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Spinal muscular atrophy (SMA), the main genetic cause of infant death, is a neurodegenerative disease characterized by
the selective loss of motor neurons in the anterior horn of the spinal cord, accompanied by muscle wasting.
Pathomechanically, SMA is caused by low levels of the survival motor neuron protein (SMN) resulting from the loss of
the SMN1 gene. However, emerging research extends the pathogenic effect of SMN deficiency beyond motor neurons. A
variety of metabolic abnormalities, especially altered fatty acid metabolism and impaired glucose tolerance, has been
described in isolated cases of SMA,; therefore, the impact of SMN deficiency in metabolic abnormalities has been
speculated. Although the life expectancy of these patients has increased due to novel disease-modifying therapies and
standardization of care, understanding of the involvement of metabolism and nutrition in SMA is still limited. Optimal
nutrition support and metabolic monitoring are essential for patients with SMA, and a comprehensive nutritional
assessment can guide personalized nutritional therapy for this vulnerable population. It has recently been suggested that
metabolomics studies before and after the onset of SMA in patients can provide valuable information about the direct or
indirect effects of SMN deficiency on metabolic abnormalities. Furthermore, identifying and quantifying the specific
metabolites in SMA patients may serve as an authentic biomarker or therapeutic target for SMA.
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| 1. Introduction

Spinal muscular atrophy (SMA) is a congenital neuromuscular disease characterized by progressive muscle weakness
resulting from the degeneration of motor neurons (MN) in the spinal cord 1. Although SMA is considered a rare disease
and the global incidence of live births is estimated to be about 1/10,000, SMA is still the second most common autosomal
recessive genetic disease and the most common monogenic disorder that causes early infant death . The carrier
frequency varies from 1 in 38 to 1 in 72 among different ethnic groups, with a pan-ethnic average of 1 in 54 [BI4],

In a pathological view, SMA is resulted from an insufficient level of a 38 kDa protein, called the survival motor neuron
(SMN), as a result of homologous deletion or mutation of the Survival of Motor Neuron 1 (SMN1) gene . Subsequent
studies showed that two genes encode SMN protein in humans: SMN1 and a 99% identical copy in sequence, known
as SMN2. Indeed, SMN2 mainly differs from SMN1 by a single nucleotide (C-to-T) substitution in the exon 7 8. Such a
critical variant results in exon 7 exclusion in most transcripts (90%) of SMN2, SMNA?7. Unlike the SMN1 gene, SMN2 can
only produce 10 % full-length (FL) SMN [, Given that the residual FL-SMN2 transcripts can compensate for
defect SMN1 to a limited extent, the SMA severity is partially rescued by SMN2 copy numbers . However, the correlation
between this phenotype and genotype is not absolute, and recent studies have pointed out that other potential cellular
mechanisms may also be involved in modifying the clinical severity of SMA [,

It is still unclear whether the pathogenesis of SMA is caused by a specific pattern or a combination of dysregulated
effects. The cell-autonomous effects due to SMN deficiency are the main causes of MN degeneration; however, it cannot
be explained for the full SMA phenotype, implicating not only dysregulated neural networks but other non-neuronal cell
types involved in the SMA pathology 1911l Emerging research extends the pathogenic effect of SMN deficiency beyond
the MN, including other cells inside and outside the central nervous system, so that many peripheral organs and non-
neural tissues show pathological changes in preclinical SMA models and diseased patients (Figure 1) [12I(13]014]
Furthermore, increasing evidence suggests metabolic abnormalities in patients with SMA, such as altered fatty acid
metabolism, impaired glucose tolerance, and muscle mitochondria defects [15][16)[17]  Recent studies also indicate that
many SMA patients are either undernourished, underfed, or overfed 28l Notably, in some SMA patients, metabolic
dysregulations may even present before their first neuromuscular signs 2. These findings suggest that SMN is essential
for the survival of motor neurons and affects certain enzyme production in the metabolism.
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Figure 1. Overview of non-neuromuscular systemic pathology in spinal muscular atrophy (SMA). A summary of multi-

organ involvement has been reported in SMA animal models and/or patients [17][20][21][22][23][24][25][26][27][28][29][30][31][32][33][34]
[35]

Over the last few years, the increased life expectancy of SMA patients has been achieved through the invention of novel
therapies and the standardization of clinical care. However, knowledge of the altered metabolism and nutrition in SMA
remains limited. The impact of SMN deficiency on metabolic abnormalities has been recently proposed. Before and after
the onset of the disease, metabolomics studies in SMA patients can provide valuable information about the direct or
indirect effects of SMN deficiency on metabolic abnormalities 23!, The present review will discuss the current knowledge
regarding the metabolic involvement in SMA and the role of metabolomics in pursuing potential biomarkers and
therapeutic insights for SMA.

