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Abstract

Background Spinal Muscular Atrophy (SMA) is a genetic disorder resulting from deficiency
of the survival motor neuron (SMN) protein. Emerging evidence indicates that SMA is
associated with disruptions in neuroactive amino acid metabolism, contributing to altered
neurotransmission. Taurine, the predominant inhibitory neuromodulator in the developing
central nervous system (CNS), is critical for synaptic function, osmoregulation, and
neuroprotection. Despite its physiological significance, the effects of SMN deficiency on
taurine homeostasis and its potential role in SMA pathophysiology remain unexplored.
Methods We used high-performance liquid chromatography (HPLC) to quantify taurine in
the spinal cord, brainstem, cortex, and cerebellum in SMNΔ7 mice, during postnatal
development. We then translate our observation into the clinic by measuring taurine
concentrations in the cerebrospinal fluid (CSF) from control individuals (n = 7) and SMA
patients of varying disease severity (n = 37) before and after therapy with the SMN-inducing
drug Nusinersen.
ResultsOur data showadownregulation of taurine levels in thebrainstemof SMNΔ7mice at
late symptomatic stage relative to control littermates. Furthermore, we highlight a taurine
reduction in the CSF of naïve SMA1 patients compared to controls. Importantly, Nusinersen
treatment restored the taurine deficit in these SMA patients.
Conclusions These findings demonstrate that SMN deficiency dysregulates taurine
homeostasis in the CNS of overt symptomatic mouse models and SMA1 patients. They
also reveal the therapeutic efficacy of Nusinersen treatment in correcting this amino acid
deficit. However, further research is needed to determine the mechanisms by which SMN
deficiency causes taurine dysregulation and its potential contribution to SMA pathology.

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular
disorder characterized by the degeneration of motor neurons in the
brainstem and anterior horns of the spinal cord and skeletalmuscle atrophy
due to a ubiquitous deficiency in the survival motor neuron (SMN)
protein1,2. In humans, SMN is encoded by two genes: SMN1, which is
mutated or deleted in SMA, and SMN2, a paralogue gene that mainly
produces a truncated and unstable SMN isoform lacking exon 72–4. Infantile
SMAhashistorically been classified into three distinct types according to the
age of onset and clinical severity, which inversely correlate with the number
of SMN2 gene copies5. Type 1 SMA (SMA1), also known as Werdnig-

Hoffmann disease, is the most frequent and severe form, with symptoms
appearing before sixmonths of age; affected infants are unable to sit without
support. Type 2 SMA (SMA2) manifests between six and eighteen months,
with patients able to sit but not walk independently. Type 3 (SMA3) has a
later onset, after eighteen months, allowing for independent walking,
although motor abilities may deteriorate as the disease progresses6.

To date, three different SMN-inducing drugs have been approved for
SMA treatment, which include Nusinersen (Spinraza), Onasemnogene
abeparvovec-xioi (Zolgensma) and Risdiplam (Evrysdi). Despite the imple-
mentation of disease-modifying therapies and newborn screening, SMA has
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Plain language summary

Spinal Muscular Atrophy (SMA) is a genetic
condition that can be life threatening in
infants. Research shows that SMA may
change the way the body handles certain
natural chemicals that help the brain work
properly. One of these chemicals is taurine,
which plays an important role in calming and
guiding brain activity as babies develop. Until
now, taurine had not been studied in
connection with SMA. In our study, we found
that taurine levels were lower both in mice
withSMAand inchildrenwith themostsevere
form of the condition (type 1). Importantly,
when these children were treated with the
medicine Nusinersen, their taurine levels
returned to normal. This suggests that taurine
could be closely linked to howSMAdevelops
and affects the brain.
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not yet been cured and the development of additional therapeutics to com-
plement SMNupregulation is needed to improve the patients’ quality of life7,8.

