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Abstract

Discovered some 35 years ago, succinic semialdehyde dehydrogenase deficiency (SSADHD)
represents a rare, autosomal recessively-inherited defect in the second step of the GABA
degradative pathway. Some 200 patients have been reported, with broad phenotypic and genotypic
heterogeneity. SSADHD represents an unusual neurometabolic disorder in which two
neuromodulatory agents, GABA (and the GABA analogue, 4-hydroxybutyrate), accumulate to
supraphysiological levels. The unexpected occurrence of epilepsy in several patients is
counterintuitive in view of the hyperGABAergic state, in which sedation might be expected.
However, the epileptic status of some patients is most likely represented by broader imbalances of
GABAergic and glutamatergic neurotransmission. Cumulative research encompassing decades of
basic and clinical study of SSADHD reveal a monogenic disease with broad pathophysiological
and clinical phenotypes. Numerous metabolic perturbations unmasked in SSADHD include
alterations in oxidative stress parameters, dysregulation of autophagy and mitophagy,
dysregulation of both inhibitory and excitatory neurotransmitters and gene expression, and unique
subsets of SNP alterations of the SSADH gene (so-called ALDH5AL, or aldehyde dehydrogenase
5A1 gene) on the 6p22 chromosomal arm. While seemingly difficult to collate and interpret, these
anomalies have continued to open novel pathways for pharmacotherapeutic considerations. Here,
we present an update on selected aspects of SSADHD, the ALDH5AL1 gene, and future avenues
for research on this rare disorder of GABA metabolism.
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Introduction

It is widely accepted that monogenic disorders represent extreme examples of metabolic
variations, the latter present to a much lower degree of severity in the majority of the
population. Succinic semialdehyde dehydrogenase deficiency (SSADHD), a rare disease
caused by mutations of the ALDH5AL1 gene, pointedly reminds us of this issue. Compound
heterozygous or homozygous pathogenic mutations associate with a debilitating disease,
whereas functional single nucleotide polymorphisms (SNPs) associated with more common
or milder neurological impairments which can also be identified in various populations. The
focus of this review is to summarize selected aspects of our current knowledge of the role of
the SSADH enzyme and its genetic counterpart, the ALDH5AL gene, in human diseases,
with an emphasis on the diverse pathophysiology of the disease linked to gene
polymorphism and susceptibility to multifactorial traits.

Succinic semialdehyde dehydrogenase deficiency (SSADHD)

Succinic semialdehyde dehydrogenase deficiency (SSADHD; OMIM #271980) is an
autosomal-recessively inherited disorder of GABA degradation caused by mutations in the
ALDH5AL gene on chromosome 6p22.3. The clinical features include global developmental
delay, hypotonia, epilepsy, extrapyramidal manifestations, and hyporeflexia (Pearl et al
2003; 2003, 2005; 2009; Novotny et al 2003; Knerr et al 2007, 2008, 2010; Kim et al 2011;
Vogel et al 2013). Diagnosis of autism spectrum disorder occurs disproportionately (Gibson
et al 2003). Abnormalities in MRI signal involving the globus pallidus, subthalamic nucleus,
and cerebellar dentate nuclei are frequently encountered, and all patients have elevated urine
excretion of -y-hydroxybutyric acid (GHB), the biochemical hallmark of the disorder. The
incidence is unknown, but has recently been estimated at 1:10° (unpublished). While the
median age of diagnosis is less than 5 years, 10% of cases are diagnosed in adolescence or
adulthood. Late and undiagnosed cases are suspected, although increased detection of
SSADHD is anticipated with the increasing utility of next generation gene sequencing. The
challenges inherent to late diagnosis is noteworthy. Not only do families undergo a
diagnostic odyssey of clinician evaluation and metabolic testing (most likely associated with
the non-specific neurological phenotype), but possible therapeutics accompanied by
potentially beneficial physical/occupational/speech therapies remain uninitiated. Key
landmarks in clinical and basic research of SSADHD are highlighted (Table 1).
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Patient registries and associations

The SSADHD patient registry began with the goal of leveraging interdisciplinary scientific
discussion on SSADHD, undertaking grassroot efforts to raise awareness, and raising much
needed research funding for new studies. The patient registry has been maintained since
2003 with continuous IRB approval, and is currently located through the Boston Children’s
Hospital. All enrolled patients have completed a detailed questionnaire which contains
clinical history, developmental status, results of diagnostic testing, contact information for
the family and primary care physician, and willingness to be recruited into additional
studies. The information is password protected and has been instrumental in providing
information on clinical trials thus far. There are currently 120 enrolled patients. The SSADH
association (www.ssadh.net) also maintains a patient registry with 92 patients. The two
registries are currently in the process of being merged. Since its first description in 1981, the
literature reveals 176 patients presenting from 38 distinct countries, underscoring the
panethnic nature of SSADHD (Fig. 1).

The Primary Defect in SSADHD and Metabolic Perturbations in Patients and

Knockout Mice

Jakobs and coworkers (Jakobs et al 1981) first reported increased excretion of GHB in
humans. They examined the urine of three developmentally delayed pediatric patients with
minimal language development using combined gas chromatography—mass spectrometry
methodology. The mass spectrometric data aligned with library data indicating a
fragmentation pattern consistent with GHB (gamma-hydroxybutyrate, a derivative of the
inhibitory neurotransmitter GABA). The hypothesis developed to explain the presence of
GHB was a block at the level of succinic semialdehyde dehydrogenase (SSADH; Fig. 2). In
1983, Gibson and coworkers presented enzymatic data that confirmed Jakob’s hypothesis,
highlighting the first report of an inborn error of gamma-aminobutyric acid (GABA)
metabolism (Gibson et al 1983). Autosomal-recessive inheritance was suspected since the
original three patients were born to related parents, which was subsequently confirmed when
the human gene was identified in 1998 (Chambliss et al 1998) and homozygously inherited
mutations were identified. Obligate heterozygotes (parents) each carried the pathogenic
allele on one copy each of chromosome 6, confirming the inheritance pattern.