| 2. Lipid Metabolic Abnormalities in SMA

Abnormalities of lipid metabolism have been described in different motor neuron diseases, including SMA (8],
Dysregulated lipid metabolism is the first and most studied nutritional problem in SMA B8 Compared with healthy
controls and non-SMA motor neuron diseases with equally debilitating statuses, the abnormal lipid metabolism found in
patients and animal models appears unique to SMA B4 Abnormal levels of fatty acid oxidation metabolites, especially
dicarboxylic aciduria and esterified carnitine, were first reported in several studies of patients with severe SMA type 38141l
(42 sybsequently, an increasing number of studies suggest that patients with SMA are likely to have metabolic defects
involving fatty acid metabolism. Of note, increased fat mass, even though relatively low caloric consumption has been
repeatedly reported in patients with SMA B3] Several serum fatty acids and lipids have been found correlated to the
motor function of patients with SMA, suggesting potential biomarker candidates for SMA 24, |t has recently been
implicated that defects in fatty acid transport and mitochondrial B-oxidation may also contribute to muscle wasting in
patients with a severe SMA phenotype 22, Nevertheless, the exact mechanism of this lipid metabolism abnormality in
SMA is still unclear, but it is suspected to be related to the absence of the SMN gene product, defects in neighboring
genes, or the loss of a neural “trophic factor” [B142]45]

Although abnormal levels of fatty acid metabolites have been reported, no direct evidence has substantiated a specific
defect of mitochondrial B-oxidation in SMA patients. There are several differences in metabolomics between patients with
SMA and patients with a genetic defect of fatty acid B-oxidation. SMA patients usually had a normal acylcarnitine profile
(42 contrary to an increased acylcarnitine level always found in mitochondrial B-oxidation defects. Moreover, fasting
patients with impaired fatty acid B-oxidation always have markedly decreased ketone bodies. However, patients with SMA
usually present with a normal or even a high ketone body level (increased ketosis), especially under stress 43148l The
ability to mount fasting ketosis means that the liver can utilize fatty acids normally, but it does not rule out that it may be



caused by muscle-specific mitochondrial defects in B-oxidation B2, Therefore, it is postulated that dysregulated fatty acid
metabolism in SMA patients might be directly related to SMN deficiency but is not attributed to the consequence of major
enzyme block of mitochondrial B-oxidation, disuse muscle atrophy, or denervation 13142147

Fatty vacuolization with macro- or micro-vesicular steatosis of the liver has been found in early studies of SMA patients [28]
[41l42]  Of note, liver failure and Reye-like syndrome with diffuse vesicular steatosis have been recently reported in
patients with type 1 or 2 SMA 14849 An ypdated study further reports an increased susceptibility to develop dyslipidemia
in 37% of SMA patients, with evidence of liver steatosis in their pathological specimens 2. Similarly, these human
findings are reproduced in different SMA mouse models, of which a specific Smn 28/~ mice model developed the non-
alcoholic fatty liver disease (NAFLD) before denervation. Hyperglucagonemia might also contribute to dyslipidemia and
hepatic steatosis, possibly through the pancreas—liver axis, leading to peripheral lipolysis of white adipose tissue and an
increase in circulating lipids. These findings imply that the liver-intrinsic SMN deficiency might also cause dysregulated
metabolism of the hepatocytes 28139 which could predispose the cells to fat accumulation. Noteworthily, subacute liver
failure was recently reported in two patients with type 1 SMA following gene replacement therapy 49. It is postulated that
increased susceptibility to dyslipidemia and associated fatty liver disease could predispose the SMA patient to liver injury,
which might be induced or exacerbated after the gene therapy. A thorough investigation of the lipid content in the liver of
SMA patients and mouse models, before and after the onset of the disease ¥4, may provide further evidence for whether
the direct or indirect effects of SMN deficiency affect metabolic abnormalities.

Since carnitine and its acyl esters (acylcarnitines) are cofactors for B-oxidation, abnormal lipid metabolism may also be
reflected in their production, fractions, and transportation. Because carnitine is essential for intramitochondrial 3-oxidation,
reduced carnitine would limit 3-oxidation. Acylcarnitines are known to play a crucial role in stabilizing neuronal membranes
and neurotransmission 1. Supplementation of acylcarnitine has shown beneficial effects in treating chronic degenerative
diseases 2253 However, there are still controversies regarding the dysregulation of production, synthesis, and
carnitine/acylcarnitine extraction in SMA patients. Early studies suggested that the integrity of nerve and motor neurons
might influence carnitine transportation and lipid B-oxidation in muscles. Reduced muscle carnitine and decreased activity
of B-oxidation have been observed in animal models after denervation B453, Similarly, reduced carnitine and acylcarnitine
levels in plasma and muscles and increased urine excretion of acylcarnitine have been reported in SMA patients EZ156],
However, normal or mild-to-moderate elevated serum acylcarnitines, particularly C5-OH acylcarnitine and C3
propionylcarnitine, were found in the following studies of SMA patients with a severe phenotype 2142 |n contrast, an
updated article reported an adolescent with type 2 SMA who showed a dramatically low serum carnitine/acylcarnitine level
at a catabolic state 8. This finding suggests impaired intramitochondrial B-oxidation associated with dysregulated
carnitine metabolism in SMA would become more prominent, especially under stress.

