In analogy, the same therapeutic means have been shown to reduce cerebral toxin accumulation and 

prevent systemic carnitine depletion in Gcdh
-/-

 mice [17] [18]. 

Even though this metabolic treatment is thought to be safe [21] and effective [1], a significant 

number of patients still suffer from striatal damage despite early diagnosis and treatment, in particular 

if they are not treated according to recent guideline recommendations [1] [22]. Further, there is strong 

evidence that extrastriatal changes may increase with age despite early diagnosis and treatment, i.e. in 

white matter of individuals with a high excretor phenotype [23] [24]. In addition, recent studies report 

on mass lesions in the white matter reminiscent of tumorigenesis, peripheral polyneuropathy, and the 

manifestation of chronic renal failure in adulthood [25] [26]. This highlights that chronic toxicity after 

the vulnerable period of acute and insidious striatal damage is ongoing involving other parts of the 

brain and other organs. In addition, chronic epigenetic stress induced by enhanced protein 

glutarylation has been described [27]. All these findings clearly highlight the need for optimization of 

the current treatment regimen.  

2-Aminoadipic and 2-oxoadipic aciduria (OMIM # 204750; Figure 1) is another inborn error of 

L-lysine degradation. To date, not more than 30 affected individuals have been identified. The 

spectrum of clinical presentations comprises asymptomatic subjects, mild neurological phenotypes but 

also severe intellectual disability. Since not all individual with the full biochemical phenotype present 

with symptoms additional modifiers might be involved. The variable and unspecific presentation 

could also argue for a sampling bias, since plasma amino acid and urinary organic acid analyses are 

often performed in patients with neurological abnormalities. However, the causal link between the 

biochemical and clinical findings is still unclear [28] [29] [30] [31]. 

We recently elucidated the molecular basis of this disorder using whole exome sequencing [30] 

and identified pathogenic biallelic mutations in DHTKD1 (dehydrogenase E1 and transketolase 

domain containing 1). The genetic association with the biochemical phenotype have been confirmed 

by [30] and [31]. Moreover, lentiviral overexpression of wildtype DHTKD1 cDNA in patient 

fibroblasts rescued the biochemical phenotype confirming that DHTKD1 is indeed involved in the 
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breakdown of 2-oxoadipate [30]. DHTKD1 is an isoform of 2-oxoglutarate dehydrogenase which in 

turn is the E1 subunit of 2-oxoglutarate dehydrogenase complex (OGDHc). Our results suggest that 

DHTKD1 is part of an alternative OGDH-like complex catalyzing the decarboxylation of 2-

oxoadipate to glutaryl-CoA [32]. Glutaryl-CoA is substrate of GCDH and precursor of toxic GA and 

3-OH-GA. Therefore, we hypothesized that pharmacologic inhibition of DHTKD1 will be a 

promising novel therapy for GA-I patients. By this strategy, the accumulation of neurotoxic 

dicarboxylic metabolites of GA-I patients should be reduced or even prevented. A similar approach 

has been established for tyrosinemia type I caused by inherited deficiency of fumarylacetoacetase and 

patients presenting with severe hepatorenal symptoms. Today, application of nitisinone, a reversible 

inhibitor of 4-hydroxyphenylpyruvate dioxygenase [33], blocking an enzyme located two enzymatic 

steps proximal of fumarylacetoacetase in the tyrosine catabolic pathway, is the pharmacological gold 

standard treatment for affected patients.  
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Abbrevations 

2-oxoglutarate dehydrogenase complex (OGDHc), 2-oxoglutarate dehydrogenase-like (OGDHL), 3-

Hydroxyglutaric acid (3-OHGA), aminoadipate (AA), dehydrogenase E1 and transketolase domain 

containing 1 (DHTKD1), glutaric acid (GA), glutaric aciduria type I (GA-I), glutarylcarnitine (CD5), 

oxoadipic acid (OA), glutary-CoA dehydrogenase (GCDH), gas chromatography/mass spectrometry 

(GC/MS ), transcription activator-like effector nucleases (TALEN),  
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2. Material and methods 

