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Abstract: 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.
Here, we review the main epidemiological and mechanistic findings that link metabolic changes to
SMA and further discuss the principles of metabolomics as a novel approach to seek biomarkers and
therapeutic insights in 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 [2]. The carrier frequency varies from 1 in
38 to 1 in 72 among different ethnic groups, with a pan-ethnic average of 1in 54 [3,4].

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 (SMNT1) gene [5]. Subsequent studies showed that two genes encode SMN protein in humans:
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SMNT1 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 [6]. Such a critical variant results in
exon 7 exclusion in most transcripts (90%) of SMIN2, SMNA7. Unlike the SMN1 gene, SMN2 can only
produce 10 % full-length (FL) SMN [7]. Given that the residual FL-SMN2 transcripts can compensate
for defect SMNT to a limited extent, the SMA severity is partially rescued by SMN2 copy numbers [8].
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 [9].

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 [10,11].
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) [12-14].
Furthermore, increasing evidence suggests metabolic abnormalities in patients with SMA, such as
altered fatty acid metabolism, impaired glucose tolerance, and muscle mitochondria defects [15-17].
Recent studies also indicate that many SMA patients are either undernourished, underfed, or overfed [18].
Notably, in some SMA patients, metabolic dysregulations may even present before their first
neuromuscular signs [19]. 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 [17,20-35].
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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 [13]. 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 [36]. As shown in Table 1, dysregulated lipid metabolism is the first and most studied
nutritional problem in SMA [37,38]. 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 [39,40]. 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 [38,41,42]. Subsequently, 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 [40,43]. Several serum fatty acids and lipids have been found correlated to the motor function
of patients with SMA, suggesting potential biomarker candidates for SMA [44]. It has recently been
implicated that defects in fatty acid transport and mitochondrial 3-oxidation may also contribute to
muscle wasting in patients with a severe SMA phenotype [32]. 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 SMNN gene product, defects in neighboring genes, or the loss of a neural “trophic
factor” [31,42,45].

Although abnormal levels of fatty acid metabolites have been reported, no direct evidence
has substantiated a specific defect of mitochondrial 3-oxidation in SMA patients. There are several
differences in metabolomics between patients with SMA and patients with a genetic defect of fatty acid
-oxidation. SMA patients usually had a normal acylcarnitine profile [42], contrary to an increased
acylcarnitine level always found in mitochondrial -oxidation defects. Moreover, fasting patients with
impaired fatty acid 3-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 [45,46]. 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 [32]. 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 3-oxidation, disuse muscle atrophy, or denervation [13,42,47].



"VIAIS 01 oy109ds 10U s1uaAd 9q PInod surpury
“UOTJ2IDX3 [eUdI Aq PIMO][O]

‘SOUITUIED[ADE JO UOTIR[NUNIDE [RLIPUOYDO0)IUIEUT
03 anp aq Aewr A>usYSP dunILIED)

*SaIoURIP dseuddorpAyap

<o VINS ym sjuaned Suoure %
YOD-14oe payur-((Iv) PIO STedA G T[T ounuIEI[Aoe/aUnILIED €] (0661) QuIjILLIRd[ADR
9pROo3PNUIP SuTUSPe UIAR] [dnnur S[qIsso g a3urer a8e 10,001 ¥1 VNS .vrm spoe b«m. o Teuondas-ss0I) Te 10 Aadrery ‘ourured
(g= ¢ 2d£y vINS : ’ ‘(proe Aney) prdry
(8 = u) syuoned pourexs SJ02J0p JI[OqeIaW ) SSISSE
[[e ur saunrured[Aoe AIeUrIn Jo UOT)SIIXS Paseardu]
‘syuaned 9 Jo sapsnw pue
syuaryed ()] JO WITLISS UL [9AJ] SUIIUIED Paonpay
“UDIP[IYD HT [[© Ul PIOe JIUO[RW[AU3D JO UOHRIIXD
[eULIOUqE UB PIMOYS SPIde DIUe3Io SuLi)
"VIAIS 03 ogy1oads jou sjuans aq p[nod surpury
IDAT] WdIoun}sod ay ur punoy sem uorezIjondeA “wstoqeIsw
£)3eJ TR[NDISIAOIDLUL 9)RISPOW 0} PIIA poe bw& J0 Pajap
(12303 g 0013 “1/INT %727) wv 10 m:MMoE 1 :VINS e 3unsa88ns ‘sproe oruesio j1odar ase) ) [s¢] mwmc - oumie d
poseanap ARYSIS UOHRIUSOU0D SUTTUIR) WIS 69081 9dA} VINS ATeurm ure}1so pajeas)d s [e 39 AS[[3Y (pre Aney) pidr]
"SpIdR DI[AXOQIRdIPAXOIPAY-E (77D pue JUBJUT VNS U SGLIDSIP O,
01D) ureyd-1aduoy ayj ur A[[eoadss ‘sajeys Sumsey
pue paj Y10q Ul SPIde dI[AXOGIEdIP JULIN PISLaIdU]
sSurpury ure $3INjed ] JUSNYE, JudwoIw wry Apny uSrsaq Apny DUIIAJI 1padsy
Tpury uTejAl 4 yuaneq [roruy v Apmis 1saq@ Apmis 7