In the fat metabolism of healthy individuals, longer-chain fatty acids are transported into the mitochondria for -oxidation.
Carnitine palmitoyltransferase 1 (CPT1) is an enzyme that converts long-chain acyl-CoA into long-chain acylcarnitine,
thereby transporting long-chain fatty acids to the mitochondria. Decreased CPT activity has been reported in muscles of
severe type 1 SMA patients, compared with aged-matched infants (28, Recently, reduced CPT1 activity was also found in
an SMA (Smn 28/) mice model 22, Of note, an isoform of CPT1, called CPT1c, which mainly expresses in neurons,
including motor neurons, shows biosynthetic activity in neuron-specific acyl-CoA. Reduced activity of CPT1c leads to
motor function impairment and muscle weakness B2, Interestingly, an updated study indicates that MN-specific CPT1C
can interact with atlastin-1 encoded by the ATL1 gene, which is mutated in hereditary spastic paraplegia, a kind of motor
neuron degenerative disorder (58],

Acylcarnitines can also interact with different proteins to influence signaling pathways of neuronal cells 2. Growth-
associated protein 43 (GAP43), a protein involved in neuronal development, neurotransmission, and neuroplasticity, is
modified post-translationally by a long-chain acylcarnitine, possibly through the acylation pathway B2 Interestingly, a
recent study found that motor neurons from SMA mouse models showed reduced GAP43 protein levels in axons and
growth cones U6 SMN seems to be responsible for regulating the localization and translation of GAP43 mRNA in
these axons, and the restoration of GAP43 mRNA and protein levels rescued the defect of axon growth in SMA mice.
Therefore, dysregulated acylcarnitine might also affect SMA phenotypes, possibly through the post-translational regulation
of motor neuron-specific protein GAP43. Acylcarnitine plays a role in GAP43-related axon growth/repair pathways and
may represent a promising SMA treatment target.

Nevertheless, the inconsistent findings of carnitine/acylcarnitine metabolites in SMA patients argue the pathomechanism
of the impaired -oxidation in SMA. Applying modern techniques for quantitative analysis of carnitine and acylcarnitine of
various lengths in different samples (e.g., plasma, urine, and muscle) may help decipher this ambiguity €263 However,
similar studies in SMA patients are scarce, and the findings of changed carnitine/acylcarnitine levels in SMA patients with



different SMN2 copies have not been updated. The discovery of plasma and urinary metabolite patterns, specifically
reflective of fatty acid catabolism, can help clarify biochemical pathways that link lipid metabolism and provide potential
biomarkers monitoring disease progression.

| 3. Dietary Issues in SMA

Patients with SMA are at higher risk of suboptimal nutrition intake, and nearly half of the cohort demonstrated either
undernutrition (underweight) or overnutrition (overweight) over time 28l64 Changes in body composition, especially the
loss of lean body mass, can be particularly harmful to SMA patients because it can impair the respiratory strength of

already weak muscles 43l Therefore, nutrition support is considered a core component of multidisciplinary care for SMA
patients [221(65].

However, the specific nutritional challenges in this population are not well described, and a particular diet has not been
scientifically evaluated. An early study showed that when the mother was fed a lipid-rich diet, the pups of SMA mice could
have a longer survival period and improved motor function B2, These findings suggested that higher fat content may
confer protective benefits during motor neuron loss. However, an updated study reported that low-fat diets could nearly
double survival in Smn 28/~ mice, independent of changes in SMN levels, liver steatosis, or enhanced hepatic functions
(681 Although both studies are in the preclinical phase, such controversies suggest a need to establish clinical nutrition
guidance from evidence-based research to provide better care for SMA patients.

The advances in therapy for SMA have improved survival and quality of life, which poses new challenges. The survival of
patients with severe SMA has generated new phenotypes, and long-term outcomes are unknown 2. Noteworthily,
nutritional management may have a significant impact on the clinical course and even prognosis. For example, previous
studies indicated that nutritional support could affect the therapeutic effects of trial agents on different SMA mice models
(6811691 Although it is difficult to show a clear association between metabolic effects in SMA patients who received therapies
at this time, it has been emphasized that nutritional care must also be revised and monitored according to individual
needs, especially in the SMA therapeutic era X2, Optimal nutritional management for patients with SMA includes
longitudinal evaluation of weight and length and dietary analysis. Recent studies have demonstrated that a modified diet
based on measured energy expenditure and optimized protein can improve ventilation and lean body mass in patients
with SMA 1879 |n the future, non-invasive approaches for body composition assessment, e.g., bioelectrical impedance
analysis, can be used to evaluate the nutritional status of children with SMA. Further research is needed to assess the
use of elemental and semi-elemental formulas in SMA management, including the optimal intake of macronutrients and
micronutrients for nutritional support and the ideal fat content and composition.
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