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Glutaric aciduria type 1 is caused by inherited deficiency of glutaryl-CoA dehydrogenase and
subsequent accumulation of neurotoxic metabolites. Clinically, the disease is characterized by striatal
damage and dystonic movement disorder in untreated infants. Despite newborn screening and
pre-symptomatic therapy start, about one-third of patients still develop neurological symptoms.
Furthermore, progressive white matter changes and chronic kidney disease highlights the need for
improved therapies. To elucidate the potential of substrate reduction therapy for GA1 we investigated
whether aminoadipate-semialdehyde synthetase, the first enzyme of the lysine oxidation pathway,
could serve as therapeutic target. Therefore, we studied whether Gcdh knockout (KO) mice, a known
animal model for GA1, were rescued by additional knockout of Aass. Gcdh/Aass KO mice were clinically
indistinguishable from wild-type mice and showed a marked reduction of glutaric acid in brain (20.9 pg/
mg protein vs. 59.2 pg/mg protein; p=0.001), liver (23.5 pg/mg protein vs. 104.8 pg/mg protein;
p=0.001), and urine (11.9 mol/mol creatinine vs. 166.5 mol/mol creatinine; p=0.001). The effect was
less pronounced for 3-hydroxyglutaric acid. Unlike Gedh KO mice, Gcdh/Aass KO mice did not develop
a severe phenotype under high-lysine diet. In conclusion, knockout of Aass partially rescues the severe
phenotype of Gecdh KO mice, providing a potential therapeutic target.
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Abbreviations

30HGA 3-hydroxyglutaric acid

AASS Aminoadipate-semialdehyde synthase
CoA Coenzyme A

DHTKD1  Dehydrogenase E1 and transketolase domain-containing protein 1
FAD Flavin adenine dinucleotide

GA Glutaric acid

GAl Glutaric aciduria type 1

GCDH Glutaryl-CoA dehydrogenase

HE High excreter

HLD High-lysine diet

KO Knockout

LE Low excreter

LOR Lysine-2-oxoglutarate reductase

SDH Saccharopine dehydrogenase

NBS Newborn screening

WT Wild-type

Glutaric aciduria type 1 (GA1; MIM #231670) is a rare neurometabolic disorder caused by biallelic pathogenic
variants in the GCDH gene, localized on chromosome 19p13.13, which results in deficiency of glutaryl-CoA
dehydrogenase (GCDH; EC 1.3.8.6), a mitochondrial flavin adenine dinucleotide (FAD)-dependent enzyme. This
enzyme is involved in the degradation of L-lysine, L-hydroxylysine, and L-tryptophan (Fig. 1). Biochemically,
GCDH deficiency leads to the accumulation of glutaryl-CoA, glutaric acid (GA), 3-hydroxyglutaric acid
(30HGA), and glutaryl-carnitine (Fig. 1). GA is utilized for metabolic work-up and patient identification
in newborn screening. Loss of GCDH activity is associated with a strong accumulation of these metabolites
(high excreter (HE) phenotype), while a residual activity of 3-30% leads to a low excreter (LE) phenotype,
often with intermittently normal metabolic test results in blood and urine. GA1 has an estimated prevalence of
approximately 1 in 100,000 newborns worldwide. However, high-risk populations with a prevalence of up to 1
in 300 newborns are known'?.

The underlying pathological mechanisms are still subject to debate and have been summarized in the
overlapping toxic metabolite, entrapment, and CASTOR (CoA sequestration, toxicity and redistribution)
hypotheses®. These hypotheses are based on the finding that in some inherited metabolic diseases accumulating
metabolites exceed a threshold for the induction of adverse reactions, such as inhibition of the 2-oxoglutarate
dehydrogenase complex by glutaryl-CoA in GA1**. Accumulation of such toxic metabolites is facilitated by
their limited ability to cross biological barriers, such as the inner mitochondrial membrane (glutaryl-CoA) or
the blood brain barrier (GA, 30HGA®’. Within mitochondria, metabolite entrapment may have a negative
impact on the free CoA pool through CoA sequestration®. Furthermore, intramitochondrial accumulation of
acyl-CoA may result in chronically enhanced nonenzymatic, metabolite-sensitive protein acylation and thus
chronically changed enzymatic activity®. In line with this, Gedh KO mice, an animal model for GA1, show
increased glutarylation of mitochondrial proteins with an unexpected focus on astrocytes!’.

GALl is considered a treatable condition. However, therapeutic efficacy critically depends on the age at which
treatment is initiated and the quality of treatment and care. Newborn screening (NBS) has been shown to be the
prerequisite of a beneficial neurological outcome for individuals with GA1, while treatment, that starts after the
manifestation of irreversible striatal damage with subsequent dystonic movement disorder, is ineffective!!~13.
Evidence-based recommendations for diagnosing and managing individuals with GAI have been revised
recently'?. Metabolic treatment includes low-lysine diet preferably with lysine-free, tryptophan-reduced and
arginine-fortified amino acid supplements, and carnitine supplementation. Emergency treatment is available
with enhanced caloric intake and transient stop of protein intake during catabolic stress'>!¢. This combined
treatment aims at reducing the accumulation of neurotoxic dicarboxylic compounds through limiting the
uptake and degradation of L-lysine, the quantitatively major amino acid precursor’. Although this treatment is
regarded safe and effective, approximately one third of early treated patients still develop substantial neurological
symptoms!’, often as a consequence of limited adherence to dietary recommendations'®. Furthermore, currently
available therapy does not seem to impact chronic kidney disease and progressive white matter change'>!%, and
inadequate dietary management increases the risk of malnutrition?’. This highlights the need for safer and more
effective therapies for individuals with GA1, that reliably protect against neurological and non-neurological
disease manifestation throughout lifetime. In addition to the recently published approaches of gene replacement
therapy for GA1?!, substrate reduction therapy seems an excellent therapeutic option. The latter has been
successfully implemented for other inherited metabolic diseases, such as nitisinone treatment in tyrosinemia
type 1 as well as eliglustat and miglustat for Gaucher disease?>?*. Similar approaches may be beneficial for GA1.