2.1 Generation of Dhtkd1
-/-

 mice 

Dhtkd1
-/-

 mice were generated using the transcription activator-like effector nucleases (TALEN) 

approach according to established protocols [34] . The system was designed to introduce mutations in 

Exon 7 of Dhtkd1. Females of the inbred strain FVB were used as embryo donors and mated with 

C57Bl/6N males. Resulting fertilized oozytes were collected and TALENs injected into the larger 

(male) pronucleus. Injected embryos were reimplanted into pseudopregnant CD-1 foster mothers, 

giving birth to animals with a FVB and C57Bl/6N mixed background. Sanger sequencing using the 

following primers identified a 19bp deletion in mutant animals (fw- 

ATGATAGCCCATGGCAACTG; rev- GTGGAGAGAGAGGAGGAGGG).  

2.2 Clinical characterization of Dhtkd1
-/-

 mice 

The SHIRPA protocol (SmithKline Beecham, Harwell, Imperial College, Royal London Hospital, 

phenotype assessment [35]) was performed to monitor neurobehavioral abnormalities. Its modified 

scope was used, as suggested by Masuya and colleagues [36]. Locomotor activity was measured by 

counting quadrants within an arena travelled by an animal within 30 seconds. Body position was 

scored when placing the animals into a viewing jar. Inactive behavior was scored as 0, active behavior 

as 1 and excessively active behavior as 2. Occurrence of tremor was analysed by observation of 

forepaws while lifting the mouse by the tail. Transfer arousal was scored after placing the mouse into 

the middle of an arena. If the animal showed a prolongued freeze of movement during the first 5 

seconds, a 0 was scored. For a brief freeze a 1 was scored and for immediate movement the score 2 

was assigned. Touch escape was scored while a finger approached the mouse frontally. When no 

response was shown at all, a 0 was scored, a response to touch scored as 1 and fleeing prior to touch 

scored with 2. Grip strength was measured using a grip strength meter in triplicate with either 

forepaws only or all paws holding onto the grid. Inverted grid analysis was performed until a 

maximum of 30 seconds. Animals were set onto a standard grid and turned upside down. Falling off 

the grid was assessed for 30 seconds upon turning of the grid. Balance Beam was measured in 
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triplicate on beams of 60 cm length and differing shapes with beam 1 (round with 22mm) and beam 2 

(rectangular with 7mm diameter).  

2.3 High-lysine diet 

Animals were set on high-lysine diet at the age of 37.7 days (sd ± 5.4, range 28 to 46 days. L-lysine 

load varied with either chow containing 4.7% lysine (Harlan Laboratories) to 235 mg (chow) or 376 

mg (chow + water) daily intake [19]. Treated animals were sacrificed after 40.4 hrs (sd ± 4.9, range 

28 to 50 hrs) on diet depending on their clinical appearance. The experiment was finalized if a critical 

weight loss of more than 15% was achieved.  

2.4 Preparation of tissue homogenates 

Mice were sacrificed at postnatal day 40 (± 10 days). Tissues (brain, liver) were withdrawn, chilled on 

liquid nitrogen immediately and stored at -80 °C. Before preparation, tissues were thawed on ice in 

RC buffer (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) with a Potter Elvehjem system (Fisher Scientific, 

Schwerte, Germany) using a size that allows the disruption of cell membranes but not organelles, and 

subcellular fractions were prepared. For preparation of “mitochondria-enriched” fractions, first cell 

debris and nuclei were removed by centrifuging the homogenates at 600xg, 4°C for 10 min. Next, the 

600xg supernatant was centrifuged 10 min, 4°C at 3,500xg and the pellet used as “mitochondria-

enriched” fractions [37]. Protein was determined according to [38] with modifications [39] using 

bovine serum albumin as a standard. 