To explore novel co-therapeutic strategies in SMA, drug screening and
repurposing efforts have increasingly focused on mitigating downstream
consequences of SMN deficiency, including impairments in neuro-
transmission, and bioenergetic metabolism7,9. In this context, studies in
SMA models revealed loss of glutamatergic synapses from proprioceptive
sensory neurons to motor neurons10–14. The reduced excitatory drive causes
spinal motor network abnormalities with augmented intrinsic
hyperexcitability15 and downregulation of Kv2.1 channels, ultimately
resulting in decreased firing of SMA motor neurons and neuromuscular
dysfunction10. In this context, aberrant metabolism16 further contributes to
SMA-associated synaptic deficit by disrupting the homeostasis of amino
acids involved in neurotransmission17–23, and impairing calcium buffering,
which is essential for proper neurotransmitter release24.

The β-amino acid taurine has a prominent role in regulating var-
ious cellular functions that have been implicated in SMA pathology25–29.
Taurine functions as a neurotransmitter by binding GABA, glycine and
metabotropic taurine receptors25,30,31. Of note, in the developing central
nervous system (CNS), when the level of other neurotransmitters is low,
taurine content and release are several fold higher compared to GABA,
consistent with taurine, and not GABA, being the major inhibitory
neurotransmitter during perinatal and early postnatal periods32,33.
Taurine biosynthesis lies in the metabolism of sulfur-containing amino
acids (SAAs). Specifically, in humans, NMR spectroscopy has revealed
that the formation of taurine occurs through methionine and cysteine
catabolism via cysteinesulfinic acid and cysteic acid34.

As a neurotransmitter, taurine regulates tissue Ca2+ content by mod-
ulating membrane Na+/Ca2+ exchanger and voltage-gated Ca2+ channels,
and reducing the release of Ca2+ from intracellular pools after excitatory
stimulation25,30,35. The regulation of intracellular Ca2+ level prevents mito-
chondrial membrane depolarization35 and controls ATP production36.
Moreover, taurine exhibits antioxidant properties by enhancing the activity
of superoxide dismutase (SOD) enzyme, regulating the redox balance of
glutathione, and scavenging hypochlorous acid (HOCl) to form the anti-
inflammatory compound taurine chloramine37,38. Lastly, taurine inhibits
mitochondria-mediated apoptosis, modulating the expression levels of
pro-/anti-apoptotic proteins Bax/Bcl-238.

Despite increasing evidence of altered neurotransmission in SMA17–23,
the effect of SMNdeficiency on central taurine homeostasis remains elusive.

To clarify this issue, we measured taurine levels in the CNS of a
severe SMA murine model (SMNΔ7) during postnatal development.
Then, we translated our preclinical observations into a retrospective
study in two Italian hospitals. We examined the basal levels of taurine in
the CSF of drug-free patients with different disease severity (SMA1,
SMA2, and SMA3) as well as age-matched control individuals. Then, we
explored the impact of Nusinersen therapy on the CSF concentrations of
taurine. Lastly, we investigated the correlation of taurine with motor
outcomes in the same cohort of SMA patients.

Overall, this study shows that SMN deficiency leads to taurine
reduction in both SMA mice and SMA1 patients, and that Nusinersen
restores its physiological level in children, highlighting the needing of SMN
for maintaining amino acid and neurotransmitter homeostasis.

Methods
Animals
Smn+/–SMN2+/+SMNΔ7+/+ mice (stock no. 005025, Jackson Lab, Bar Har-
bor,ME,USA)were interbred to obtain Smn−/− SMN2+/+SMNΔ7+/+ (either
referred as SMA or SMNΔ7 mice) and Smn+/+ SMN2+/+SMNΔ7+/+ (wild-
type for Smn gene,WT)offspring.Animalshad free access to food andwater
and were kept into regular cages under 12/12 h light/dark cycle. For
experimental procedures, the animalswere genotypedatP0–1byprocessing
the DNA extracted from tail tissue samples by PCR assays, as previously
described39. Datawere obtained from tissues harvested from SMAmice and
WT controls, sacrificed at P1 (pre-symptomatic stage), P5 (early