STOqeIRN PRIV

81J0%

Aydoxyy remosnip reurdg yim syusne ur wisoqeidjy prdry pamiy I d[qeL

TH8E “CL ‘020T SiualinN



“VIAS 03 ogyads sjuaas aq pinod sdurpur,y e
‘uonepIxo-¢g

spayep proe Apey Arewrd ym uaIpmp (61 =1)
JO Je yTM apmyruew ur afqeredurod ‘surioy PlO s1ea£ 9
Axo1pAy-¢ pue ‘pajemjesun ‘pajernjes Surpnour a8e (¥ = u) plo €C Apmys wire-a[3urs
‘“erIpe dIAXoqIredIp pasreuwr pado[aaap ajels sypuowr [[-g a3e ;Joxyuod Ayresy VNS (IM USIP[I pure dI0W 10
Sunsey oy ur perenyead syuoned YING 910A9S [[y e SIOIU0D Ayi[ed] €1 :'VINS SyuequT UL mﬁmﬂ d ﬂ.Em suLm 0M] :SaTpPNIS (28] (6661) ounIuIEd
-2d £} VNS 19p[u pue ‘sjo1uod (9= 1) SIOPIOSIp 9 SIORUOI ASLISIP sargoxd prdry Sunsey-uou UMl ®  [p 35 projmer) ‘(poe Ayyey) pidry
ISLISIP ‘S[OIU0D PAYPIeW-3e YIS 919AS uoneArsusp @ ‘pue Sunsey oen(eas o, [RUOTIVRS-SS0DD
uaam)aq AppuedyTudis paIafjIp PIoe dIoUurdIPeI}d) VINS-uou 'sponuod Ayresy ’ :S9IpMIS
0} dTouERdAPOP jO sannuenb rejowr jo oneray] e S[OHUOS BSELSI 0S ‘VINS BWSE[] o
VNS 910498 11T %¥e :g/c 2dhy

syuegur o1 ur sepgord ounruresihoe ewserd eunony e %99 1 ad&y vins
“VIAIS 919A3S UI Paseadur
PIDE DI0ULISPOP JO UOHLIJUSDUOD BWISL]] o

"VINS 01 ogads sjuaas aq pinod sgurpur,y e
'S9)eNSNS UTeYD-SUO[ PUR -}I0YS YIM SIGIALOR
ase[ory} pue aseuaSoIpAyap Yo-[AdeAx0IpAy-¢-1
03 SOIJeI AJIAJOR 9SPUOJOID UL 9SeSIdUL PXIC]N
"AJIATIOR 9SERUOJOID [EUWLIOU PRY SISED [y ®
"9SB[OTY} YOD-[AdL0I-¢
pue ‘ase[ony} yoD-[A1eoe0jo0e

EIRCIE]
‘aseua3oIpAysp Yo )-[A0eAX0IpAy-¢-T ureyop-3uof plo sxeak (g SurAropun uawu% ds Ayyuept y
‘aseuaBoIpAyap yo)-[AoeAxorpAy-¢- ureyo-3ioys —PpIo mﬁﬁoﬁ 4 0} pUE £)LIDADS 9SEISIP LM [17] (c661T) QJE.EEB oe
JO SaTTAIIOR AU} UT uondNPaI juedyrudis a3uer a8e fo,/7 ¢ S1VINS aso 2&@&8 0} pUeR VNS [EUORD3S-SSOID) e 39wy, ) unTuIed
e pim (g 9d4 ouo pue ‘7 9dA; omy ‘T odky 2d o6 17 2dky Ul S3PI[RULIOUqE UOHRPIXO Vi (Pre £am) prdrl
M) URIPIIYP G Ut pajou uoeprxo-d parredwy e “%0T ‘12K VNS auy Aynuenb pue nuapr o
'¢ 9dA} VINS Ut Tewzou ApsojN ‘g pue T 2d3 VINS ’ '
ur senjIeuLIouqe :SIsAfeue poe ouedio Areuri) e
"S[OAD] DUIJIULIED PIYLIAISD
[EWLIOU PIMOYS PO SIUOW €7 < SJudle] VING  ®
‘7 pue T ad4y YINS YIm USIPIYD UT SUTIUIRD [€)0)
JO 9,86-G¢ Surduer uonoLIj PAYYLIA)SS PasLaIdUT
Uk PIEMO) PUS) SOTJRI 991J/[£}0) SUNIUIED WNIAS
padsy

sSurpurg urejy SaInjeay Juanye judwforuy wry Apnjg uSrsaq Apnis dUIAYIY SOQEIIN POIIY