It has been reported?* that Gedh KO mice, which resemble the biochemical phenotype of the HE group
of GALI patients, do not spontaneously develop a severe neurological phenotype under standard diet, while
exposure to high-lysine diet (HLD) induces a severe phenotype with motor deficits, seizures, and encephalopathy
finally leading to death in the majority of exposed Gcdh KO mice. First attempts to establish a pharmacological
substrate reduction therapy (SRT) in this animal model using DHTKD1 as a target failed. Dehydrogenase E1
and transketolase domain-containing protein 1 (DHTKD1) is a mitochondrial enzyme involved in lysine and
tryptophan catabolism (Fig. 1). The genetic DHTKDI inhibition did not rescue the biochemical and clinical
phenotype of Gedh KO mice. The reason for this is that 2-oxoglutarate dehydrogenase complex is not specific for
2-oxoglutarate as a substrate but can also use, although with low affinity, 2-oxoadipate, thereby circumventing
the induced block of the DHTKD1-containing 2-oxoadipate dehydrogenase complex?*2¢.
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Fig. 1. Degradation pathways of L-lysine, L-hydroxylysine and L-tryptophan. The deficiency of glutaryl-

CoA dehydrogenase (GCDH) results in the accumulation and urinary excretion of the metabolites glutaric
acid (GA), 3-hydroxyglutaric acid (3-OH-GA), and glutarylcarnitine (C5DC). Abbreviations used: AASS,
aminoadipic acid semialdehyde synthase; ALDH7A1, Aldehyde dehydrogenase 7; AADAT, 2 aminoadipate
aminotransferase; DHTKD1, dehydrogenase E1 and transketolase domain containing protein 1; MCAD,
medium-chain acyl-CoA dehydrogenase; TCA cycle, tricarboxylic acid cycle. Enzymes are represented by
squares. Reactions catalyzed in the mitochondria are labeled in green, cytoplasmic reactions are labeled in blue
and peroxisomal reactions are labeled in orange.

Aminoadipate-semialdehyde synthase (AASS) is a mitochondrial enzyme that catalyzes the first two steps of
the saccharopine pathway (Fig. 1), the major lysine degradation route in mammals. AASS is a bifunctional enzyme
comprising two domains. First, a lysine-oxoglutarate reductase (LOR), which converts lysine to saccharopine, and
second, a saccharopine dehydrogenase (SDH) domain, converting saccharopine to aminoadipate-semialdehyde.
Through these steps, AASS provides substrates that are further metabolized to glutaryl-CoA along this pathway.
Although it has been controversially discussed, whether and under which circumstances AASS is expressed in
the brain®, a recent publication indicates a functional expression of AASS in mouse brain?’.

Deficiency of AASS has been associated with benign clinical phenotypes, i.e., hyperlysinemia type I and II,
which lead to accumulation of lysine in plasma and urine?®?. Hyperlysinemia type I is caused by a complete
loss of LOR and SDH activities, while type II is induced by selective loss of SDH activity, leading to saccharopine
accumulation. Hyperlysinemia is characterized by elevated plasma lysine concentrations with no underlying
pathological traits. The benign phenotype of inherited AASS deficiency®® suggests, that pharmacological
inhibition of AASS might be a safe and effective therapeutic strategy for individuals with GA1.
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The aim of this study was to elucidate the biochemical and clinical impact of AASS knockout in Gedh KO
mice, thereby validating a new druggable target for substrate reduction therapy in GA1.

Results

Characterization of Gecdh KO and Gcdh/Aass KO mice under standard diet

In addition to the previously characterized Gedh KO mice?, we established Gedh/Aass KO mice, aiming to
reduce the generation of neurotoxic metabolites through blocking the first step of the saccharopine branch of the
lysine oxidation pathway. To test this hypothesis and to check the validity of these mouse models, we first studied
the expression of Gedh and Aass. As expected, Gedh was not expressed in the analyzed organs of Gedh KO mice
(Fig. 2e-h), and Gcdh (Fig. 2e-h) and Aass (Fig. 2a-d) transcripts were not expressed in Gedh/Aass KO mice. In
analogy, the GCDH protein was not expressed in organs of Gedh KO mice (Fig. 3a-d, i-1), and GCDH and AASS
were not expressed in Gedh/Aass KO mice (Fig. 3a-1).

Since in many neurological diseases, males and females can have different susceptibilities due to hormonal
influences, metabolic rate variations, and differences in mitochondrial function"*2, we wondered whether we
could identify sex-specific differences in the studied mouse models. Transcript and protein levels revealed no
differences between the sexes (Figs. 2 and 3). Furthermore, male and female GA1 mice presented with a similar
phenotype at 4 weeks of age, even under HLD (Fig. 4a-f). However, 9-week-old female Gcdh KO mice showed
a more pronounced phenotype compared to WT animals even without HLD (Fig. 4g-m). Specifically, they
presented with a decrease in rearing behavior, distance travelled, and speed (Fig. 4g-i).

Comparison of the biochemical and neurobehavioral phenotype of Gcdh KO and Gcdh/Aass
KO under standard diet

To further investigate the impact of induced AASS deficiency on the biochemical and neurobehavioral
phenotype, we compared 4-week-old WT, Gedh KO and Gcedh/Aass KO under standard diet. As expected,
metabolomic studies in different tissues (brain, liver, heart, kidney) and body fluids (plasma, urine) revealed
increased concentrations of GA (Fig. 5a, d,g, j,m), 30HGA (Fig. 5b, e,h, k,n), and glutarylcarnitine (C5DC;
Fig. 5¢, £,i, L,o) in Gedh KO mice compared to WT mice. Metabolomic analysis in brain samples of 20-week-old
mice obtained similar results for GA (Fig. 5k). Biochemical analyses did not identify sex-specific differences.
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Fig. 2. Molecular characterization of mice at 4 weeks of age under standard diet or HLD. Expression of Aass
(a-d) and Gcedh (e-h) mRNA in brain (a, e), liver (b, f), kidney (c, g), and heart (d, h) of male and female WT,
Gedh KO, and Gedh/Aass KO mice with or without HLD and normalized to Gapdh with healthy controls set
as 1. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s multiple comparisons
test. Significance * p value <0.05, ** for p<0.01, *** for p<0.001; n=3 for all groups. Filled bar: standard

diet. Empty bar: HLD. Abbreviations: Aass, aminoadipate-semialdehyde synthase; Gedh, glutaryl-CoA
dehydrogenase; HLD, high lysine diet; KO, knockout.
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Fig. 3. Protein expression in mice at 4 weeks of age under standard diet or HLD. (a-d) AASS and GCDH
protein expression in brain (a), liver (b), kidney (c), and heart (d) of male and female mice with or without
HLD. GAPDH served as loading control and for quantification of AASS (e-h) and GCDH (j-1) expression.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparisons

test. Significance * p value <0.05, ** for p<0.01, *** for p<0.001. n=3 for all groups. Filled bar, standard
diet: Empty bar, HLD. Abbreviations: Aass, aminoadipate-semialdehyde synthase; Gedh, glutaryl-CoA
dehydrogenase; HLD, high lysine diet; kDA, kilodalton; KO, knockout.