symptomatic stage) and P12 (late symptomatic stage). A total of 42 mice
(SMA: 21; WT:21) were overall used for HPLC analyses. All efforts were
made to minimize the number of animals used and the suffering levels.
Researchers were not blinded during group assignment, as no substantial
differences between litters were expected based on our previous experience.
For each mouse, taurine was quantified in spinal cord, brainstem, cortex,
and cerebellum. No animals were excluded from the analyses as outliers.
The experimental procedures with live animals were performed in strict
accordance with institutional guidelines in compliance with national (D.L.
N.26, 04/03/2014) and international law and policies (new directive 2010/
63/EU). The studywas approved by the ItalianMinistry of Health (protocol
#160/2020-PR). Additionally, the ad hoc Ethical Committee of the Uni-
versity of Turin approved this study.

Animal sacrifice, tissue collection and processing
For HPLC, animals were sacrificed by cervical dislocation at the following
postnatal ages: P1 (WT n = 7, SMA n = 7), P5 (WT n = 7, SMA n = 7) and
P12 (WT n = 7, SMA n = 7). The brain was dissected to collect the whole
cortex, cerebellum, and the brainstem. The whole spinal cord was obtained
by laminectomy.Mouse tissues were subsequently frozen in liquid nitrogen
and stored at −80 °C.

SMA patients’ characteristics
This is a two-center study (Bambino Gesù Hospital, Rome, Italy; Giannina
Gaslini Institute, Genoa, Italy) conducted on thirty-seven patients affected
by SMA1 (n = 13), SMA2 (n = 14), and SMA3 (n = 10) who received
intrathecal treatment with Nusinersen (12mg) (Table 1). Additionally,
seven non-neurological age and sex-matched pediatric control individuals
were included in the study to compare the level of taurine in pathological
and non-pathological conditions (Table 1). SMA patients with a confirmed
genetic diagnosis and available SMN2 copy number were enrolled in the
study. Individuals were excluded if they had prior exposure to SMN-
modulating therapies or comorbidities potentially affecting central amino
acid metabolism. Control CSF samples were obtained from pediatric
patients undergoing lumbar puncture for Idiopathic intracranial hyper-
tension or suspected meningitis at Bambino Gesù Children’s Hospital. The
study was approved by the local Ethics Committees of the two centers: the
Bambino Gesù Children’s Hospital Ethics Committee and the Regione
Liguria Ethics Committee (protocol 2395_OPBG_2021). All participants
and/or their legal guardians signedawritten informed consent.CSF samples
were collected at day 0 (T0; baseline) and day 302 (T302), corresponding to
the maintenance phase of Nusinersen therapy, and used for detection of
taurine. All patients were clinically diagnosed and genetically confirmed,
and the SMN2 copy number was also determined. All SMA1 patients were
part of the Expanded Access Program (EAP) for compassionate use in
patients affected by the infantile form of the disease irrespective of age and
disease severity, which occurred in Italy between November 2016 and
November 2017. The overall clinical response of these patients to Nusi-
nersen treatment has previously been reported40–42. Details about the clinical
assessment of patients at T0 andT302,Nusinersen intrathecal injection, and
exclusion criteria have been previously reported19.

For SMA1patients (age ranges from2months to 10years),fivepatients
had tracheostomy, five were under NIV for <16 h/day, and three were
spontaneously breathing. Ten patients had gastrostomy, and the BMI fell
into the underweight range (<18.5) in all patients but one. The age of SMA2
patients ranged from 10 months to 12.5 years at baseline. Five of these
patients were under NIV, and nine patients were in spontaneous breathing.
None had tracheostomy or gastrostomy, and the BMI fell below 18 in seven
patients. As for SMA3 patients, one was under NIV for <16 h/day and none
had tracheostomy or gastrostomy (Table 1).