10D "1 91qeL

81J0¢ TH8E “CL ‘020T SiualinN



“VIAIS 03 og1oads jou sjuass oq p[nod sSurpur,] e
“ISAT] 9y} ur ‘10sindard
2u039Y © “y0)-[A1908 3jeaspe Aew uoneprxo-¢g
asoon[3 wnias

e e e, DI o e [PWHOU tLM SISOPIEO} yiodor o5ty [97] (8100) auogy
uoneziun proe ey pue axeydn paseasp ur MMM M M& £ VING LV 219435 Yytm pajussad ynpe e 39 spp[e] “(pwe Aney) prdr
Sumnsar ‘sauourIoy 03 asuodsar pue WSHoqe}our VIAS € 2d4 e Surquosaq
o9k Aewr AdUsDIP NJAS 10 UOHRAIDUS(] e
“Bunsey sjeropowr
0} Pa)L[aI SISOPIOLOIDYN )M PIJUISAI]
VINS 03 dpaeds jou Sjuas2 2q pmod SEurputy e /3191 EHSMWM MWM Q—MMBQ [s7] (9102) 3soon[S ‘suoys:
"STSOPTOR03SY dHAqeIp-uou pue erurdA[30dAy TN Plo s1ea4 (g L 'VINS 8%,_% M SISopt 9 u 110dar aser lsp \%SN ) \Aw mx
asned Aew wisijoqeldw proe A)3ej ur s1oa5op :a8e 7 0d£) VING M pajuasald jnpe [e 3o AoIA (proe Ayey) prdry
pue ‘ssans [eorsAyd ‘ssews appsnuI UL sUORONpPIY @ VINS ¢ 2d43 e Suiquosaq
"VIAS 01 ogy1ads sjuans aq pnoo surpur] e
*andsa1 drjoqeue pue Aderay
[errpuoypojtw 03 jred ur papuodsar SISLD 9y,
*SISOJL)S IR[NDISIA-OIITUL
pue -orew asngyIp pamoys A3ojoyped 10AT] e -uonepXo-g
.:o_uﬁcﬁ%cmb I9AI] Iajje [eupu msu o.tEmbE ) wons_w
SaunIuILd[Adk WNIAS LH{OF[D PUL 9D UL dseadu] e w_umo m.MM% ql L'VINS porreduur Ajqissod oy pejejor 110do1 ase)) ) [s7] AMSNV vcoawm sunrured£oe
“UOT)ORI} POYLID)SD 9de ¢ 9dA} VINS SISLID S1[0GRIED (1M UDIPIIYD [€ 32 [AB{[0Z , ounIuIes 4
aSsTeI e }Im dunTuIed [0J0) pue 221y ewse[d MO o VIS Z 2d£) e Surquosaq (pwe Aney) prdr]
‘pIok dI)Oe[ AJRISPOW PI[LIASI SPIDE DIUEI0 duLl)
‘PLINUOJO ON]  ®
"2IN[rey IAI[ pue erwduowwerad Ay ‘erwapoe
onoe[ ‘erwedA[3od Ay onjojesyodAy ypim pajenosse
‘A1981ms 19)je sAep § 19sU0 SISLD dI[oqeIe)  ®
Padsy
sSurpurg urejy SaInjeay Juanye judwforuy wry Apnjg uSrsaq Apnis dUIAYIY

STOqeIRN PRIV

10D "1 91qeL

81309 TH8E “CL ‘020T SiualinN



‘Aydone remosnur (eurds 1y NG

VIS 03 o1jIDads sjuaas oq pnod sdurpur]
‘sjuanred YIAIG Paf[oIUS Ut SSUrpuIy [EdTUI YILM
[eMm uStpe sppAd] asoond mof pue erweprdisAq

(%S

> DTVJH) Iopear Mo A[jeurrouqe ue 3uraey o,/
M ‘syuaned YINS 1SOW UT 19MO] Papusy JLVIH
erwapidisAp pey ‘g pue