Therefore, subsequent experimental results of male and female mice were combined. In Gedh/Aass KO mice,
the biochemical phenotype was partially rescued compared to Gedh KO mice. While concentrations of GA
decreased to near-normal levels in Gedh/Aass KO mice, this effect was less pronounced for 30HGA (Fig. 5b, ¢,
n), resembling the biochemical evaluation of Gedh KO mice on lysine restriction® and Gedh/Aass KO mice on
regular diet*>. However, a more pronounced decrease of 30HGA was seen in 20-week-old mice than early-stage
measurements (Fig. 51, Supplementary table).

Between the age of 9 to 20 weeks, mice were systematically studied using a standardized test pipeline that
covers all clinically relevant organ systems, including multiple behavioral tests*. In comparison to WT mice
and Gcdh/Aass KO mice, Gedh KO mice presented with a decrease in rearing behavior (Fig. 4g), alteration of
motor function with lower total distance travelled (Fig. 4h) and lower speed (open field, Fig. 4i), decreased grip
strength in hind- and forelimbs (grip strength test; Fig. 4j), but unaltered reaction latencies towards heat thermal
stimuli (hotplate test; Fig. 4k-n). Noteworthy, Gedh/Aass KO mice could not be distinguished from WT mice in
these comprehensive tests. The average activity of the Gedh KO mice was slightly reduced and partially rescued
in Gedh/Aass KO mice (Supplementary Fig. 1a-c).

In line with the partially rescued biochemical phenotype of Gedh/Aass KO mice, histological studies
demonstrated that morphological changes in the brain of Gedh KO mice were markedly reduced in Gedh/Aass
KO mice (Fig. 6). Hematoxylin and eosin staining indicated vacuoles in the cerebral cortex, hippocampus,
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Fig. 4. Mouse score sheet in 4-week-old mice shows behavioral rescue in Gedh/Aass KO mice. Weight change
during HLD in males (a) and females (d), seizure-like behavior during HLD in males (b) and females (e), and
overall condition including the percentage of weight loss, seizure like behavior, and the decrease in movement
in males (c) and females (f). n =3 for all groups. Open field test result measurements in 9-week-old mice under
standard diet include (g) total number of rears, (H) total distance traveled, and (i) average speed. Grip strength
test in 10-week-old mice includes (j) forelimb grip strength, (n) forelimb and hindlimb grip strength. Hotplate
test in 11-week-old mice includes (k) time for first response, (1) time for second response, and (m) percentage
of first reaction either shake or lick of the limb. n>10-15 for all groups. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s multiple comparisons test. Significance * p value <0.05, ** for
Pp<0.01. Filled bar, standard diet; empty bar, HLD. Abbreviations: Aass, aminoadipate-semialdehyde synthase;
Gedh, glutaryl-CoA dehydrogenase; HLD, high lysine diet; KO, knockout.
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Fig. 5. Metabolomic analysis in tissues and body fluids of 4-week-old mice. Aass knockout in GA1 mice
restores the metabolic balance in GA1 mice under HLD. Brain GA (a), 30HGA (b), and C5DC (c) levels,
liver GA (d),30HGA (e), and C5DC (f) levels, kidney GA (g), 30HGA (h), and C5DC (i) levels, urine GA (j),
30HGA (k), and C5DC (1) levels, and plasma GA (m), 30HGA (n), and C5DC (o) levels were determined.
Metabolomic level of 20-week-old mice brain GA (p), 30HGA (q), and C5DC (r) levels. n=6 for all groups
(3 males, 3 females). There was no statistically significant difference in the metabolite levels of male and
female animals, thus the values were combined. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple comparisons test. Significance * p value <0.05, ** for p <0.01, *** for p<0.001,
**** for p<0.0001. Filled bar, standard diet; empty bar, HLD. Abbreviations: Aass, aminoadipate-semialdehyde
synthase; CREU, creatinine; Gedh, glutaryl-CoA dehydrogenase; HLD, high lysine diet; KO, knockout.
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striatum, and cerebellum in all (# =10) analyzed brains of Gecdh KO mice without sex-specific differences. These
morphological changes were found to be attenuated or even absent in Gedh/Aass KO mice.

Non-neurological phenotypes of Gcdh KO and Gedh/Aass KO mice

Since the enzymes of the lysine oxidation pathway are abundantly expressed in the body, we wondered whether
GCDH deficiency might induce also non-neurological phenotypes. For this purpose, we first analyzed the
body composition of Gedh KO, Gedh/Aass KO, and WT mice. Nuclear magnet resonance (NMR) imaging
showed an overall similar body composition in all mice studied, irrespective of the underlying genotype or age
(Supplementary Fig. 1d-g). We found a tendency to decreased overall lean body mass in 13-week-old male Gedh
KO mice but not in Gedh/Aass KO mice and WT mice (Supplementary Fig. 1d). The body (Supplementary

Gecdh + - -

Aass + s -

Overview

Cortex

Hippocampus

Striatum

Fig. 6. Representative images of hematoxylin and eosin-stained sagittal brain sections from a female control
(wild-type), single (Gedh KO) and double (Gedh/Aass KO) knockout mice at 20 weeks of age under standard
diet. The single knockout GA1 mice exhibited vacuoles (arrows; insets) in several brain regions (cortex,
hippocampus and striatum), which were absent in the double knockout mice (rescue of the phenotype) (top
panel: scale bar 2.5 mm, 1x lens, panels below: scale bar 100 pm, 20x lens, inset: scale bar 50 um, 40x).
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Fig. 1h) and organ weights (Supplementary Fig. 1i-k) exclusively showed expected sex-specific differences.
No differences were detectable in bone mineralization (Supplementary Fig. 11-m). Overall, although there are
apparent differences in some parameters between groups, they are not statistically significant (p >0.05). Analysis
of immunoglobulin subclasses showed equal results in male mice within the three groups studied. However,
in female mice an immunological sex dimorphism affecting IgG1, IgG2a, and IgG2b was found in Gedh KO
mice but not in the Gedh/Aass KO group (Fig. 7a-e). Additional biochemical tests (Fig. 7f-k) revealed slight
differences in urea, creatinine, cholesterol levels, as well as in a-amylase, and mean corpuscular hemoglobin
between the groups (Fig. 7f-k). Furthermore, functional cardiological tests (Fig. 8) revealed slight changes in
left ventricular mass (Fig. 8d), heart rate (Fig. 8f), stroke volume (Fig. 8g), cardiac output (Fig. 8h), and QRS
complex (Fig. 8j), among the studied groups. In summary, despite minor differences, the systematic evaluation
of Gedh KO and Gedh/Aass KO mice did not reveal a significant non-neurological phenotype.