 

2.5 Quantitative analysis of glutaric, 2-oxoadipic, and 2-aminoadipic acid  

GA, 2-OA, and 2-AA were detected in tissue homogenates from mice using quantitative GC/MS with 

stable-isotope dilution assay as described by Sham [40] with minor modifications. For liquid-liquid 

extraction 1000 µL of the suspension were used. Briefly, 10 µL each of 1 mmol/L stable isotope-

labeled d4-GA and d4-nitrophenol (Cambridge Isotope Laboratories, Inc., Andover, MA, USA) were 

added as internal standards respectively. Samples were acidified with 300 µL of 5M HCl and after 
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addition of solid sodium chloride extracted twice with 5 mL ethylacetate each time. The combined 

ethylacetate fractions were dried over sodium sulfate and then dried down at 40 °C under a stream of 

nitrogen. Samples were then derivatized with N-methyl-N-(trimethylsilyl)heptafluorobutyramide 

(MSHFBA, Macherey-Nagel, Düren, Germany) for 1 h at 60 °C. For GC/MS analysis, the quadrupole 

mass spectrometer MSD 5975A (Agilent, Santa Rosa, CA, USA) was run in the selective ion-

monitoring mode with electron impact ionization. Gas chromatographic separation was achieved on a 

capillary column (DB-5MS, 30 m × 0.25 mm; film thickness: 0.25; J&W Scientific, Folsom, CA, 

USA) using helium as a carrier gas. A volume of 1 µL of the derivatized sample was injected in 

splitless mode. GC temperature parameters were 80 °C for 2 min, ramp 50 °C/min to 150 °C, ramp 

10°C/min to 300 °C, and hold for 2 min at 300 °C. Injector temperature was set to 280 °C and 

interface temperature to 290 °C.  

Fragment ions for quantification were m/z 261 (GA), m/z 265 (d4-GA), m/z 302 (2-oxoadipic acid). A 

dwell time of 50 ms was used. Results were normalized to the total protein content  

 

2.6 Quantitative analysis of glutarylcarnitine 

C5DC concentrations were measured in tissue homogenates (600×g supernatant) by electronspray 

ionization tandem mass spectrometry according to a method, which was previously described [13]. In 

brief, 100 µg tissue samples were added into a single well of a 96-well microtiter filter plate to which 

100 µL of a methanol stock solution of internal deuterated standards were added. After 20 min, the 

samples were centrifuged and the eluate was evaporated to dryness, reconstituted in 60 µL of 3 N 

HCl/butanol, placed in sealed microtiter plates, and incubated at 65 °C for 15 min. The resulting 

mixtures were dried, and each residue was finally reconstituted in 100 µL solvent of 

acetonitrile/water/formic acid (50:50:0.025 v/v/v). A PE 200 autosampler transferred 20 µL of each 

into the collision cell at a solvent flow rate of 40 µL/min using a PE 200 high performance liquid 

chromatography pump. All acylcarnitines were measured by positive precursor ion scan of m/z 85 

(scan range m/z: 225–502) and quantified against appropriate deuterated standards with concentrations 

expressed as µmol/L. 
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2.7 Western blot analysis 

For western blotting “mitochondria-enriched” fractions from livers (see section 2.4) were used and 

dissolved in RIPA buffer. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS–PAGE) and transferred to polyvinylidene fluoride membranes by 

electroblotting. Western blot analysis was performed with a goat polyclonal antibody generated 

against human DHTKD1 (diluted in 5% milk in TBST; 1:500) and a horseradish peroxidase 

conjugated secondary antibody (diluted in 5% milk in TBST; 1:2000), visualized by enhanced 

chemiluminescence.  

 

2.8 Ethics Statement 

Mouse experiments and husbandry comply with the EU Directive 2010/63/EU for animal experiments 

and were carried out with approval of the responsible animal welfare authority, Regierung von 

Oberbayern, Germany (reference numbers: 55.2-1-54-2532-159-2015 and 55.2-1-54-2532-31-2014).  
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3. Results 

3.1 Generation of a Dhtkd1
-/-

 mouse via TALENs 

A Dhtkd1
-/-

 mouse was generated using the TALEN approach as described by Wefers [32]. Human 

mutations were identified in exons 1, 7 and 13 of DHTKD1 (figure 1, [32]). We targeted exon 7 for a 

deletion, which was predicted to generate a frame shift and lead to a truncated protein lacking the 

active site. TALEN-injected offspring mice were genotyped via Sanger sequencing of Dhtkd1 exon 7. 