Age in control subjects was comparable with SMA1, SMA2 and SMA3
groups, while SMA1 were significantly younger than SMA3 (p = 0.012,
Kruskall–Wallis test; Controls vs SMA1, p = 0.236; Controls vs SMA2,
p > 0.999;Controls vs SMA3, p > 0.999; SMA1vs SMA2,p = 0.890; SMA1vs
SMA3, p = 0.010; SMA2 vs SMA3, p = 0.345; Dunn’s test with Bonferroni

https://doi.org/10.1038/s43856-026-01434-8 Article

Communications Medicine |           (2026) 6:271 2

www.nature.com/commsmed


correction). BMI was lower in SMA1 compared to SMA2 and SMA3
patients (p = 0.002, Kruskall–Wallis test; SMA1 vs SMA2, p = 0.008; SMA1
vs SMA3, p = 0.005, SMA2 vs SMA3, p > 0.999; respectively; Dunn’s test
with Bonferroni correction) while sex was not different among control and
SMA groups (χ2 = 4.99, p = 0.173; Chi-squared test).

HPLC detection
CSF samples and CNS structures were analysed as previously described19.
Briefly, CSF (100 µL) was mixed in a 1:10 dilution with HPLC-grade
methanol (900 µL) and centrifuged at 13,000 × g for 10min; supernatants
weredried, thepelletwas suspended in0.2Mtrichloroacetic acid (TCA)and
centrifuged at 13,000 × g for 10min. Mouse tissues were sonicated in TCA
and centrifuged at 13,000 × g for 20min. TCA supernatants were then
neutralized with NaOH and subjected to pre-column derivatization with
o-phthalaldehyde (OPA)/N-acetyl-L-cysteine (NAC). Diasteroisomer
derivatives were resolved on a UHPLC Agilent 1290 Infinity (Agilent
Technologies, Santa Clara, CA, USA) using a ZORBAX Eclipse Plus C8,
4.6 × 150mm, 5 μm (Agilent Technologies, Santa Clara, CA, USA) under
isocratic conditions (0.1M sodium acetate buffer, pH 6.2, 1% tetra-
hydrofuran, and 1.5 mL/min flow rate). A washing step in 0.1M sodium
acetate buffer, 3% tetrahydrofuran, and 47% acetonitrile was performed
after every single run. For each HPLC run, mice tissue samples were ran-
domized according to age and genotype to minimize batch effect. Similarly,
for CSF, samples were randomized according to diagnosis, and samples
obtained from the same patient at T0 and T302 were run in the same batch.
The chromatogram analysis was carried out in blind43. Identification and
quantification of taurine was based on retention time and peak areas,
compared with that associated with external and internal standards. The
concentration of taurine in the CSF was expressed as micromolar (µM).
Protein pellets from mice tissues were solubilized in 1% SDS solution and
quantified by bicinchoninic acid (BCA) assaymethod (Pierce™BCAProtein
Assay Kits, Thermofisher Scientific, Rockford, IL, USA). The concentration
of taurine in tissue homogenateswas normalized to the total protein content
and expressed as nmol/mg protein.

Statistics and reproducibility
Statistical analyses were performed using SPSS software v.27 (SPSS Inc.,
Chicago, IL, USA) and Prism 8 version 8.0.2. Normality distribution was
assessed by Kolmogorov–Smirnov and Shapiro–Wilk tests. Quantitative
variableswere expressed by themedian and interquartile range (IQR), while
qualitative variables were by absolute or relative frequency. The correlation
was evaluated by two-tailed non-parametric Spearman’s rho. The effect of
confounders on correlationwas evaluated by partial correlation.Differences
between independent groups were studied by the non-parametric
Kruskal–Wallis test followed by post-hoc Dunn’s test with Bonferroni’s
correction or by two-sided Mann–Whitney test. For Mann–Whitney test,
the effect size was calculated as |r | = |z/(√N)|. The effect of confounders was