Although SSADHD is considered a “neurometabolic” disorder, emerging data indicates a
number of systemic disturbances (Fig. 2). A summary of metabolic data available in the
literature from SSADHD patients (Table 2) and the corresponding murine knockout mouse
model (Hogema et al 2001) highlights the extent of metabolic abnormalities. In addition to
accumulation of GABA and GHB, we and others have found accumulation of a number of
likely GABA-associated metabolites in tissues and body fluids derived from both patients
and the knockout mouse model. These include D-2-hydroxyglutaric acid (D-2-HG), 4,5-
dihydroxyhexanoic acid (DHHA), as well as accumulation of homocarnosine (a precursor
dipeptide of GABA composed of L-histidine and GABA), guanidinobutyrate (derived from
the substitution of GABA for glycine in the arginine-glycine amidinotransferase reaction
involved in creatine synthesis) (Jansen et al 2006). Species-specific metabolite data provides
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complementary results, since adequate amounts of either urine or blood is almost impossible
to obtain from the knockout mouse model (in volumes sufficient to facilitate metabolic
studies; Gupta et al 2002, 2004), and organ tissues (or biopsies) are not ethically acquired
from SSADHD patients.

Metabolite data for SSADHD patients is sparse and often incomplete (Table 2), quite
possibly because most diagnostic studies today only include molecular analysis of the
ALDH5AL1 gene. For example, DHHA has been noted to be “elevated” in several case
reports, but quantitation of this metabolite in human body fluids is lacking. Similarly, SSA
has been quantified in urine and cerebrospinal fluid, but not plasma. Additionally, GABA
has never been quantified in patient plasma. Turning attention to the knockout mouse model,
central metabolite accumulations (brain: GHB, SSA, D-2-HG, DHHA) are manifest
systemically, including liver and kidney. Some peripheral disturbances exceed the level of
metabolic perturbations observed in CNS (DHHA, D-2-HG; Vogel et al, unpublished).
Although the CNS GABA level far exceeds peripheral levels, GABA is still significantly
increased in the periphery of the knockout mouse model (Vogel et al, unpublished).
Following these metabolites longitudinally in a significant patient cohort would provide rich
insights into metabolic and clinical variation, while simultaneously offering the potential to
correlate metabolite levels across the developmental course of the disease.

Pathophysiological Mechanisms in SSADHD

There remains no consensus as to the predominant source of pathology in SSADHD,
although elevated GABA and GHB likely play an important role. During early
neurodevelopment, GABA(A) receptors, which mediate fast inhibitory neurotransmission,
are excitatory. The switch to inhibitory neurotransmission occurs early in the postnatal
period (Jansen et al 2008). Accordingly, if metabolic perturbations are present in the
developing embryo, a heightened excitatory state is already underway which may lead to
poor outcomes, possibly underscoring an early path toward patient developmental delays
(Jansen et al, 2008). However, our recent understanding of the cellular and molecular
features of SSADHD suggest that other mechanisms are at work and likely to contribute to
the complex phenotype. These mechanisms include imbalances in GABAergic/glutamatergic
neurotransmission, oxidative damage, and dysregulation of autophagic processes.

Imbalances in GABAergic/glutamatergic neurotransmission

Elevation of GHB and GABA in physiological fluids are the biochemical landmarks of
SSADHD. GHB can reach concentrations approximating 1 mM in cerebrospinal fluid (CSF)
of patients, while normal levels are < 3 pM. CSF GABA is also elevated in patients who
have undergone diagnostic lumbar puncture (Gibson et al 1995), usually 2-4 times above the
control range. GABA'’s central role as inhibitory neurotransmitter is well established,
predominantly working through GABA(A) receptors that are ion-channels mediating fast
inhibitory neurotransmission, while GABA(B) receptors (metabotropic) mediate slower
inhibitory neurotransmission. Further, GABA plays key developmental roles in neuronal
migration, myelination and synaptogenesis (Bowery and Smart 2006; Waagepeterson, 1999).
The exact function of GHB in CNS physiology remains to be defined (Bay et al 2014;
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Thiesen et al 2015; Tatar et al 2015). GHB is neuromodulatory in its ability to alter
dopamine release and turnover in the CNS (Maitre, 1997; Maitre et al 2016; Kasten et al
2015). Importantly, GHB*s neuropharmacological properties (Snead 1978; Snead and
Morley 1981), including discrete spike-wave discharge patterns on the electroencephalogram
(EEG) when administered to animals, are consistent with the neurological sequelae and EEG
features in SSADHD. Finally, several studies have highlighted the finding that impaired
GABAergic signaling is implicated in the pathogenesis of neurocognitive delay, seizures,
obsessive compulsive disorders, anxiety, aggressiveness and sleep disorders (Wu et al 2006;
Buzzi et al 2006; Mdohler et al 2006; Szabadi et al 2006; Jacobson et al 2007; Galanopoulou
et al 2008; Maller et al 2009; Nikolaus et al 2010; Kleschevnikov et al 2012; Heaney and
Kinney 2016), all of which represent typical clinical manifestations of SSADHD.