A 19bp deletion was identified in a founder mouse. It is predicted to lead to a premature stop codon at 

amino acid 431. This Dhtkd1
-/-

 mouse genetically resembling the patient variant p.Arg410*, was 

selected for further characterisation. Dhtkd1 immune-decoration experiments using liver tissue 

detected Dhtkd1 in control mice, but revealed no signal in the Dhtkd1
-/-

 mouse model, confirming the 

loss of function character of the 19bp deletion (Figure 1).  
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Figure 1: Generation of Dhtkd1
-/-

 mice based on human data. A Genomic structure of human DHTKD1 was 

taken from the Genome Browser (GRCh38/hg38) with coding exons and UTR’s (blue boxes). Known mutations 

in humans [32] [30] are added at corresponding amino acids. B Protein structure of human DHTKD1 with 

functional domains and posttranslational modifications as predicted by Pfam and Bunik [41]. C Sanger 

sequencing results from a wildtype and a homozygous knockout mouse indicating the 19bp deletion. ExPASy 

software predicts a premature stop codon at amino acid 431. D The blot shows the presence of the Dhtkd1 band 

in wildtype but not in Dhtkd1
-/-

 mouse tissue homogenate. 50 µg of protein was loaded in a 10% gel and β-actin 

was used as a loading control. 
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3.2 Characterization of the Dhtkd1
-/-

 mouse 

To characterize the neuro-behaviour of Dhtkd1
-/-

 mice we performed a modified SHIRPA protocol, 

grip strength analysis, inverted grid and balance beam at the age of 3 months. We did not identify any 

clinical differences between genotypes (Figure 2). The nominally significant p-value for touch escape 

is insignificant after correction for multiple testing. Altogether the results are in line with the clinical 

phenotype of the yet identified DHTKD1 patients and support a mild or asymptomatic presentation. 

We next asked if the loss of DHTKD1 in mice also leads to the accumulation of 2-OA and 2-AA. 

Indeed, we found increased 2-OA accumulation in liver of Dhtkd1 KO, whereas cerebral levels did 

not differ from control mice (Figure 3). The latter, somewhat unexpected finding is most likely due to 

the generally very low brain 2-OA levels which are close to the detection limit of our method. In 

contrast, 2-AA was strongly increased in both tissues (Figure 3C). As expected we could not detect 

accumulation of GA in liver and brain. In summary, Dhtkd1
-/-

 mice reproduce the clinical and 

biochemical phenotype of affected patients. 
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Figure 2: Clinical characterization confirmed non-disease status of Dhtkd1
-/-

 in mice. Modified SHIRPA 

analysis as well as grip strength, inverted grid and balance beam was performed with heterozygous Dhtkd1
+/-

 

animals as controls (WT=8), homozygous Dhtkd1
-/-

 animals (D=8), homozygous Gcdh
-/-

 animals (G=7) and 

double knockout animals (GD=8); n=31 (all male at the age of 3 months). A) Body weight, B) Locomotor 

activity, C) Body position, D) Tremor, E) Transfer arousal, F) Touch escape, G) Grip strength, H) Inverted grid 

I), Balance Beam on beam 1 (data 2nd beam not shown but no genotype-specific difference). There were no 

differences in foot slips, number of falls and stops on neither beam (data not shown). Other observations such as 

gait, tail elevation, clickbox, trunk curl, limb grasping and urination were without any genotype-specific 

differences (data not shown). Bars indicate standard deviation; * t-test: p < 0.05. Statistically significant 

differences are indicated between D and all other genotypic groups.  
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Figure 3: Dhtkd1 knockout results in OA accumulation but does not reduce GA in the Gcdh
-/-

 model. 