Challenging Gecdh KO and Gedh/Aass KO mice using HLD

To induce the severe acute phenotype and to evaluate the putative protective effect of Aass depletion, we
challenged Gedh KO and Gedh/Aass KO mice with HLD as previously described?®. Briefly, animals were either fed
with regular chow containing 1.7% of lysine or chow containing 4.7% (w/w) of L-lysine for three days. Compared
to mice on a standard diet, HLD led to an upregulation of Aass expression (Fig. 2a-d) in WT animals in liver
and heart (for example in female liver 2.4-fold; P = 0.001). Gedh expression was upregulated predominantly
in liver and heart of WT animals (3.5-fold; p = 0.001; Fig. 2e-h). GCDH protein expression (Fig. 3a-d, i-1) was
upregulated in all organs tested upon HLD in WT animals, whereas AASS protein expression (Fig. 2a-h) was
enhanced only in liver and kidney of WT animals (Fig. 3f, g; kidney WT vs. WT with HLD: AASS 1.9-fold;
GCDH 1.9-fold; p = 0.003). As expected, no upregulation of Gcdh mRNA or GCDH protein could be detected
in Gedh KO mice (Figs. 2e-h and 3a-d and i-1). Similarly, no upregulation of Gcdh mRNA or GCDH protein and
Aass mRNA or AASS protein was detectable in Gedh/Aass KO mice (Figs. 2a-d and 3a-h). Interestingly, Aass
mRNA expression was upregulated in the liver Gedh KO mice (Fig. 2b), as well as protein expression (in liver;
Fig. 3b, f), pointing to a functional regulation of AASS expression in Gedh KO mice. As expected, increased
concentrations of GA, 30HGA, and C5DC were detectable under HLD in urine and plasma of Gedh KO mice
(Fig. 5j-0 in urine: GA 166.5 mol/mol creatinine vs. 27.8 mol/mol creatinine; p = 0.001; 30HGA 2.05 mol/mol
creatinine vs. 0.97 mol/mol creatinine; p = 0.001; C5DC 194.08 mol/mol creatinine vs. 7.04 mol/mol creatinine;
p =0.0006) as well as in all organs analyzed (Fig. 5a-i). In contrast, no significantly increased concentrations of
GA and 30HGA were detectable in body fluids and tissue homogenates of Gecdh/Aass KO mice under HLD. In
Gedh/Aass KO mice under HLD, C5DC levels were increased in the brain and liver but decreased in the kidney
compared to WT (Fig. 5a-j). There was an improved overall clinical and neurological outcome, gain of weight,
and lower rate of seizure-like behavior seen in Gedh/Aass KO mice compared to Gedh KO mice under HLD (Fig.
4a-f). This points to a beneficial and corrective effect of Aass depletion in GA1. Taken together, depletion or
inhibition of AASS seems to be a promising option for the development of future therapies for GA1 as it leads to
a reduced load of the body with toxic metabolites and an improved outcome in Gedh/Aass KO mice compared
to Gedh KO mice.

Discussion

This study aims to elucidate whether AASS could serve as a target for establishing a substrate reduction therapy
for individuals with GA1. Investigating W'T, Gedh KO, and Gedh/Aass KO mice under standard diet and HLD
we demonstrated that the biochemical and clinical phenotype of Gedh KO mice was partially rescued by
knocking out Aass, supporting our hypothesis. This notion is supported by the findings that Gedh/Aass KO mice
(1) showed markedly reduced concentrations of neurotoxic dicarboxylic metabolites in tissue and body fluids,
(2) had a neurobehavioral phenotype that could not be distinguished from WT mice in multiple behavioral
tests, and (3) had a near-to-normal risk of developing a severe clinical phenotype induced by exposure to HLD
compared to Gedh KO mice.

The neurological phenotype of individuals with GA1 is thought to result from both acute and chronic
effects exerted by the toxic metabolites GA, 30HGA, and glutaryl-CoA, especially in the developing brain.
The basal ganglia, particularly the putamen, exhibit high vulnerability during the first years of life. Energy
demand, excitotoxic signaling via glutamatergic projections from the cortex and thalamus, metabolite-induced
mitochondrial dysfunction, and the abundance of highly vulnerable medium-spiny neurons in the striatum are
implicated in selective neuronal loss. Sequestration of glutaryl-CoA and its derivatives in the brain compartment®
and in mitochondria® causes a glutaryl-CoA-induced inhibition of the 2-oxoglutarate dehydrogenase complex in
the tricarboxylic acid cycle’. 30HGA mediates activation of NMDA receptors and induction of excitotoxicity>>.
GA induces impairment of the transport of succinate and other energy-rich dicarboxylic acids from astrocytes to
neurons®’, and increased oxidative stress*®. All events synergize and can further exacerbate under conditions of
catabolism and metabolic stress. In this mechanistic multimodal model of neurodegeneration in GA1 converge
systemic, local, age-dependent and incidental factors to provoke striatal injury during a vulnerable period of
brain development®. Contrary to what is seen in patients, no pronounced neurological phenotype is present in the
Gedh KO mouse model unless it is induced by a HLD. This discrepancy likely reflects species-specific differences
in lysine metabolism and limits the full transferability of results generated in the animal model to human GA1°.
although in mice and humans, accumulation of dicarboxylic toxic metabolites, particularly glutaryl-CoA, GA,
and 30HGA play a key role in pathogenicity and neuronal damage. As a consequence, currently recommended
strategies for treatment aim to reduce the synthesis of glutaryl-CoA and its neurotoxic derivatives and to foster
their detoxification in human patients'*!8,