1 2d43 Afuowrwod jsowr ‘syuaned YINS JO %G /€

pro sieak g'¢
o8e uerpowr ‘04,9
¢ 2dky ‘oz 7 odky
“%0¢ T 2d41 VINS

CLVINS

OIVAH 4q
uonyengaisAp

asoon[3 ydayp o,
wisIogejowt poe

Ayyey ur sapreULIOUqR
SSISSE 0} SOPLIADA[SLI
pue “JqH-uou

‘(1aH) weordody
Lyrsuap-y3uy ‘(1AM
urajoxdodiy Ayisuap-mof
‘(D1) Tor)89701

e103 Surpnpur ‘eygord
prdr oy a3e8nsoaur o7,

s8urpury urepy

sainjeadq juanie g

judwforuy

wry Apnis

y [£2] (6102) asoong
[FHORESTSReno ‘e 9smaq “(proe Aney) prdr]
udisaq Apmis Uy padsy
i SI[OqERN PNV

8130 L

Ju0D "1 91qeL

TH8E “CL ‘020T SiualinN



Nutrients 2020, 12, 3842 8of18

Fatty vacuolization with macro- or micro-vesicular steatosis of the liver has been found in early
studies of SMA patients [38,41,42]. Of note, liver failure and Reye-like syndrome with diffuse vesicular
steatosis have been recently reported in patients with type 1 or 2 SMA [48,49]. An updated study further
reports an increased susceptibility to develop dyslipidemia in 37% of SMA patients, with evidence of
liver steatosis in their pathological specimens [27]. Similarly, these human findings are reproduced in
different SMA mouse models, of which a specific Smn 25/~ 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 [26,50], 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 [47], 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 3-oxidation, abnormal lipid
metabolism may also be reflected in their production, fractions, and transportation. Because carnitine is
essential for intramitochondrial -oxidation, reduced carnitine would limit 3-oxidation. Acylcarnitines
are known to play a crucial role in stabilizing neuronal membranes and neurotransmission [51].
Supplementation of acylcarnitine has shown beneficial effects in treating chronic degenerative
diseases [52,53]. 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 3-oxidation
in muscles. Reduced muscle carnitine and decreased activity of f-oxidation have been observed
in animal models after denervation [54,55]. Similarly, reduced carnitine and acylcarnitine levels
in plasma and muscles and increased urine excretion of acylcarnitine have been reported in SMA
patients [37,56]. 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 [41,42]. In contrast, an updated article reported an adolescent with type 2
SMA who showed a dramatically low serum carnitine/acylcarnitine level at a catabolic state [48].
This finding suggests impaired intramitochondrial 3-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 B-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 [56]. Recently, reduced CPT1 activity was also found in an SMA
(Smn 2B/ ~)mice model [25]. Of note, anisoform 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 [57]. 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 [52]. 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 [59]. Interestingly, a recent study found that motor neurons
from SMA mouse models showed reduced GAP43 protein levels in axons and growth cones [60,61].
SMN seems to be responsible for regulating the localization and translation of GAP43 mRNA in these
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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 3-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 [62,63]. 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. Glucose Metabolic Abnormalities in SMA

The concern about glucose metabolism abnormalities was initially raised through clinical
observations in mild-to-intermediate phenotypes of SMA patients (Table 2). Two studies of type 2 SMA
patients suggested they might be more likely to experience hypoglycemia following fasting [64,65].
A recent study in type 1 SMA patients also showed a similar finding of hypoglycemia even after
a short-term fasting (>4 h but <6 h) [66]. The presence of hypoglycemia after fasting has been postulated
to have an association with reduced gluconeogenesis. Because skeletal muscle is an important source
of gluconeogenic substrates during fasting, hypoglycemia must be considered for SMA patients with
severe muscle wasting, especially during surgery and fever [65]. Therefore, it is recommended that
patients with recurrent hypoglycemia episodes should be provided with regular meals based on
carbohydrates and protein, including late-night meals.