A potential pathophysiological role of GABA and GHB has been confirmed in the
corresponding murine knockout model of SSADHD (Gupta et al 2002; 2004). In this model,
tissue GHB and GABA concentrations are elevated and correlate with an progressive
epileptic phenotype, including absence seizures by day of life 14 (DOL 14), generalized
tonic-clonic seizures by DOL 21, and lethal status epilepticus leading to death by 1 month
(Cortez et al 2004; Buzzi et al 2006; Wu et al 2006). Premature lethality suggests that the
animal model disease course resides on the severe end of the human phenotypic spectrum.
Consistent with this developmental course in the mouse model, instances of SUDEP (sudden
unexplained death in epilepsy) have been observed in SSADHD (Knerr et al 2010; Gibson
and Pearl, unpublished). The epileptic course in the knockout mouse correlates temporally
with down-regulated GABAAR and GABARgR function, likely the result of use-dependent
down-regulation associated with elevated GABA and GHB (Drasbek et al 2008; Dosa et al
2010; Vardya et al 2010). Importantly, GABAergic neurotransmission deficits quantified in
the mouse model have been verified in human patients, employing transcranial magnetic
stimulation evaluations (Reis et al 2012), which assesses cortical GABA(B)ergic activity, as
well as by [*1C]flumazenil binding to assess GABA(A)ergic function (Pearl et al 2009).
Overall, impaired GABAergic neurotransmission caused by dramatic GABA and GHB
tissue accumulation, together with decreased GABA receptor expression (Wu et al 2006;
Buzzi et al 2006) likely contributes a significant component of the neurological
pathophysiology of SSADHD. This hypothesis is consistent with the description of other
conditions featuring impaired GABA neurotransmission and developmental delay, including
Down syndrome (Kleschnikov et al 2012).

Oxidative Stress and damage

Oxidative stress is implicated in the pathology of many inborn errors of metabolism (IEMs),
especially those with neuropsychiatric involvement (Vaya 2013; Fransen et al 2012; Ng et al
2008). Oxidative damage is also purported to have a role in the pathophysiology of other
neuropsychiatric disorders such as schizophrenia, bipolar disorder, depression and anxiety,
ADHD and autism (Ng et al 2008), and a recent report revealed elevated biomarkers of
oxidative damage in physiological fluids derived from patients with autism (Pecorelli, 2012).
Numerous investigators hold the hypothesis that oxidative damage in these disorders
associates with accumulation of metabolites which represent mitochondrial toxins (Braconi
et al 2010). This may apply to SSADHD as well since administration of GHB to rats induces
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oxidative damage in the cortex (Sgaravatti et al 2007), which raises the potential for
oxidative damage since GHB accumulates to significant levels in both patients and the
knockout mouse model (Gibson et al 2002; Gupta et al 2002, 2004).

More recently, various investigators have highlighted the capacity of other metabolites
accumulating in SSADHD (e.g., D-2-HG, GHB) to induce oxidative stress when
independently administered to rodents (Latini et al 2007; Sgaravatti et al 2006; Gibson et al
2006; da Rosa et al 2014; Latini et al 2003). Moreover, since succinic semialdehyde itself is
an reactive aldehyde, any substantive accumulation of this intermediate would be predicted
to induce oxidative damage, potentially including protein and DNA adducts. Additionally,
Brown and colleagues, who first identified the presence of DHHA in the body fluids of
patients with SSADHD (Brown et al 1987) hypothesized that this unusual metabolite derives
from condensation of SSA with an “activated” 2-carbon species in the oxidative
phosphorylation pathway (see Fig. 2). Murphy and colleagues (2003) demonstrated that
SSADH was the enzyme actively engaged in the further metabolism of 4-hydroxy-2-nonenal
(4-HNE), a highly reactive, a-B unsaturated aldehyde species that is produced during the
breakdown of lipid bilayers undergoing oxidative degradation. Further, these investigators
noted that SSADH was active in the further metabolism of 4-HNE in brain, but not in the
liver. Confirming this hypothesis, Vogel and coworkers (unpublished) have recently verified
accumulation of conjugated derivatives of 4-HNE in tissues of the murine knockout mouse.
The cumulative effect of these multiple metabolites could be additive, or perhaps synergistic,
in different regions of the brain of both patients and mice, dependent upon local tissues
concentrations and transport.

Oxidative stress and related damage in SSADHD led to the prediction that there would be
depletion of the major intracellular antioxidant, glutathione (GSH). This has been confirmed
by a number of investigators in the knockout mouse model (Gibson et al 2006; Latini et al
2007; Vogel et al, in press). Moreover, Sauer and colleagues (2007) extended these findings
to demonstrate significant disruptions of enzyme complexes involved in mitochondrial
oxidative metabolism in brain tissues derived from SSADHD knockout mice, which lends
additional credence to the potential disruptive nature of DHHA in mitochondrial
metabolism. It must be emphasized, however, that the exact pathway by which DHHA is
formed has not been absolutely identified.

These metabolic permutations pointing to oxidative damage are consistent with
neuroimaging findings observed in SSADHD. A number of investigators have noted
symmetrically increased T2 signals in the globus pallidi, subthalamic nuclei, and cerebellar
dentate nuclei of patients (Pearl et al 2003; Pearl et al 2009; Acosta et al 2010; Lapalme-
Remis et al 2015). These hyperintensities are not specific to SSADHD and likely reflect
cytotoxic metabolic edema (Pearl et al 2009; Yalcinkaya et al 2000; Ziyeh et al 2002; Horino
et al 2016; Gogou et al 2016; Wang et al 2015; Li et al 2015). The globus pallidus generates
significant metabolic demands associated with a cellular environment especially prone to
oxidative damage linked to its high iron content (Bartzokis et al 2007). Hence, the MRI
findings noted in SSADHD may reflect CNS oxidative damage, and suggest that antioxidant
interventions may be effective in SSADHD, as already shown for other rare disorders
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(Scaini et al 2012; Atkuri et al 2009; Biancini et al 2012; Perna et al 2012; Lopez-Erauskin
et a; 2011; Minder et al 2009; Tinti et al 2010; Singh et al 1988).