evaluated by ANCOVA on natural log-transformed variables. Differences
between dependent groups were studied by two-sided Wilcoxon Signed
Ranks Test. Being our HPLC highly reproducible43, a single run per sample
was made. As this is the first study to investigate taurine concentrations in
SMA, no prior data were available to inform an a priori sample size cal-
culation based on an estimated effect size. Consequently, for humans, the
sample size was primarily determined by feasibility constraints, given the
limited availability of biological samples in the context of this rare disease.
For themouse experiments, we established a group size of n = 7, taking into
account the biological variability observed in our HPLC analyses.

Results
Taurine concentration is reduced in the brainstem of SMAmice
We investigated the potential effects of SMN-deficiency on taurine home-
ostasis in the preclinical mouse model SMNΔ7 at different stages of
symptomatology.

To do so, we usedHPLC and quantified the concentration of taurine in
the cortex, cerebellum, brainstem, and spinal cord of SMNΔ7 mice and
aged-matched wild-type (WT) littermates at three different postnatal times
corresponding to pre- (P1), early- (P5) and late- (P12) symptomatic stages
of the disease (Fig. 1, Supplementary Table 1, Suppl. Data 1). SMNΔ7 mice
appear normal at birth, but by early stage (P3-P5) they start to display
impaired motor function, including delayed righting reflexes, reduced
hindlimb strength, and slower weight gain. Symptoms progress to marked
weakness, tremors,muscle atrophy, andneuromuscular junctionpathology,
culminating at P11–P12 in severemotor impairment,marked reducedbody
weight, and respiratory difficulties, with mortality typically beginning
around P12–P14.

Our results demonstrated that SMN deficiency does not alter the
physiological age-dependent reductionof taurine concentrations fromP1 to
P1244,45 in all the analysed structures (Supplementary Table 1).

Lastly, we highlighted a specific downregulation of taurine in the
brainstemof SMAmice comparedwithWTmice at P12 (taurine (nmol/mg
of protein): WT = 93.13 [83.75; 103.2] vs SMA = 71.23 [70.46; 82.28]
p = 0.0039; U = 3; |r | = 0.73; two-tailed Mann–Whitney U test; Fig. 1d).

These findings suggest that although taurine levels physiologically
declinewith age duringCNSdevelopment, SMNdeficiency disrupts taurine
homeostasis at late stage of SMA, specifically in a motor neuron-rich area
that is particularly vulnerable in SMNΔ7 model46,47.

Taurine levels are reduced in the CSF of SMA type 1 patients
We investigated whether SMN deficiency affects the concentration of
taurine in the CSF of SMA patients with different disease severity using
HPLC (Fig. 2, Suppl. Data 1). This analysis included CSF from SMA1
(n = 13), SMA2 (n = 14), and SMA3 (n = 10) patients as well as age and sex-
matched control individuals (n = 7) whose clinical and demographic fea-
tures are presented in Table 1.

Table 1 | Demographic and clinical characteristics of patients with SMA and control subjects enrolled in the study

Variable Controls (n = 7) SMA1 (n = 13) SMA2 (n = 14) SMA3 (n = 10)

Sex (M:F, %) 43:57 54:46 14:86 50:50

Age, median of years [IQR] 7 [4–12] 3.00 [1.1–4.9] 5.25 [2.3–9.3] 13 [3.3–16.0]

SMN Copy number (2:3:4, %) (100:0:0) (7:93:0) (33:56:11)

BMI, median [IQR] 13 [12–14] 18 [16–20] 19 [16–22]

CHOP-INTEND, median [IQR] 6 [3–16]

HFSME, median [IQR] 11 [8–14] 39 [31–55]