Biochemical analyses of Gcdh
-/-

/Dhtkd1
-/-

 mouse line on normal or high-lysine diet compared to wildtype and 

single knock-out lines. Oxoadipate (OA), glutaric acid (GA), aminoadipic acid (AA) and glutarylcarnitine 

(CD5) levels are described in A) brain tissue and B) liver tissue. No diet = normal diet (age of 39.2 days (sd ± 

7.7)); chow 4.7% = high lysine in chow (age of 39.7 days (sd ± 3.5)); chow+water = high lysine in chow and 

water (age of 36.2 days (sd ± 4.8)); G= Gcdh, D= Dhtkd1, n≥5 for GA and OA; n=3-4 for AA and CD5; bars 

indicate standard deviation.  

 

3.3 Generation and characterization of Dhtkd1
-/-

/Gcdh
-/-

 mice 

In order to test whether inhibition of Dhtkd1 can attenuate the Gcdh knockout phenotype, the well 

characterised Gcdh deficient mouse line [16] was crossed with the newly generated Dhtkd1
-/-

 line. 

After several generations of inbreeding, we obtained double knockout animals homozygous for both 

Dhtkd1 and Gcdh. The resulting mice harboured a mixed genetic background based on C57Bl/6 

(37.5%), FVB (12.5%) and Sv129 (50%). We next generated age-matched animals of four different 

genotypes, i.e. Dhtkd1
+/+

/Gcdh
+/+

, Dhtkd1
-/-

/Gcdh
+/+

, Dhtkd1
+/+

/Gcdh
-/-

, and Dhtkd1
-/-

/Gcdh
-/-

. Under 

standard conditions we observed a clinical phenotype in Dhtkd1
+/+

/Gcdh
-/-

 and Dhtkd1
-/-

/Gcdh
-/-

 mice 

at 3 months of age (figure 2). After correction for multiple testing, only Gcdh
-/-

 animals are 
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significantly slower than Dhtkd1
-/-

 and WT at traversing a beam. When following the mouse lines 

(n=375 animals of different genotypes) until the age of 180 days, we did not detect any signs of illness 

in the cohort. After a mean age of 250 days, only one (Dhtkd1
-/-

/Gcdh
-/+

) died at 214 days (data not 

shown). 

 

3.4 Dhtkd1 knockout is not able to rescue the clinical phenotype of Gcdh deficient mice  

In Gcdh
-/-

 mice, a clinical and more pronounced biochemical phenotype can be induced by increased 

lysine diet [19] [18]. To test our hypothesis that Dhtkd1 knockout rescues the clinical and biochemical 

phenotype of Gcdh deficiency, we followed three treatment regimens; normal diet, diet with 4.7% 

lysine in chow, and diet with 4.7% lysine in both water and chow according to a previous study [19]. 

Weight change upon diet was defined as primary and behavioral abnormality as secondary clinical 

outcome measure. 24 hours after the start of diet none of the wildtype, one of seven Dhtkd1
-/-

 mice, 

but four of five Gcdh
-/-

 mice displayed the critical weight loss of more than 15% [19]. Unexpectedly, 

all double knockout mice (7/7) showed critical weight loss within 24 hrs resembling Gcdh
-/- 

mice. 

Behavioral abnormality presented as extreme passivity. As depicted in figure 4B, almost all Gcdh
-/-

 

(4/5) and Dhtkd1
-/-

/Gcdh
-/-

 (5/6) showed lethargic behavior after 24 hrs on high-lysine diet, whereas 

only one wildtype (1/7) and two Dhtkd1 knockout animals (2/7) displayed behavioral abnormalities. 

In summary, double knockout mice showed the same vulnerability for increased dietary lysine supply 

as Gcdh
-/-

 mice being in strong contrast to our initial hypothesis.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

18 
 

 

Figure 4: Clinical analysis of Dhtkd1
-/-

/Gcdh
-/-

 mice on low versus high-lysine diet. Clinical analysis at 24 

hrs after start of diet with high-lysine in chow or in chow and water from four different genotypes; A) Critical 

weight loss within 24 hrs was achieved at >15 % loss as compared to diet start. B) Lethargic behaviour was 

assigned when animals, put into an arena moved less than 2 quadrants within 30 s. (no diet/ high-lysine in chow/ 

high-lysine in chow and water). WT = Gcdh
+/+

/Dhtkd1
+/+

 (n = 8/6/7); D:mut = Gcdh
+/+

/Dhtkd1
-/-

 (n = 5/5/7); 

G:mut = Gcdh
-/-

/Dhtkd1
+/+

 (n = 5/5/5); GD:mut = Gcdh
-/-

/Dhtkd1
-/-

 (n = 5/5/6). *Fisher’s Exact test: p < 0.05.  