The potential impact of oxidative damage in SSADHD is further underscored in view of the
crystal structure of SSADH protein from both E. Coli and human (Kim et al 2009; Kim et al
2011; Tamazian et al 2015). Consistent with the aldehyde dehydrogenase superfamily of
proteins, a catalytic cysteine is found in SSADH. In the mouse model, this active-site
cysteine is located in exon 7 of the orthologue mouse gene, and this exon was removed when
developing the knockout model (Hogema et al 2001). In their modeling of the SSADH
active site, Kim and coworkers observed that the active site of the protein contained an
additional cysteine that formed what was termed a “dynamic catalytic loop” that was
potentially susceptible to large structural changes depending upon the cellular redox status.
In vivo and in vitro studies confirmed that this loop was responsive to reactive oxygen
species. In conditions which favored an oxidative milieu, the proximal cysteines formed an
internal disulfide which prohibited the entry of substrate, SSA, into the active site.
Conversely, intracellular conditions favoring a reducing environment facilitated reduction of
these cysteines and entry of substrate for subsequent oxidation to succinic acid (Ilbert et al
2007). These data suggest that mutations affecting the catalytic loop of SSADH will alter the
ability of the enzyme to conformationally cope with intracellular redox changes, and
potentially direct the enzyme toward rapid proteasomal degradation during conditions of
oxidative stress. Moreover, the catalytic loop might enhance the susceptibility of the enzyme
to oxidative damage, further depleting residual activity even in the case of mutations that
alter sequences not implicated in the redox loop of the protein. Based on the cumulative
data, the potential benefits of prophylactic antioxidant therapy in SSADHD may be
warranted.

Autophagy dysregulation

Autophagy (e.g., organelle recycling during nutrient depletion) represents an intricate
signaling hub whose central component is the protein known as the molecular target of
rapamycin (MTOR; Ainslie et al 2016). This pathway is a master regulator of growth,
proliferation, and catabolic outcomes that includes autophagy and other components of
cellular fate. Defects in the regulation of effectors upstream of mTOR forms a component of
the pathophysiology of numerous conditions, e.g., metabolic diseases, neurological
disorders, epilepsy, and autism. In terms of genetic conditions in which metabolic sequences
are disrupted, the upstream signaling components impacting mTOR include primarily amino
acid input on nutrient status (e.g., phenylalanine, tyrosine, leucine, glycine, GABA).

Autophagy itself is a major catabolic pathway involved in the degradation of intracellular
proteins and organelles in the lysosome/vacuole (Yang et al 2009), and this pathway is
conserved from yeast to humans (Meijer et al 2007). Defects in autophagy-related pathways
have been implicated and therapeutically targeted in many diseases, ranging from cancer and
neurodegenerative disorders (e.g., Huntington’s, Alzheimer’s and Parkinson’s diseases) to
aging, underscoring the concept that autophagic processes play an essential role in cellular
homeostasis and disease pathogenesis (Ravikumar, 2004; Chong, 2010; Mizushima, 2008).
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Using yeast as a model system, Lakhani and colleagues (2014) documented that elevated
GABA inhibits the selective autophagy pathways pexophagy and mitophagy, leading to
oxidative stress (Lakhani et al 2014). Further studies by the same group of investigators
revealed that elevated GABA activated mTOR and selectively inhibited the autophagy
pathways for peroxisomes (pexophagy) and mitochondria (mitophagy) through Sch9, the
homolog of the mammalian kinase, S6K1 (Lakhani et al 2014). This activation could be
overridden by rapamycin, a pleiotropic bacteria-derived drug that is commonly used to
trigger autophagy pathways via its ability to inhibit the TOR kinase (Raught et al 2001).
This previously undocumented link between increased GABA and selective autophagy
pathways provides novel insight into the function of GABA, its expanding role in the
pathophysiology of SSADHD, and the therapeutic potential of inhibitors of mMTOR in
SSADHD. Along those lines, a variety of newer analogues of rapamycin are now available,
including Torin 1 and 2. Early studies with these analogues are underway in the animal
model of SSADHD (Mogel et al, unpublished).

Treatment of SSADHD

No successful targeted therapy has emerged for SSADHD, and treatment has remained
symptomatic and non-specific (e.g., antiepileptics for seizures; SSRIs for OCD; Gropman et
al; 2003; Parviz et al 2014; Lapalme-Remis et al 2015). A recent case report has identified
magnesium valproate as an agent effective in ameliorating behavioral problems and
refractory epilepsy (Vanadia et al 2013). This was an unexpected finding since earlier
observations by Simler and colleagues (1981) had revealed that valproate is an inhibitor of
SSADH.

Lowering GHB has been the focus of several therapeutic strategies. Vigabatrin (VGB; -y-
vinyl GABA), an inhibitor of GABA-transaminase approved in the U.S. for use in patients
with infantile spasms (Gaily et al 2012; Greiner et al 2012), as well as complex partial
seizures, represents a logical choice in SSADHD because the drug prevents the conversion
of GABA to -y-hydroxybutyrate via irreversible inhibition of GABA-transaminase (ABAT;
aminobutyrate aminotransferase). However, treatment with VGB has resulted in mixed
outcomes in SSADHD (Vogel et al 2013). Further, long-term treatment with VGB is
contraindicated due to marked and permanent visual-field impairments (Singh et al 2013;
Froger et al 2014; Good et al 2011; Pellock 2011; Escalera et al 2010; Casarano et al 2011;
Matern et al 1996; Al-Essa et al 2000). Of further concern is the predicted expectation that
VGB will augment brain GABA (Ergezinger et al 2003; Pearl et al 2014a; 2014b), which is
a relevant observation in light of recent studies (described above) highlighting GABA-
induced impairment of autophagic processes (Mogel et al 2015). The potential use of mMTOR
inhibitors (e.g., rapamycin, Torin 1 or 2) along with VGB might be an effective intervention,
since this would both decrease production of GHB and clear the oxidative-damaging effects
of further-enhanced GABA levels. Nonetheless, until the ocular toxicity component of VGB
is mitigated, long-term use of this unique antiepileptic will remain unfeasible. Studies
highlighting the rescue of the murine knockout model from premature lethality (Gupta et al
2002; Pearl et al 2009) using one of the earlier GABA(B) receptor prototypes, CGP 35348,
served as the basis for an ongoing clinical trial in SSADHD with a newer generation
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GABA(B) receptor antagonist, SGS-742 (Froestl et al 2004; www.clinicaltrials.gov;
NCT02019667).