Gastrostomy (Yes:No, %) 77:23 0:100 0:100

NIV (Yes:No, %) 46:53 36:64 12:88

Tracheostomia (Yes:No, %) 38:62 0:100 0:100

Data are expressed as percentage frequencies or median (IQR);
BMIBodyMax Index,CHOP-INTENDChildren’s Hospital Of Philadelphia Infant Test Of Neuromuscular Disorders,HFMSEHammersmith Functional Motor Scale Expanded,NIVNon-invasive ventilation.

https://doi.org/10.1038/s43856-026-01434-8 Article

Communications Medicine |           (2026) 6:271 3

www.nature.com/commsmed


We used the non-parametric Kruskal-Wallis test to compare taurine
levels and found significant taurine changes in the CSF between the
analysed groups (taurine (μM): Controls = 11.39 [10.51; 11.49] vs
SMA1 = 6.43 [5.69; 9.17] vs SMA2 = 11.65 [8.98; 17.45] vs SMA3 = 9.47
[8.47; 10.98], p = 0.020; Kruskall–Wallis statistic(3) = 9.805) (Fig. 2b).
Specifically, Dunn’s post-hoc comparisons with Bonferroni’s correction
highlighted a significant 44% reduction of taurine in the CSF of SMA1
patients compared with controls (p = 0.041) (Fig. 2b). Moreover,
ANCOVA analysis performed on natural log-transformed data excluded
potential confounding effects of age and sex in this (p = 0.039;
F(3) = 3.092; partial η2 = 0.200; observed power = 0.675).

Next, we assessed if taurine levels might be impacted by clinical
procedures including gastrostomy, non-invasive ventilation (NIV), and
tracheostomy. Because of the not balanced distribution of patients
receiving and not receiving these treatments, we were only able to assess
the most severe SMA1 patients for NIV, tracheostomy, and gastrostomy,
and SMA2 patients for NIV. Importantly, none of these clinical proce-
dures had a significant effect on the concentration of taurine in the CSF
(Supplementary Table 2).

Lastly, we analysed whether taurine levels in the CSF of SMA patients
correlated with the amount of full-length functional SMN, which is directly
proportional to the number of SMN2 gene copies. Interestingly, taurine
levelswere significantly lower in patients carrying two SMN2 copies (n = 17)

relative to patients with three SMN2 copies (n = 18) irrespective of disease
severity (taurine (μM): 2 copies = 8.60 [5.69; 10.06] vs 3 copies = 10.73
[8.55; 17.45], p = 0.008; U = 74; |r | = 0.44;Mann–WhitneyU test; p = 0.020;
F(3) = 6.069; partial η2 = 0.164; observed power = 0.665; ANCOVA con-
sidering age and sex as co-variates; Fig. 2c).

These findings demonstrate a reduction in the CSF levels of taurine
levels that is specific for SMA patients affected by the most severe form of
the disease.

Nusinersen therapyrestores taurine levels in theCSFofSMAtype
1 patients
We then analysed the effects of Nusinersen treatment on the CSF levels of
taurine in the same cohort of SMA patients (n = 13 SMA1, n = 14 SMA2,
andn = 10 SMA3)whoseCSF sampleswere available both prior to (T0) and
302 days after (T302) the initiation of treatment, which corresponds to the
maintenance phase of Nusinersen (Fig. 3 and Table 1).

The non-parametric Wilcoxon matched-pairs test revealed that
Nusinersen induced a significant 2-fold enhancement of taurine levels in the
CSF of SMA1 patients (taurine (μM): T0 = 6.43 [5.69; 9.17] vs T302
= 10.17 [7.84; 11.00], p = 0.046) relative to the corresponding drug-free
baseline (Fig. 3b). In contrast, Nusinersen did not influence the levels of
taurine in the CSF from either SMA2 (taurine (μM): T0 = 11.65 [8.98;
17.45] vs T302 = 9.78 [8.39; 12.41], p = 0.300) or SMA3 (taurine (μM):