 

3.5 Dhtkd1 knockout does not prevent GA accumulation due to Gcdh deficiency  

We next asked if the undistinguishable clinical presentation of both Gcdh
-/-

 and Gcdh
-/-

/Dhtkd1
-/-

 mice 

was also reflected on the metabolic level or might be due to an unexpected interaction of the two loss 

of function mutations. To this end we prepared tissue homogenates (liver and brain) of mice 

(genotypes, Dhtkd1
+/+

/Gcdh
+/+

, Dhtkd1
-/-

/Gcdh
+/+

, Dhtkd1
+/+

/Gcdh
-/-

, and Dhtkd1
-/-

/Gcdh
-/-

) under 

standard and high lysine diets and determined GA, 2-OA, and 2-AA levels. 2-OA was increased in 

Dhtkd1
-/-

 and Gcdh
-/-

/Dhtkd1
-/-

 mice. 2-AA was accumulating in Dhtkd1
-/-

 and Gcdh
-/-

/Dhtkd1
-/-

 mice 
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on a standard diet and increasing with dietary lysine supply (Figure 3C). As described before [19] 

[18], we confirm that increased dietary lysine supply results in a further rise of GA levels in Gcdh
-/-

 

mice (Figure 3). This effect was not found in wildtype or Dhtkd1 deficient mice. In line with the same 

clinical phenotype of Dhtkd1
-/-

/Gcdh
-/- 

and Gcdh
-/- 

mice on high lysine diet, both animal models 

displayed increased and comparable GA levels in liver and, more importantly, brain. Moreover, we 

even found similar GA levels in Dhtkd1
-/-

/Gcdh
-/- 

and Gcdh
-/- 

mice on a standard diet. CD5 is used in 

newborn screening as metabolic marker for GA-I and initiates the physiological detoxification route 

of accumulating glutaryl-CoA. Indeed, also CD5 was increased in Dhtkd1
-/-

/Gcdh
-/
 mice under high 

lysine (Figure 3). This observation further underlines that loss of Dhtkd1 activity does not rescue 

Gcdh deficiency, neither on biochemical nor clinical level. 
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4. Discussion 

GA-I is an inborn defect of lysine, hydroxylysine and tryptophan metabolism resulting in the 

accumulation of neurotoxic GA and 3-OH-GA as well as glutaryl-CoA. Lysine is the quantitatively 

most relevant precursor of these metabolites [17] [18]. The current treatment regimen for GA-I aims 

to reduce the accumulation of toxic metabolites by low lysine diet, carnitine supplementation and, on 

demand, emergency treatment [1] [20]. Safety and efficacy of this metabolic treatment has been 

shown in patients and Gcdh
-/-

 mice [21] [1]. However, some early diagnosed and treated patients still 

suffer from striatal damage, and extrastriatal changes poorly respond to the current treatment [23] 

[24]. Subependymal mass lesions reminiscent of tumorigenesis, peripheral polyneuropathy, and the 

manifestation of chronic renal failure [25] [26] [42] indicate that the disease course does not halt in 

adults but involves other parts of the brain and additional organs. In total, there is a clear need for 

optimization of the current treatment regimen which we aimed to address in our study.  