A potentially more promising, or at a minimum complementary, therapeutic strategy would
be based upon GHB receptor inhibition. One challenge with this approach remains the still
undefined nature of the exact, high-affinity GHB receptor itself. An early report highlighting
the molecular cloning of the GHB receptor was found to be incorrect (Andriamampandry et
al 2007). One complicating factor in the search for the elusive GHB receptor is that GHB
itself has weak affinity for GABA(B) receptors, although at concentration approximating
mM levels, which are unlikely to be of physiological significance in the normal setting, but
may be more relevant in the setting of SSADHD. Recently, Wellendorph and colleagues
have performed /n vitro studies suggesting that subtypes of the GABA(A) receptor display
high-affinity GHB binding (Absalom et al 2012). Since then, other reports have highlighted
a number of high-affinity ligands which will likely be valuable in the identification of the
exact nature of the GHB receptor (Bay et al 2014). A broadly employed GHB receptor
antagonist, NCS-382, is relatively selective for antagonism of GHB binding, and
demonstrates an affinity for the GHB receptor approximately 10-15-fold stronger than that
of the endogenous ligand GHB (Wellendorph et al 2009). NCS-382 has no affinity for
GABA(A) or GABA(B) receptors (Castelli et al 2004). The use of NCS-382 in the murine
knockout model demonstrated efficacy in rescuing the phenotype of premature lethality
(Gupta et al 2002; Vogel et al 2013), although human studies have yet to be reported. Other
GHB-receptor ligands (e.g., 3-hydroxycyclopent-1-enecarboxylic acid; HOCPCA) with even
greater affinity for GHB receptor binding (~ 40-fold greater than GHB itself), as well as
high blood-brain barrier penetration, might prove superior to NCS-382, but HOCPCA
preclinical efficacy data in SSADHD, or other clinical settings of GHB accumulation, have
yet to be presented (Thiesen et al 2015).

Additional therapeutic strategies in both murine and human SSADHD have centered on
earlier evidence for oxidative damage (Gibson et al 2006; Latini et al 2007). One potential
strategy involves the use of A-acetylcysteine (NAC). NAC is a pharmacotherapeutic prodrug
which can deliver cysteine needed for the restoration of endogenous GSH (glutathione)
levels. Widely employed as an antidotal therapeutic for NSAID (acetaminophen) overdose,
the use of NAC would be rational in providing a source of cysteine needed for endogenous
synthesis of GSH (the tripeptide of glycine-cysteine-glutamate). Several orally available
forms of NAC are in use, although in the setting of acetaminophen toxicity this agent is
applied intravenously to expedite absorption. In summary, multiple therapeutic strategies are
under active investigation for SSADHD, using both clinical and preclinical strategies. As for
many other disorders with complex pathophysiology, it is quite likely that multiple
therapeutics will be required to leverage improvements in a variety of domains leading to
incremental improvements in quality of life of patients.

genetics of the ALDH5A1 gene encoding SSADH

Prior to development of a murine knockout model (Hogema et al 2001) for SSADHD, the
relevant gene remained uncloned, and causative mutations remained unconfirmed. An early
stumbling block in the gene-cloning process included the identification of the SSADH
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enzyme from human brain as a tetrameric structure of weight non-identical subunits (Ryzlak
and Pietruszko 1988). This was the first evidence of an aldehyde dehydrogenase protein that
was composed of non-identical subunits with potentially multiple protein-encoding genes
(Sheikh et al 1997; Hempel et al 1993). However, Gibson and Chambliss (1992) undertook
the purification of SSADH from rat brain and documented that the protein was composed of
weight-identical subunits of molecular mass ~60kDa, giving a tetrameric MW of ~240,000.
This was consistent with earlier reports on the aldehyde dehydrogenase subfamily (Hempel
et al 1993). Rat brain SSADH was purified to homogeneity, the protein sequence was
determined and degenerate oligonucleotide primer pools necessary for cONA library
screening were developed. Subsequent studies reported the isolation of three rat brain cDNA
clones (3500, 1465, and 1135 bp) encoding SSADH (Chambliss et al 1998). Composite
clones encoding the processed SSADH protein predicted a polypeptide with 488 amino
acids (molecular mass 52,000 Da). The cDNA clones were confirmed by expression analysis
and protein sequence data from the purified rat brain SSADH. Two human liver ALDH5A1
cDNA clones of 1091 and 899 bp were also isolated, but isolation of complete cDNA clones
was hampered by the high GC content of the 5’-region of the human gene. Comparative
analysis of human and rat brain SSADH proteins and genomic sequences revealed 83% and
91% identity in nucleotide and protein sequence, respectively. Northern blot analysis
revealed two differentially expressed transcripts of ~2.0 and 6.0 kb in rat and human tissues,
respectively. Southern blotting of the human gene revealed that both transcripts derived from
a single copy gene >38kb. More recent examination of the GENE database (NCBI) reveals
that the mean total gene size of ALDH5AL encoding SSADH in homo sapiens is
approximately 50-51 kB (www.ncbi.nlm.nih.gov).

With regard to pathogenic mutations, Akaboshi and coworkers (Akaboshi, 2003) presented
the most up-to-date summary of pathogenic alleles. Of the approximate 30 alleles, there
were missense, nonsense, gene deletions, and splicing errors, without a major mutation
hotspot. Alterations of several well-conserved glycine residues, previously reported as
critical for enzyme function in the aldehyde dehydrogenase superfamily, led to nearly
complete ablation of enzyme activity (Akaboshi et al 2003). Since the report by Akaboshi
and colleagues, only sporadic reports of inherited mutations have been presented (Lin et al
2015; Tay et al 2015; Jiang et al 2013; Puttman et al 2013; Kwok et al 2012; Lemes et al
2006; Bekri et al 2004). Many of these alleles are predicted to be pathogenic using SIFT
analysis, but a comprehensive analysis of mutations has yet to be presented since that of
Akaboshi in 2003. Many of the newly presented mutations are either missense alleles, or
small-to-large deletions, in the ALDH5A1 gene encoding SSADH.