Low-lysine diet and dietary arginine supplementation aim to reduce the intracerebral concentrations of toxic
metabolites. Carnitine supplementation aims to protect against the adverse effects of secondary carnitine depletion
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Fig. 7. Immunological and clinical chemistry analysis of adult mice plasma. Multisport assay test includes

(a) IgA levels, (b) IgM levels, (c) IgGl1 levels, (d) IgG2a levels, (e) gG2b levels. Clinical chemistry examination
includes (f) creatinine (umol/L), (g) urea(mmol/L), (h) cholesterol (mmol/L), and (i) a-amylase (U/L).
Hematological evaluation contains (j) MCH (pg) and (k) platelet count (103/mm?). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparisons test. Significance * p value <0.05,
**for p<0.01, ** for p<0.01, n>10-15 for all groups. Abbreviations: Aass, aminoadipate-semialdehyde
synthase; Gedh, glutaryl-CoA dehydrogenase; KO, knockout.

and facilitates the formation of non-toxic C5DC. Intermittent emergency treatments aim to restore anabolism
and rapidly decrease toxic metabolite concentrations during events that are likely to induce catabolism, such as
infectious disease. In individuals with GA1 who have been identified by NBS, have adhered to recommended
therapy, and in whom treatment has been introduced before the manifestation of an irreversible neurological
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Fig. 8. Cardiac phenotypes of adult Gedh KO and Gedh/Aass KO mice under standard diet. Transthoracic
echocardiography imaging results in conscious mice include (a-c) representative short axis, m-mode
echocardiogram images of male mice of the different backgrounds. (d) Left ventricle mass, (e) left ventricular
internal diameter end-diastole (mm), (f) measured heart rate during the test (bpm), (g) stroke volume (pl),
(h) cardiac output (ml/min) show disease specific changes in males. Electrocardiography in conscious mice
(i) heart rate during the test (bpm), and (j) QRS complex length (ms). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s multiple comparisons test. Significance: * p value <0.05, ** for p<0.01,
n=10-15 for all groups. Abbreviations: Aass, aminoadipate-semialdehyde synthase; DKO, Gcdh/Aass KO;
GALl, glutaric aciduria; Gedh, glutaryl-CoA dehydrogenase; KO, knockout.

phenotype, the neurological outcome has been improved in the majority of early treated individuals'>!*. The
positive effect of this treatment was also confirmed in Gedh KO mice>. However, about one-third of early
treated patients do not yet have an improved neurological outcome. In addition, other disease manifestations,
particularly chronic kidney disease and progressive periventricular white matter changes, do not seem to be
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impacted by current treatment strategies'. Therefore, safe and more effective therapies are needed to improve
the long-term outcome of individuals with GA1. Substrate reduction therapy has long been considered as a
potentially powerful strategy for GA1 to reduce flux through the lysine oxidation pathway and to decrease the
formation of toxic metabolites, and to improve clinical outcome.

The establishment of a substrate reduction therapy for GA1 and other diseases is challenged by the search for
a suitable target. The difficulty of this approach is documented by previous attempts that failed using DHTKD1
as a target?>%°. In general, the druggable therapeutic targets should not have been associated with a severe clinical
phenotype and should be effective to significantly reduce the formation of toxic metabolites. Lysine degradation
occurs through two parallel pathways that converge later on?’, i.e., the mitochondrial saccharopine pathway,
initiated by the enzyme aminoadipic semialdehyde synthase (AASS; Fig. 1), and the peroxisomal pipecolate
pathway. The latter remains incompletely characterized in humans. While in bacteria, two enzymes have been
identified that catalyze the direct conversion of lysine to L-pipecolate?’, these enzymatic steps have not yet been
demonstrated in human metabolism. In humans, the first known enzyme in this pathway is pipecolate oxidase
(PIPOX), which acts on L-pipecolate, as described previously in the lysine degradation pathway?’. This gap of
knowledge suggests that the upstream steps of L-pipecolate formation may differ fundamentally between species.
Based on these uncertainties, researchers have proposed that in humans, L-pipecolate may not be generated
via a conventional forward pathway but instead or in addition accumulates through a reverse flux when the
mitochondrial saccharopine pathway is saturated*!, underscoring the limited understanding of the pathway’s
regulation and physiological relevance. Although treatment with clofibrate, an activator of the peroxisome
proliferator-activated receptor a (PPARa), was shown to moderately reduce GA concentrations in liver and
brain tissue of Gedh KO mice through a yet unclear mechanism, currently we do not consider the pipecolate
pathway a promising target for therapeutic intervention in GA1 due to the remaining ambiguity surrounding
the function of the human L-pipecolate pathway and the lack of characterized enzymes upstream of PIPOX.
Therefore, our search has been focused on the saccharopine pathway.

In the saccharopine pathway, L-lysine is first converted into saccharopine and then into a-aminoadipic
semialdehyde, eventually leading to the formation of acetyl-CoA?’. Besides GCDH in GAL also other enzymes
have been associated with rare metabolic diseases along this pathway, particularly inherited deficiency of
ALDH7A1 (ALDH7A1I; EC:1.2.1.31) causing pyridoxine-dependent epilepsy (PDE), a severe neurometabolic
disease with early-onset infantile encephalopathy and impaired neurodevelopment*>. Moreover, previous
attempts to target DHTKD1 (DHTKDI; EC 1.2.4.2), ie., the fifth step of the pathway, failed, since the
2-oxoglutarate dehydrogenase complex also contains a low substrate affinity for 2-oxoadipate and, therefore,
knockout of Dhtkdl in mice did not rescue the biochemical and clinical phenotype of Gedh KO mice?>%.
Recently, certain gene variants of DHTKDI have been associated with Charcot-Marie-Tooth disease in a large
Chinese pedigree®® and dementia with Lewy bodies in Japan®* doubting the safety of this approach. Finally, AASS
(AASS; EC:1.5.1.8) and kynurenine/2-aminoadipate aminotransferase (AADAT/KAT2; AADAT EC 2.6.1.39)
have not yet been associated with a significant clinical phenotype despite a measurable metabolic derangement.
We decided to target AASS since this strategy could also be of therapeutic interest for individuals with PDE.
AASS does not appear to cause severe phenotypes when partially inhibited. Individuals with hyperlysinemia due
to AASS deficiency generally show mild or no symptoms®**>, supporting the enzymes safety profile as a target
for pharmacological inhibition.