We have recently identified mutations of the DHTKD1 gene in patients with 2-aminoadipic and 

2-oxoadipic aciduria, a defect in lysine metabolism upstream of GA-I, which can be tolerated in a 

number of individuals without a severe clinical impairment [30] [31] [32]. Inspired by the treatment 

of tyrosinaemia type 1, which blocks toxic metabolite production by pharmacological inhibition of an 

upstream enzyme (4-hydroxyphenylpyruvate dioxygenase by nitisinone), we postulated that inhibition 

of DHTKD1 will prevent toxic metabolite production in GA-I. To test this hypothesis we generated 

Dhtkd1
-/-

/Gcdh
+/+

 and Dhtkd1
-/-

/Gcdh
-/-

 mice using the TALEN technology and compared their 

biochemical and clinical phenotype with Dhtkd1
+/+

/Gcdh
-/-

 and Dhtkd1
+/+

/Gcdh
+/+

 mice. The 

phenotype of Dhtkd1
-/-

/Gcdh
+/+

 mice was similar to the one of patients with 2-aminoadipic and 2-

oxoadipic aciduria showing increased 2-OA and 2-AA accumulation without a clear clinical 

phenotype [28] [29] [32]. Gcdh
-/- 

mice do not develop spontaneous neurological disease but 

stimulation of toxic metabolite production by high lysine diet induces brain damage similar to 

affected patients ultimately leading to death [19] [18]. Symptomatic mice typically show lethargy and 

dramatic weight loss within 48 h of treatment start. We therefore defined these two parameters as 

clinical and GA accumulation as biochemical endpoints in our study. Unexpectedly, increased dietary 
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lysine supply induced lethargy and weight loss to the same extent in Dhtkd1
+/+

/Gcdh
-/-

 and Dhtkd1
-/-

/Gcdh
-/-

 mice. In line with the toxic metabolite hypothesis, both mouse models were characterized by 

elevated GA levels on a standard diet which were strongly boosted by the high lysine diet. Carnitine 

conjugation is an endogenous route to detoxify accumulating CoA-esters. Similar glutarylcarnitine 

levels in Dhtkd1
-/-

/Gcdh
-/-

 and Dhtkd1
+/+

/Gcdh
-/-

 mice indicate that in both models glutaryl-CoA is 

formed and is a precursor of GA. In summary our data suggests that loss of function mutations in 

Dhtkd1 do not rescue the clinical and biochemical phenotype of Gcdh deficiency. Furthermore, this 

also challenges our current understanding of lysine metabolism. 

Our data suggests at least a second way to form glutaryl-CoA from L-Lysine. L-Lysine 

oxidation (Figure 5) is a complex and yet not completely unravelled metabolic pathway. In mammals, 

the first steps of mitochondrial L-lysine oxidation are catalysed by the bifunctional enzyme 2-

aminoadipate semialdehyde synthase (AASS) being localized in the mitochondrial matrix [43]. An 

alternative route via the pipecolate pathway has been postulated to initiate lysine oxidation in brain 

[17] [44] [45] [46] [47]. Both pathways are suggested to converge in 2-aminoadipate semialdehyde, 

which is further metabolized by 2-aminoadipate semialdehyde dehydrogenase (AASDH) and 2-

aminoadipate aminotransferase in 2-oxoadipate (AADAT; [48]). However, two recent publications 

challenge this concept. The mitochondrial pathway is initiated by ε-deamination of lysine, whereas 

the peroxisomal route requires removal of the ammonia group in α-position. Two recent studies 

accordingly showed that in mice injection of L-[α-
15

 N]lysine leads to enrichment of L-[α-

15
 N]aminoadipate and of L-[ε-

15
 N]lysine to enrichment of L-[ε-

15
 N]pipecolate - in liver and brain 

[49] [50]. However, both studies failed to detect L-[ε-
15

 N]aminoadipate which would be produced if 

mitochondrial and peroxisomal lysine degradation indeed converged in 2-aminoadipate semialdehyde 

suggesting that L-pipecolate is further metabolized by a yet unknown pathway [49] [50] – which 

could ultimately result in GA formation. Finally, conversion of 2-oxoadipate to glutaryl-CoA is 

thought to be catalysed by an alternative 2-oxoglutarate dehydrogenase complex containing DHTKD1 

(OGDHc-like; [32]). OGDHc has also been shown to catalyze this reaction, though its affinity to 2-

oxoadipate is three times lower compared to 2-oxoglutarate [17] [51] [52]. Moreover, there is a third 
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paralog of the E1 subunit, OGDHL [41]. Little is known about this protein; it is highly expressed in 

brain and has similar substrate specificity as OGDH.  