SSADH activity measured in human lymphoblasts or freshly isolated tissues shows
significant inter-individual variability with an ~5-fold difference between the extremes of the
range of enzyme activity (n=27; range 0.69-4.56 nmol/min/mg protein; Gibson et al 1991).
To gain insight into this protein variation at the molecular level, the ALDH5A1 coding
region was analyzed in a panel of about one hundred random healthy individuals. The
analysis revealed eight missense variants and one same-sense variant (Blasi et al 2002), with
five attaining polymorphic frequencies: ¢.106G>C (rs4646832, p.G36R), ¢.538C>T
(rs2760118, p.H180Y), ¢.545C>T (rs3765310, p.P182L), ¢.709G>T (rs62621664, p.A237S)
and ¢.1389T>C, rs24640371, p.D463D) (Table 3). All variants (except c.709) involved

Neurochem [nt. Author manuscript; available in PMC 2017 October 01.


http://www.ncbi.nlm.nih.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malaspina et al.

Page 11

amino acids in the coding region of the ALDH5A1 gene that were not conserved across
animal phyla. To assess the functional consequence of these alleles, expression analysis in
cultured mammalian cells was undertaken. A wide spectrum of SSADH enzyme variation
was found associated with each amino acid replacement, which ranged from 48-87% of the
enzyme activity observed with respect to the wild-type gene expression (Blasi et al 2002).

Segregation analysis was employed to identify heterozygous individuals for all of the five
polymorphic positions (c.106, ¢.538 ¢.545, ¢.709 and ¢.1389), which led to the identification
of compound genotypes. The haplotype phase of these alleles was resolved with familial
segregation analysis. Of the 32 haplotypes predicted to exist, only 5 haplotypes were
actually observed, with complete linkage disequilibrium (LD) between ¢.106C, ¢.538T and
c.545T alleles (Blasi et al 2006; Malaspina et al 2009). Haplotypes with multiple amino acid
substitutions were also expressed in cultured cells, which resulted in a more significant
alteration/reduction of enzyme activity (36% of wild-type). Accordingly, Blasi and
coworkers postulated that at least some component of the variation in enzyme activity
detected in the general population would likely be attributable to the occurrence of single or
multiple polymorphic missense mutations.

Additional evidence for variation in both gene structure and eventual function was observed
through the demonstration of SNPs in the 800 bp sequence upstream of the ATG start codon,
and in close proximity to the presence of transcription control elements (Blasi et al 2002).
Resequencing of 870 bp in 24 individuals of distinct geographical origin revealed
polymorphisms at nine positions, eight of which had been reported in the SNP DataBank
(Malaspina et al 2009). Haplotype reconstruction revealed six possible arrangements for
these eight SNPs in the promoter region of the ALDH5A1 gene. Significant LD was
detected within, and between, this region and the coding sequence, resulting in the potential
for only limited promoter-coding arrangements. Constructs with the six different promoter
haplotypes were cloned upstream of the luciferase gene and assayed to evaluate the
corresponding functional effects. Considerable variation in the activity of the reporter gene
was found, thus confirming that these variant positions contribute distinct effects on the
transcriptional levels of the enzyme (Malaspina et al 2009). Perusal of the level of
polymorphism for the eight SNPs that were identified in the 870 bp of the promoter region
was gained through exploration of a recent DataBank release [dbSNP, Build 144]: four of
the polymorphisms reside in the 24 -29% frequency range, while others are much lower, in
the 1 - 5% range. The extensive variation in both the regulatory region of the ALDH5A1
gene, combined with the presence of multiple haplotype arrangements altering
transcriptional activity, is expected to contribute substantively to the wide range of inter-
individual enzyme activity observed in the general population.

Multifactorial traits and ALDH5A1 gene structure

Heterogeneity of the gene structure of ALDH5A1 has been associated with several
multifactorial traits, including epilepsy, cognition and developmental delay, ocular and liver
function, and response to therapeutics (Table 3). Dervent and colleagues (2004) reported a
patient heterozygous for a pathological allele in the ALDH5A1 gene who presented with
absence and myoclonic seizures, photoparoxysmal EEG and generalized epileptiform
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discharges. The homozygously affected proband of this patient manifested an SSADH
activity in leucocytes that was 3% of control values, whereas the same activity for the
heterozygously affected sib with epilepsy was 23% of the same controls, raising the
possibility that reduced catalytic activity altered GABA catabolism in specific CNS regions
which associated with neuronal excitability and eventual epileptic discharges. Lorenz and
coworkers (2006) noted a significant association for SNP rs1883415 (A>C), located 3.7 kb
upstream of the ALDH5A1 gene, with an excess of carriers with the A allele in individuals
with IGE (idiopathic generalized epilepsy; Table 3). The potential role of this SNP was
further examined in patients with mesial temporal lobe epilepsy (mTLE) (Pernhorst et al
2011). The genotype frequencies for rs1883415 differed significantly between patients with
mTLE vs. healthy controls, with the C allele over-represented in the epileptic cohort.
Additionally, expression analysis in hippocampal biopsy specimens of mTLE patients
revealed higher ALDH5A1 mRNA expression in the C vs. A allele homozygotes. Lorenz
and colleagues postulated that ALDH5A1 expression was dependent upon the allelic variant
at rs1883415. Accordingly, an increased ALDH5A1 gene expression would be expected in
the hippocampus of mTLE patients homozygous for the C allele, whereas the predominant
frequency of the A allele detected in IGE patients (Lorenz et al 2006) would lead to lowered
SSADH protein production in the brain, the latter supporting the hypothesis for reduced
GABA turnover in IGE.