In the absence of enzymatic GCDH activity, glutaryl-CoA accumulates and is hydrolyzed to GA or further
converted to 30HGA via glutaconyl-CoA most likely involving side reactions of medium-chain acyl-CoA
dehydrogenase and 3-methylglutaconyl-CoA hydratase?®. While hepatic and renal tissues have been linked
as sites of lysine catabolism, recent studies have examined whether AASS and the saccharopine pathway are
also active in the brain. Notably, Sauer et al.> and Sacksteder et al.*’ reported that AASS expression is low to
undetectable in adult murine brain tissues under basal conditions. However, expression of AASS can be induced
specifically through challenging the L-lysine oxidation pathway with HLD, as we demonstrated in this study.
Similarly, the entrapment hypothesis highlights the importance of accumulating neurotoxic metabolites in
the brain®® and hence the relevance of a therapy that is able to approach the metabolic compartment of the
brain. If the saccharopine pathway was functional in the brain, then its inhibition could play a crucial role in
reducing local production of neurotoxic metabolites in GA1 and thus may build the basis for an innovative
substrate reduction therapy. This study clearly shows that AASS is a promising therapeutic target for GAI as
its knockout resulted in a partial rescue of the biochemical and clinical phenotype usually seen in Gedh KO
mice and that it also has an impact on the brain compartment. This study supports earlier reports, showing that
GA concentrations in urine and tissues, including the brain, are consistently higher than those of 30HGA and
more closely correlated with residual GCDH activity**>. Furthermore, GA responds more pronouncedly to the
induced AASS dysfunction compared to 30HGA. Consequently, GA is considered a more reliable biomarker
for disease monitoring and treatment response than 30HGA. Finally, we observed a significant reduction in
cerebral and hepatic GA concentrations in Gedh/Aass KO mice, supporting the efficacy of AASS inhibition
in decreasing the neurotoxic burden and in protecting against the manifestation of a severe acute phenotype.
Moreover, the increase in C5DC in the brain and liver of Gedh/Aass KO mice under HLD, likely reflecting partial
metabolic rerouting, further supports the body’s physiologic ability to detoxify toxic metabolites of the lysine
catabolic pathway. Our findings are consistent with those of Leandro et al.**, who also provided a biochemical
validation of AASS KO in a GA1 cell line and mouse models. These data are supported by earlier biochemical
studies that characterized AASS activity in different tissues and confirmed the enzyme’s central role in lysine
catabolism*’.

Although our study focused on genetic knockout of Aass, the concept of pharmacological AASS inhibition
is increasingly relevant. At present, no clinically approved AASS inhibitors exist. Moreover, it would not be
sufficient to inhibit only the LKR domain of AASS as this will not fully block enzymatic activity. Additionally,
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the inhibitor must cross the blood-brain barrier, to reach the highly impacted brain. Currently, several groups
are working on the development of highly potent inhibitors of AASS, also within the CHARLIE consortium. For
instance, a recent study aimed to achieve a therapeutic effect through an AAV-delivered microRNA designed to
silence AASS mRNA via RNA interference®.

Besides substrate reduction therapy, other therapeutic strategies are also tested for GA1. As discussed above,
the marked cerebral reduction of GA (and 30HGA) concentrations seems to be a suitable surrogate parameter
to test the suitability of innovative therapies for GA1. Sauer et al.® provided evidence that GA and 30HGA
exhibit limited permeability across the blood-brain barrier (BBB) owing to a lack of specific transporters,
thereby restricting their systemic-to-cerebral transfer. This view was supported by neuropathological studies
such as by Funk et al.”2, showing that even patients with low urinary excretion of GA had unexpectedly high
concentrations of these metabolites in the brain, suggesting de novo synthesis and subsequent accumulation in the
brain. Earlier animal studies, including those by McMillan et al.>%, described the fruit bat Rousettus aegyptiacusas
an example of selective hepatic GCDH deficiency with preserved cerebral enzyme function. Despite excessive
urinary excretion of GA and 30HGA, these bats do not exhibit neurological symptoms, presumably because of
absent cerebral metabolite accumulation. In contrast to the systemic approach proposed by Barzi et. al?’., recent
findings from Mateu-Bosch et al.>* suggests cerebral production of GA and 30HGA. Thus, local inhibition of
lysine degradation pathways plays a more decisive role in pathogenesis. Consequently, a dual-organ therapeutic
strategy targeting AASS both in the liver and the CNS may offer the most comprehensive and robust substrate
reduction therapy for GA1.

The investigation of the Gedh/Aass KO mouse model clearly demonstrates the therapeutic potential of AASS
inhibition. We observed normalized weight gain, reduced mortality, preserved striatal architecture, and near-
complete behavioral rescue in Gedh/Aass KO mice compared to Gedh KO group. These effects were robust across
both juvenile and adult time points and persisted under lysine-challenging conditions. Importantly, no overt
toxicity or developmental abnormalities were observed in the Gedh/Aass KO cohort.

Given the success of AASS inhibition in our GA1 model, we propose broader exploration of its utility in
other lysine-related disorders. For instance, PDE also involves disrupted lysine catabolism. Studies by van
Karnebeek et al.>> and Coughlin et al.*® suggest, that modifying lysine flux could alleviate symptoms in PDE.
AASS inhibition may reduce upstream substrate levels and offer therapeutic synergy with existing pyridoxine
(vitamin B) supplementation. In conclusion, this study supports the safety and efficacy of AASS inhibition as a
promising target for substrate reduction strategy in GA1. The Gedh/Aass KO mouse model provides compelling
preclinical evidence that pharmacologic targeting of AASS could transform the therapeutic landscape of this
devastating disorder. Future studies should focus on compound optimization, delivery mechanisms, and long-
term safety in humanized models.

Methods

Animal husbandry

Male and female WT, Gedh KO, and Gedh/Aass KO mice were all kept on a C57BL6 background. Gedh KO
were generated as previously described?®. Gedh/Aass KO animals were generated through backcrossing of Aass
KO animals®® with Gedh KO animals®’. Animals were housed in 22 x 37 x 18 cm acrylic glass cages (up to five
animals per cage) in an acclimatized room (22-26°C) with a 12-hour light/dark cycle. Animals had free access
to water and either a standard (18,9% protein, 0.9% lysine; Rod18; Las Vendi) or high lysine diet (18,9% protein,
4.7% lysine; Rod18 with 39.26 g/kg L-lysine; Altromin International). Animals were acclimatized to housing
conditions prior to the start of experiments, and cage bedding was changed weekly. Environmental enrichment
(nesting material) was provided in all cages. At German Mouse Clinic (GMC), mice were maintained in IVC
cages with water and standard mouse chow according to the directive 2010/63/EU, German laws and GMC
housing conditions (www.mouseclinic.de).