Fig. 1 | Decreased taurine levels in the brainstem of SMA mice at the late
symptomatic stage. a Representative chromatograms obtained from brainstem of
wild-type (W, black line) and SMNΔ7 (S, light blue line) mice at P12 with magni-
fication of taurine peaks. Levels of taurine in brainstem, spinal cord, cortex, and

cerebellum in W and S mice at P1 (b), P5 (c), and P12 (d). Data are expressed as
nmol/mg of protein and are shown as violin plots representing the median with
interquartile range. **P = 0.0039 (two-sided Mann–Whitney test). Dots represent
values from each mouse analyzed (n = 7 mice per group).
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T0 = 9.47 [8.47; 10.98] vs T302 = 8.81 [7.55; 10.67], p = 0.386) patients
(Fig. 3b). Notably, taurine levels in the CSF of Nusinersen treated SMA1
patients were not significantly different from control individuals (p = 0.234;
Kruskal–Wallis test, Fig. 3c).

These findings reveal that Nusinersen-mediated upregulation of SMN
impacts the taurine levels in SMA1 patients restoring its deficiency asso-
ciated with the severe form of the disease.

Taurine changes in SMA type 2 patients correlate with motor
outcomes following treatment
The identification of neurometabolic indicators associated with the
severity of the disease and functional outcomes following therapy can

identify therapeutic shortcomings and inform the development of
add-on combinatorial strategies19. Accordingly, we evaluated potential
correlations between taurine levels in the CSF and age as well as
motor outcome measured with CHOP-INTEND (SMA 1) or HFMSE
(SMA 2 and 3) prior and after the treatment with Nusinersen
(Table 2). Non-parametric Spearman correlation analysis did not
evidence any significant association in drug-free patients (Table 2). In
contrast, taurine levels were negatively correlated with age (Table 2)
and positively correlated with the HFSME score in SMA 2 patients at
T302 (Table 2). Since we also found a negative correlation between
age and the HFSME score (Table 2), we performed partial correlation
analysis considering age as a confounding factor. This analysis

Fig. 2 | Decreased concentration of taurine in the CSF of SMA1 patients.
a Representative chromatogram obtained from the CSF of a pediatric patient
showing the peak of taurine; b Levels of taurine (μM) in the indicated cohorts of
drug-free SMA1 (n = 13), SMA2 (n = 14) and SMA3 (n = 10) patients as well as
control individuals (n = 7). *P = 0.041 using the Kruskal–Wallis test followed by

Dunn’s post-hoc with Bonferroni’s correction. c Levels of taurine (μM) in drug-free
patients with SMA carrying two (n = 17) or three (n = 18) copies of SMN2 gene.
**P = 0.008 using the two-sidedMann–Whitney test. Data are shown as violin plots
representing the median with interquartile range (IQR). Dots represent values from
each individual analyzed.

Fig. 3 | Nusinersen treatment rescues taurine concentration in the CSF of SMA1
patients. a Schematic representation of the timeline of intrathecal Nusinersen
administration and CSF collection in SMA patients (created with Biorender.com);
b Spaghetti plot showing changes in taurine levels induced by treatment with
Nusinersen in SMA1 (n = 13), SMA2 (n = 14), and SMA3 (n = 10) patients.
*P = 0.046 using the two-sided Wilcoxon matched pairs signed ranks test. Dots

represent values from each individual analyzed. c Levels of taurine (μM) in the
indicated cohorts of treated SMA1 (n = 13), SMA2 (n = 14), and SMA3 (n = 10)
patients as well as control individuals (n = 7). Data are shown as violin plots
representing the median with interquartile range (IQR). Kruskall-Wallis test fol-
lowed by Dunn’s post-hoc with Bonferroni’s correction.
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confirmed the significant association between taurine and the HFSME
score (r = 0.659, p = 0.014).

Nonetheless, since Nusinersen does not alter taurine levels in treated
SMA2patients, it is difficult to explain a causal relationshipbetweenchanges
in taurine and motor functions. Importantly, low number of patients and
the broad age range of our cohort are two important limitations of this study
that might affect correlation analysis. Thus, future studies in larger cohorts
of patients are needed to confirm our data.