Multiple investigators (Blasi et al 2002; 2006; Plomin et al 2014) have demonstrated that the
¢.538C allele (p.180H) of the ALDH5AL gene (see above), which results in the production
of an SSADH enzyme with higher activity than that of the alternative T allele (p.180Y)
(Table 3), associates with cognitive performance. Further, the homozygous T/T genotype for
the ¢.538C>T polymorphism was over-represented in individuals with impaired cognitive
function, suggesting that decreased SSADH enzyme activity associated with that genotype
may induce cerebral oxidative stress while accelerating the rate of cerebral damage and
decreasing the quality of life for patients as they age (De Rango et al 2008; Chabiris et al
2012). Additionally, both hyper- and hypoactivity of the ALDH5A1 protein is associated
with neurological sequelae and/or deficits. Siggberg and coworkers (2011) described a
family with three patients manifesting mild developmental delay and atypical attacks of
lowered consciousness (MDD/LC). Comparative genomic hybridization (CGH) analyses
revealed a duplicated region of 0.7 Mb region in 6p22.2 in all three sibs, spanning
ALDH5A1, DCDC2 (doublecortin domain-containing protein 2) and KIAA0319 (encoding
a cell membrane protein involved in neuronal migration) genes, the latter two associated
with dyslexia. All three probands carried a partial duplication of DCDC2 and a complete
duplication of KIAA0319. Molecular analysis of the ALDH5A1 coding region excluded the
occurrence of known pathological mutations. Lymphoblasts derived from the three sibling
revealed an SSADH enzyme hyperactivity, suggesting that the most likely candidate gene
associated with clinical symptoms (MDD/LC) was ALDH5A1.

Variation of ALDH5A1 gene structure has been implicated in the etiology of ocular phoria,
the latter representing a misalignment of the eyeballs that occurs sporadically, such as when
the synchronization between the eyes is broken by covering one eye (Bosten et al 2014). In
their study, Bosten and colleagues found that near horizontal phoria was strongly associated
with the SNP rs1569579 T>C located in the fifth intron of the ALDH5A1 gene. Genotyping
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of individuals for rs1569579 identified the association of near horizontal phoria with TC and
CC genotypes, and showed that the second copy of the C allele shifts phoria by 0.45 SD
(standard deviation) in the direction of esophoria (a condition characterised by inward
deviation of the eye, usually due to extra-ocular muscle imbalance). These findings are
relevant to the identification of strabismus in SSADHD (Gibson et al 1997; Pearl et al 2003).
Moreover, Chambers et al (2011) reported on the association of ALDH5A1 variation with
levels of hepatic enzymes in plasma (e.g., alanine transaminase (ALT), alkaline phosphatase
(ALP) and y-glutamy!l transferase (GGT)). Employing functional genomic approaches,
including gene expression and GRAIL (gene relationships across implicated loci) analyses,
several metabolic pathways and interrelated genes were identified, among them the
metabolic pathways associated with both GABA (and ALDH5A1) and glutathione
homeostasis. Specifically, the rs1883415 SNP resulted in a “sentinel” non-coding SNP,
localized upstream of the ALDH5A1 gene, which may have relevance to decreased
glutathione levels in the brain of the murine model of SSADHD (see above) (Gibson et al
2006)

Fonseca and collaborators (2013) reported that ALDH5A1 gene variation can influence the
response to methadone maintenance treatment (MMT) for opioid-dependent patients
(\Veilleux et al 2010). These authors found that individuals carrying the T allele of the ¢.538
C>T SNP have a higher risk to be non-responsive to methadone intervention. This finding
might be correlated with reduced SSADH enzyme activity associated with TC and TT
genotypes, potentially altering intracerebral GABA and GHB levels and a potentially
enhanced metabolic interference with the role of methadone in blockade of opioid pathways
(Antoniou and Tseng 2002). Further, SanGiovanni and colleagues (2014) identified a
significant association between AMD (age-related macular degeneration) and ALDH5A1
gene structure. AMD patients showed different allele frequencies with respect to controls for
three SNPs localized in intron 7 of ALDH5A1, and a second SNP in intron 8, pointing to an
interaction of GABA metabolism with AMD. Of interest, the visual field toxicity associated
with use of the antiepileptic agent vigabatrin, whose mode of action is irreversible
inactivation of the ABAT protein (associated with GABA accumulation) would be further
consistent with this role for GABA and its metabolism in visual field disorders such as AMD
(Pellock 2011).

Concluding remarks

In over 35 years of investigation on SSADHD, it is abundantly clear that the more we seem
to learn about this rare disorder, the more we realize there is so much to unravel. In other
words, the onion is at best “partially peeled”. While initially thought to be a simple,
monogenic disorder of GABA metabolism, current data reveals a disorder of broad
phenotypic and genotypic heterogeneity with a surprisingly complex pattern of
pathophysiology. Is GABA the culprit? Is GHB the culprit? How many other systems may
be involved, metabolic pathways impacted or compromised, and would there ever be an
approach to mitigate all of the potential neuropathology? Such observations again form the
underpinning of a magic-bullet approach for a disease such as SSADHD, and such a “magic
bullet” is highly unlikely. Rather, targeted approaches that lead to incremental improvements
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in neurological function and quality of life will certainly be the objective, with the ever
present goal of minimizing adverse effects associated with polypharmacy.