The first animal cohort used for metabolic profiling was 4 weeks old and included WT, Gedh KO, and Gedh/
Aass KO mice+ HLD for three days (n=3 males and 3 females). Animals under standard or HLD were closely
monitored using a mouse score sheet (see below) evaluating activity, weight, and seizure development. After
three days+ HLD animals were euthanized using CO, (no anesthesia; increasing concentration of CO, from
10% to 30%). The group size was calculated with the G*Power program based on previous GA concentrations
measured. The aim was to achieve a test strength of (1-) > 0.8, which results from a significance level of p <0.05.
A second cohort of mice under standard diet conditions was used for systemic phenotyping at the GMC and
contained WT (n=15 males and 15 females), Gecdh KO (n=15 males and 14 females), and Gcdh/Aass KO mice
(n=15 males and 12 females). The testing pipeline starts at 9 weeks of age. A group size of 15 animals each is
sufficient to detect the desired difference in effect from a standard deviation (Cohen’s d =2f) with a quality of
80% with the help of a double ANOVA at significance level 5% (www.mousephenotype.org).

Animals were allocated to experimental groups using simple randomization within genotype and sex strata.
Outcome assessors and data analysts were blinded to group allocation, in experimental sessions not during
monitoring, until the statistical analysis was completed to reduce bias.

Genotyping

Ear punches from each mouse were collected for genotyping. These samples were mixed with a tissue lysis buffer
and proteinase K and incubated at 60 °C for at least 2 h while shaking. Next, the samples were centrifuged and
supernatant containing the DNA was collected, cleaned and used for genotyping PCR. The primers used for
PCR were as follows: Aass (WT forward: GATATGCAGACAGGAGAGGTTAACC, KO forward: CCTTCAGG
TTGAGAACTGGTGTT, WT and KO reverse: CAGAGCCAGAACAATAAGAAGACC), Gedh (WT forward: C
TTCCGTAACTACTGGCAGGAGCGG, WT reverse: AGCTCTCGGGTCAGAAGCCCATAGG, KO forward:
GCGGTGGGCTCTATGGCTTCTGAGG, KO reverse: CCCAGAACTCAGGAGGAAGAGGCAG). The PCR
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conditions were as follows: initial denaturation (95 °C for 5 min), denaturation, annealing, and elongation (35
cycles; 95 °C for 305, 53 °C (Aass primers) or 69 °C (Gcdh primers) for 30s, 72 °C for 305s), final elongation (72 °C
for 5 min). PCR products were run on an agarose gel (1%) and documented on a gel documentation system
(PeqLab).

Inclusion and exclusion criteria

Animals were included if they had the correct genotype and were in the correct age range (either 4- or 8-week-
old at the experimental start). Animals were excluded if they did not survive the high-lysine diet challenge or
showed signs of unrelated illness. All exclusions were pre-defined before analysis. No animals were excluded
from the analysis for reasons other than those pre-specified above. Final numbers (n) for each experiment after
exclusions were previously stated.

Mouse score sheet

Mice were closely monitored during HLD, and a score was calculated to rate their general condition. For
calculation, the weight of each mouse in the experiment was monitored during the three days challenge with
HLD and the extent of weight loss was scored from 0 (no weight loss) to 3 (>15% weight loss). Second, the
occurrence, strength and persistence of seizures during the experiment was documented. Here, the score ranges
from 0 (no seizures) to 3 (persistent tremor with prolonged periods of seizures). Third, changes in movement or
normal behavior were recorded with 0 (normal behavior) up to 3 (no movement or grooming). All scores were
then combined and averaged to give the overall condition score. If a score of 3 was reached in any score analyzed,
animals were sacrificed.

Behavioral testing

Open field test

The Open Field (OF) was assessed at 8 weeks of age and carried out as described previously®’. The arena was
made of transparent and infra-red light-permeable acrylic with a smooth floor (internal measurements: 45.5 x
45.5 x 39.5 cm). [llumination levels for the measurement were set at approx. 150 Ix in the corners and 200 Ix in
the middle of the test arena. Data were recorded and analyzed using the ActiMot system (TSE, Germany) over
a 20 min period.

Grip strength test

In the grip strength test the mouse grasps a grid mounted on a force sensor (Bioseb, Chaville, France). The mouse
is allowed to catch the grid with either 2 or 4 paws. Then the maximum force applied by them before releasing
the grid is recorded. Three trials were undertaken for each mouse and measurement within one minute. Mean
values were used for statistical analysis using a linear model with body weight as covariate.

Hotplate test

In the hotplate test the mice were placed on a metal surface maintained at 52+0.2 °C surrounded by a plexiglass
wall (Hot plate system TSE GMBH, Germany). Mice remained on the plate until they performed the second of
three behaviors regarded as indicative of nociception: hind paw lick, hind paw shake/flutter or jumping during
the maximum testing time of 30 s.

Nuclear magnetic resonance (NMR) for body composition analysis

Nuclear Magnetic Resonance (NMR) spectroscopy was employed to determine fat mass, lean body mass, and total
body water content in mice. Measurements were performed using a Bruker Minispec LF50 body composition
analyzer, which provides precise, non-invasive quantification of body composition in live animals. Mice were
individually placed into a restraining tube without anesthesia to minimize stress and movement artifacts during
scanning. The whole-body NMR scan was conducted using a 10 MHz resonance frequency optimized for small
animal analysis. The instrument automatically differentiated between fat, lean tissue, and free body water based
on hydrogen proton relaxation times.

Dual-energy X-ray absorptiometry (DXA)
DXA was performed with a Faxitron UltraFocus device (Faxitron Bioptics, LLC), to analyze whole-mouse
(excluding skull) bone mineral content (BMC) and density (BMD).

Indirect calorimetrics

At the age of 11 weeks, home cage locomotor activity monitoring, gas exchange (oxygen consumption and
carbon dioxide production), heat production and substrate utilization were measured for individually caged
mice by indirect calorimetry in metabolic home cages (TSE Systems GmbH, Berlin, Germany, https://www.mou
sephenotype.org/impress/Procedurelnfo?action=list&procID=852&pipeIlD=7). The measurement commenced
five hours before lights off and finished four hours after lights-on the next morning (21 h in total)®.