In contrast, other studies have reported hyperglycemia during fasting in patients with type 2
and type 3 SMA, some of whom were diagnosed with diabetes and ketoacidosis (Table 2) [17,67].
The metabolic syndrome features of increased fat mass and decreased lean mass have been reported
in patients with type 2 and type 3 SMA [40]. A recent study also indicated that, in a good state,
obese children with SMA type 2 were at increased risk of insulin resistance and impaired glucose
tolerance, with 50% of participants showing urinary ketones [16]. It has been postulated that as the
skeletal muscle is a major target of insulin action, muscle wasting (sarcopenia) promotes insulin
resistance with increased risk of hyperglycemia [68,69]. Additionally, hyperleptinemia has been
observed in patients with SMA types 1 to 3, which implies an indirect link to insulin resistance [70].
Nevertheless, even if glucose and insulin metabolism show an increased risk of insulin resistance,
HbAlc levels are usually normal in most SMA patients examined [16,69,70].
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Similarly, perturbations of glucose metabolism affecting glucose sensitivity and pancreatic defects
have been observed in the SMA mice model [17,39,71]. In particular, the metabolic defects in the SMA
Smn 2~ mice model were characterized by fasting hyperglycemia, glucose intolerance, hypersensitivity
to insulin, and hyperglucagonemia [17]. In the same study, analysis of pancreatic tissue from infants
with SMA type 1 has recapitulated similar pancreatic development defects. Reduced SMN protein
levels may also affect the insulin-like growth factor 1 (IGF-1) pathway in the liver of SMA mouse
model [72]. IGF-1is an anabolic hormone with a molecular structure comparable to insulin, which shows
myotrophic effects on muscle tissue. Dysregulation of the IGF-1 signaling pathway has also been
reported in biopsies from patients with type 1 SMA [73]. A recent study further indicated that IGF1
status is associated with insulin resistance in young SMA patients with early-onset sarcopenia [69].
However, the authors concluded that the myotrophic effect of IGF-1 might be adversely affected by
insulin resistance, so therapeutic interventions for dysregulated glucose metabolism in SMA should
target insulin resistance.

Nevertheless, it has been suggested that SMA patients receiving partial SMN restoration therapy
may increase the risk of having pancreatic and glucose metabolism defects [71]. Meticulous monitoring
of glucose homeostasis in SMA patients is essential to clarify the role of SMN in glucose metabolism
and pancreatic function.

4. Altered Vitamin Level in SMA

A previous study indicates that the activity of SMN depends on folic acid and vitamin B12, both of
which are necessary for protein methylation [74]. SMN binds to certain proteins with arginine- and
glycine-rich domains, which are modified to dimethylarginine. The binding of other proteins that
interact with SMN can also be greatly enhanced by methylation. Inadequate intake of folic acid and
vitamin B12 may lead to protein hypomethylation [75], and subsequently may affect the clinical severity
of SMA.

The SMN protein may play an active role in bone remodeling or uptake of vitamin D and
calcium [35]; therefore, patients with SMA are often accompanied by osteopenia and may contend
with fractures due to minor injuries. Compared with other neuromuscular disorders, reduced bone
mineral density seems more significant in patients with SMA, especially in those losing ambulatory
function [76]. Suboptimal vitamin D intake is frequently observed in patients with all SMA types [18,77].
Low serum levels of vitamin D and 25-OH vitamin D have been reported in patients with type 2 or
3 SMA [34]. However, in a small group of patients with type 1 SMA, the corresponding serum vitamin
D levels did not reflect insufficient consumption [78]. Low bone mineral density (BMD) and femur
fractures are highly prevalent in all SMA subtypes from a young age; however, few patients met
osteoporosis criteria [79]. Adequate bone health assessment and intervention may be an unmet medical
need for patients with SMA. It is imperative to determine the natural trajectory of BMD changes at
different skeletal sites, especially in adolescent and young adult patients with SMA, and determine if
low BMD and propensity to fracture are related to immobility and muscle weakness or direct action of
SMN on bone turnover. More work is required to identify effective interventions to delay the decline
in BMD and prevent fractures in patients with SMA.

Besides vitamin D and calcium, vitamin E, vitamin K, and folate intakes have been reported
below values of Recommended Dietary Allowance (RDA) in half the cohort of patients with SMA [77].
Further research is needed to determine the appropriate intake of vitamin D and other macro- and
micro-nutrients in this population.

5. 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 [18,77].
Changes in body composition, especially the loss of lean body mass, can be particularly harmful to
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SMA patients because it can impair the respiratory strength of already weak muscles [43]. Therefore,
nutrition support is considered a core component of multidisciplinary care for SMA patients [15,80].

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 [39]. 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 [81]. 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 [82]. 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 [83,84].
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 [15]. 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 [18,85].
In 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.

6. Conclusions

Active nutrition support and metabolism surveillance are crucial for patients with SMA,
and a comprehensive nutritional assessment could guide individualized nutrition therapy for this
vulnerable population. With the emergence of new gene-targeted and disease-modifying therapies,
which may affect the metabolism of SMA patients, personalized nutritional optimization may become
particularly important. Metabolomics study in SMA patients, before and after the disease onset,
may provide valuable information regarding the direct or indirect effect of SMN deficiency on metabolic
abnormalities. Furthermore, identifying and quantifying the specific metabolites in biofluids of SMA
patients may serve as an authentic biomarker or therapeutic target for SMA.
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