As stated in the 1600s by the physician William Harvey, a pioneer in understanding human
physiology who first documented the systemic circulation, nature reveals itself quite
eloquently in rare disorders. The study of these “rare” disorders offers rich insight into the
nature of normal human physiology. For example, the breadth of oxidative stress associated
with SSADHD would not have been considered in the 1980s. Likewise, an effect of GABA
in the pathways of autophagy and mitophagy would be completely unexpected, since GABA
was only considered an inhibitory neurotransmitter (a fairly significant role in physiology in
itself), but the more we learn about neuromodulators such as GABA and GHB, the more we
find ourselves asking additional questions that can only serve to extend our knowledge base,
both in genetics, medicine, and cell biology.

GWAS and metabolomic analyses have revealed the involvement of common variants in the
ALDH5AL1 gene which could well confer susceptibility to a number of multifactorial traits.
Multiple common variants in the general population appear to represent moderate-risk
alleles for multifactorial traits and would explain a component of the variability observed in
complex phenotypes. With respect to SSADHD, these multifactorial linkages might provide
a new range of insight into disease management. As an example, we can see the potential
outcome of multifactorial linkages in the treatment of SSADHD with vigabatrin.
Biochemical data in the cerebrospinal fluid of patients receiving high-dose vigabatrin
supports the biochemical effect (lowered GHB, elevated GABA; Gibson et al 1995), yet the
clinical response to vigabatrin is highly variable, with some patients showing benefit, others
not showing benefit, and even some patients demonstrating clinical deterioration on this
agent (Good 2011; Pellock 2011; Escalera et al 2010; Casarano et al 2011; Matern et al
1996; Al-Essa et al 2000). The recent identification of another aldehyde dehydrogenase in
addition to ALDH5A1 (e.g., ALDH1A1) which mediates GABAergic neurotransmission
pathway in non-GABAergic neurons of mammalian brain adds another layer to the
complexity of understanding of the pathophysiology of SSADHD (Kim et al 2015).

Finally, association studies of multifactorial traits with ALDH5A1 gene structure holds
additional promise to reveal biological pathways involved in complex traits. Those studies
will likely lead investigators to a search for less frequent SNPs associated with greater
effects on the phenotypes of patients with multifactor traits, as well as patients with
SSADHD. The genomic approach also offers the potential to reveal new therapeutic targets
and pathways that might mitigate the SSADHD neurological phenotype. At the end of the
day, these convergent studies (genomic, pharmacogenomic, and metabolic) will provide the
integrated therapeutic strategy for SSADHD that is the goal of researchers and families
engaged in the study of this rare “monogenic” disorder of GABA metabolism.
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HIGHLIGHTS

Aspects of the current knowledge of the role of the SSADH enzyme are summarized
Pathological and polymorphic variations are responsible for SSADH enzyme variability
Integrated genomics and metabolomic approaches for treatment of SSADHD patients
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Fig. 1. Geographic distribution of SSADHD patients (n=176)
Afghanistan, Argentina, Taiwan, Canada, France, Lebanon, Bulgaria, Life (New Caledonia)

(n=2 patients each). Malaysia, UAE (United Arab Emirates), Tunisia, Syria, Luxembourg,
Inuit (Iceland), Uruguay, Yemen, Sweden, Denmark, Sicily, Albania, Algeria, Belgium (n=1
patient each; data taken from 36 publications).

Neurochem [nt. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Malaspina et al.

Page 25

CH,—CH-CIH-CHz—CHfCOOH Internal

OHOH DHHA lactones
H 5 o 5 "
H_(le—{? -y HOWOH "o)‘\n/\/“\o“
& D-2-HG OH © 4.KG

A &

GABA-T o} i o)

(o]
— O \/\)]\
HoN \/\)l\ HO/U\N AKR7a2 HO OH

OH
GABA PAAT SSA GHB
$ SSADH
o
OH

MAO
HO.
Succinic

O Acd

Fig. 2. GABA metabolism and SSADHD
GABA normally interconverts to succinic semialdehyde via GABA-transaminase (GABA-T)

activity, and subsequently forms succinic acid via succinic semialdehyde dehydrogenase
(SSADH), the defect in SSADH deficiency (SSADHD; cross-hatched box). Gamma-
hydroxybutyrate (GHB; whose formation is catalyzed by aldo-keto reductase 7a2, AKR7a2),
D-2-hydroxyglutaric acid (D-2-HG; the formation of which is catalyzed by nicotinamide-
independent D-2-hydroxyglutaric transhydrogenase (TH)), SSA and 4,5-dihydroxyhexanoic
acid (DHHA,; possibly derived from SSA condensation with an “activated” two carbon
species, but unproven) are increased in patient body fluids. Monoamine oxidase (MAO) and
B-alanine aminotransferase (BAAT) can also metabolize GABA.
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Numbered enzymes include: 1, SSADH; 2, arginine-glycine amidinotransferase (AGAT);

and 3, guanidinoacetate methyltransferase. The dashed line represents the probable
conversion of accumulated GABA to guanidinobutyrate via the action of AGAT, as

previously reported (Watanabe et al 1994). Abbreviations: SSA, succinate semialdehyde;
GHB, gamma-hydroxybutyrate; GABA, gamma-aminobutyrate; Gly, glycine; Arg, arginine;

Orn, ornithine. The structure of guanidinobutyrate is also shown.
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Fig. 4. Pathophysiological alterations in heritable SSADH deficiency
Arrows indicate the direction and magnitude of metabolic disturbance. Abbreviations: 4-

HNE, 4-hydroxyl-2-nonenal; GSH, glutathione; GIuR, glutamate receptors; GABAAR/
GABAgR, GABAA and GABAg receptors; HC, homocarnosine (the dipeptide of GABA:L-
histidine); GBA, guanidinobutyrate; GIn, glutamine. See Fig. 2 for other metabolic
interconversions associated with GABA. 4-HNE is a major by-product of lipid peroxidation,
and is metabolized by SSADH in brain. The dashed boxes indicate recent findings from the
knockout mouse model which are not yet published, but are consistent with earlier reports in
SSADHD (Pearl et al 2009; Reis et al 2012; Wu et al 2006; Buzzi et al 2006).
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