Based on the aforementioned lysine metabolism pathway, GA in Dhtkd1
-/-

/Gcdh
-/-

 mice may 

derive from the pipecolate pathway or, alternately, OGDHc or OGDHL may substitute for the loss of 

DHTKD1 activity. The pipecolate pathway is at least in liver of minor importance and no up-

regulation has been found in Gcdh
-/-

 mice [49], which could explain the unchanged GA levels in 

Dhtkd1
-/-

/Gcdh
-/-

 mice. Moreover, we did not observe an increase of hepatic L-pipecolate levels in 

Dhtkd1
-/-

/Gcdh
-/- 

mice (0.2 ± 0.05 nmol/mg protein) in comparison to Dhtkd
-/-

/Gcdh
+/+

 or 

Dhtkd1
+/+

/Gcdh
+/+

 mice (0.11 ± 0.07 and 0.20 ± 0.06 nmol/mg protein respectively) if fed a high 

lysine diet. This finding speaks against the pipecolate pathway proving precursors for GA synthesis.  

Glutaric aciduria type 3 is a nondisease also characterized by GA accumulation due to 

pathogenic mutations of succinyl-CoA:glutarate-CoA transferase [53]. In contrast to GA-I, patients do 

not display elevated glutarylcarnitine levels indicating that GA is directly produced in a yet unknown 

metabolic pathway omitting the step of CoA-conjugation or may derive from gut bacteria. This 

finding led to the conclusion that the pathomechanism in GA-I is indeed linked to increased glutaryl-

CoA generation. Accumulation of glutarylcarnitine in combination with the severe clinical phenotype 

of Dhtkd1
-/-

/Gcdh
-/-

 mice on a high lysine diet therefore speak in favour of OGDHc or OGDHc 

containing OGDHL, at least partially replacing the loss of function of DHTKD1. The accumulation of 

2-AA and 2-OA in Dhtkd1
-/- 

mice is mild compared to GA levels in Gcdh
-/-

 mice, suggesting that there 

is indeed an alternative route partly bypassing the defect Dhtkd1 complex. Our results suggest, that as 

a therapeutic approach, pharmacologic inhibition of Dhtkd1 is not sufficient in GA-I patients to 

prevent the manifestation of brain damage. Instead, a more complex approach is required.  
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Figure 5 Synopsis of L-lysine metabolism. Mammalian L-lysine oxidation can start with the mitochondrial 

bifunctional enzyme 2-aminoadipate semialdehyde synthase (AASS) [43] or happen in the peroxisomal 

pipecolate pathway [17] [44] [45] [46]. Both pathways are thought to converge in 2-aminoadipate semialdehyde, 

which is further metabolized by 2-aminoadipate semialdehyde dehydrogenase (AASDH) and 2-aminoadipate 

aminotransferase in 2-oxoadipate (AADAT). Two recent studies challenge this notion [49] [50] and suggest that 

L-pipecolate is further metabolized by a yet unknown pathway which may lead to GA production. 2-Oxoadipate 

can be converted to glutaryl-CoA by a) 2-oxoglutarate dehydrogenase complex containing DHTKD1 (OGDHc-

like; [32]), b) by OGDHc though with a three times lower substrate affinity compared to 2-oxoglutarate [17], or 

c) OGDHL [41] a yet poorly studied paralogue of OGDH. GA itself can be converted to glutaryl-CoA by 

succinyl-CoA:glutarate-CoA transferase (SUGCT). If applicable, OMIM numbers are depicted next to the 

respective enzyme; OMIM #238700 – hyperlysinemia type I, #266100 – pyridoxine dependent epilepsy, 

#204750 – 2-aminoadipic 2-oxoadipic aciduria, #231670 – glutaric aciduria I; #231690 – glutaric aciduria III. 
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