Clinical chemistry analysis

Blood samples were collected under isoflurane anesthesia via retrobulbar puncture in Li-heparin coated
sample tubes. Samples were stored at room temperature for a maximum of 2 h before plasma was separated
by centrifugation (4.500xg for 10 min at 8 °C) and analyzed using an Olympus AU480 Chemistry Analyzer for
markers of liver and kidney function, including urea, a-amylase, creatinine, glucose, and lipid profiles®.
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Hematology

An aliquot of 50 pl whole blood was collected in an 50 pl end-to-end capillary and diluted 1:7 with Sysmex Cell
Pack DCL dilution buffer followed analysis of blood cell counts using the Sysmex XN 1000 V analyzer with
preset mouse settings applying the pre-dilution mode.

Immunoglobulin levels in mouse plasma

Immunoglobulin subtypes in plasma samples were quantified using a multiplex MSD immunoassay platform
(Meso Scale Discovery, Rockville, MD, USA). Assays were performed according to the manufacturer’s
instructions provided in the kit insert. Briefly, plasma samples were diluted 1:10 in diluent buffer. Following
incubation, a detection antibody was added, and the plates were read using the MESO" QuickPlex SQ 120MM
instrument.

Electrocardiogram (ECG) and transthoracic echocardiogram (TTE)

ECG recordings were performed in conscious mice using a ECGenie™ System (Mouse Specifics, Inc.). Data
was collected to assess electrical conduction alterations based on peak detection and interval lengths. TTE was
conducted using a Vevo 3100 system (Visual Sonics, Fuji Film) in conscious mice. M-mode imaging at the level
of the papillary muscles was performed to measure left ventricular morphology and calculate ejection fraction
(LVEF), fractional shortening, and cardiac output with the Teichholz formula®®.

RT-qPCR

To detect the presence of Gedh and Aass transcripts in mouse brain, kidney, heart and liver, RT-qPCR was
performed with total RNA isolated from these tissues using Trizol reagent according to the manufacturer’s
instructions. RNA concentrations were evaluated at 260 and 280 nm with a NanoDroplite (Thermo Scientific).
First-strand cDNA was synthesized from 1 pg of RNA using the cDNA Reverse Superscript III Transcription
Kit (Thermo Fisher) with a random hexamer primer. Luna Script master mix (M3003, NEB) was used to detect
mouse Gedh mRNA (forward primer: TCGGGGCTTCATACTGGAGA, reverse primer: GCACATTCTCCTCA
GGCACT) and Aass mRNA (forward primer: GTCTTCACAGGGACTGGCAA, reverse primer: GCGACTTA
ACACCGTCCCAT) normalized to Gapdh expression (forward primer: TGCACCACCAACTGCTTAG, reverse
primer: GGATGCAGGGATGATGTTC). PCR was performed according to the following protocol: 95°C for
1 min as initial denaturation and 95°C for 305, 60°C for 30s for 35 cycles. Target transcripts relative expression
levels were determined by the AACt method, using WT mice at each time point as calibrators.

Western blot

Protein content in samples was quantified according to the method of Lowry using bovine serum albumin as
standard. Organs were disrupted using a tissue homogenizer and homogenized in RIPA buffer with protease
inhibitors (cOmplete” Mini, EDTA-free Protease Inhibitor Cocktail, Roche). The homogenate was centrifuged
for 20 min at 11.000xrpm at 4 °C in an Eppendorf centrifuge. 40 ug of total protein was prepared in 6x sodium
dodecyl sulfate (SDS) sample bufter (0.5 mol/L Tris-HCI, pH 6.8, 10% glycerol, 1%SDS and 0.01% bromophenol
blue) and separated on 10% SDS-acrylamide gels at 100 V followed by blotting to a PVDF membrane (120 mA
for 90 min). Membranes were blocked for 1 h at RT in blocking solution (5% BSA[w/v]/TBST buffer) and protein
expression was detected with an antibody against GCDH (Atlas, HPA 043252; diluted 1:10.000 in 2.5% BSA[w/v]/
TBST buffer), AASS (Atlas, HPA 020734; diluted 1:4.000 diluted in blocking solution), or GAPDH (Invitrogen,
AM4300; diluted 1:3.000 in blocking buffer) over night at 4 °C. After washing with TBST (3 x5 min, RT), the
secondary antibody was applied (anti-rabbit: Cell Signaling Technology, 7074; anti-mouse: Cell Signaling
Technology, 7076 S) for 1 h at RT. After a final washing (TBST, 3 x 5 min, RT), ECL was used for detection on a
Fusion system. GAPDH was used for normalization.

Metabolomics analysis

Quantification of GA, 30HGA, and glutarylcarnitine in liver, brain, kidney, plasma, and urine of mice was
performed by Liquid Chromatography coupled with Tandem Mass Spectrometry (LC-MS/MS) as well as urine
creatinine. LC-MS/MS is used to separate, detect, and quantify a range of metabolites in tissue and body fluids
samples. Tissue organic acid was determined using the same analysis procedure with a homogenate in water
containing approximately 30 mg wet weight as matrix for samples extracted at 4 weeks old, and 200 mg wet
weight as matrix for samples extracted at 20 weeks old. Values were normalized to protein concentration in
tissues, and to creatinine in urine.

Histological analysis of brain tissue

Tissues from WT, Gedh KO, and Gedh/Aass KO mice under standard diet (aged 20 weeks, n = 5 per sex
per genotype) were fixed after CO, euthanasia (no anesthesia; increasing concentration of CO, from 10%
to 30%) in neutral-buffered formalin, processed, paraffin-embedded, sectioned at 3 um and stained with
standard hematoxylin and eosin (HE) for blinded high-throughput histopathological evaluation, as previously
described®. Brain HE-stained slides were imaged with a NanoZoomer S60 digital scanner (Hamamatsu, Japan)
and examined with NDP.View2 Software.

Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA,
USA). For normally distributed data with equal variances, comparisons between more than two groups were
made using one-way ANOVA followed by Tukey’s or Bonferroni post hoc tests as appropriate. Where necessary,
data were log-transformed to meet test assumptions. All measurements were expressed as mean + standard
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deviation and analyzed using one-way ANOVA unless stated otherwise. Statistically significant differences were
considered if p<0.05.

Data availability

The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request. The original Western Blot membranes are included into Supplementary data.
Raw data of metabolite measurements in the brain of 20-weeks-old mice are included into the Supplementary
table.
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