Discussion
Taurine has gained increasing interest due to its regulatory roles in neu-
rotransmission, neurodevelopment, energy homeostasis, and immune
function38. Althoughmany of these biological processes are likely disrupted
in SMA, potential effects of SMN deficiency on taurine metabolism in the
CNS have not been investigated to date. Here, we addressed this issue by
quantifying the levels of this amino acid in the CNS of SMNΔ7mice and in
the CSF of SMA patients both before and after Nusinersen therapy. We
found a remarkable and selective downregulation of taurine in the brain-
stemofP12SMAmiceand in theCSFof SMA1patients comparedwith age-
matched controls. Importantly, the taurine deficit observed in drug-free
SMA1patients is restoredbyNusinersen treatment, linking SMNdeficiency
to the disruption of SAAs homeostasis. However, it remains to be estab-
lished whether SMN levels impact SAA metabolism directly or through
secondary mechanisms linked to SMA pathophysiology.

In support of a direct regulationof SAAmetabolismby SMN,we found
that taurine levels were significantly lower in patients carrying two SMN2
copies relative to patients with three SMN2 copies, revealing a direct cor-
relation between the amount of functional SMN and taurine biosynthesis.
Interestingly, a previous study demonstrated aberrant splicing and down-
regulation of the mRNA encoding cysteine sulphinic acid decarboxylase
(CSAD) in the white matter of the spinal cord of SMNΔ7 mice at a pre-
symptomatic disease stage48. This enzyme catalyses a rate-limiting step in
taurine biosynthesis49. Thus, one possibility is that SMN deficiency affects
taurine formation through dysregulation of astrocytic CSAD expression.
Moreover, the reduction of taurine could be further exacerbated in the late
phases of the disease as a result of enhanced astrogliosis50–52 and

dysregulated cross-talk between neurons and astrocytes, which is necessary
for its biosynthesis49. In addition to impairing taurine endogenous genera-
tion, SMN deficiency may also affect the release of this inhibitory neuro-
transmitter, which is known to be stimulated by both glutamate and nitric
oxide (NO)53–55. Indeed, glutamatergic neurotransmission is well-
documented to be impaired in SMA10,11,15,19,56 and we recently found
reduced levels of the NO precursor L-arginine in SMA patients and mouse
models43. Taken together, these findings let us hypothesize that lower
taurine concentrations in the CSF of SMA1 patients may reflect both hypo-
glutamatergic signaling and potential NO reduction. Of note, taurine is also
able to modulate monoaminergic neurotransmission and metabolism57,58,
which are altered in SMA17,21,59. Considering themultifaceted roles of taurine
in neurotransmission, the evidence of its dysregulation expands the breadth
of potential players of synaptic dysfunction in SMA.

From a clinical perspective, recent finding suggests that plasma
taurine is a reliable indicator of clinical severity and axonal excitability in
ALS60. Accordingly, we found a significant correlation between CSF levels
of taurine and HFSME scores in SMA2 patients treated with Nusinersen.
However, we cannot establish a causal relationship between changes in
taurine and the clinical manifestations selectively in treated SMA2
infants. Future longitudinal studies in larger cohorts of patients are
needed to investigate the potential role of taurine as a neurometabolic
marker associated with changes in motor function following SMN-
inducing therapies in SMA.

In our study, we also investigated changes of taurine levels during early
postnatal development in WT and SMA mice. We focused specifically on
several CNS structures (cortex, cerebellum, brainstem, and spinal cord)
implicated in the flow of motor information that originates in the motor
cortex, is influenced by cerebellum-derived efferent routes, and reaches
motor circuits in the brainstem and the spinal cordwheremotor neuron cell
bodies are located61. Consistent with previous studies44,45, we reported an
age-dependent, physiological reduction of taurine levels fromP1 to P12 that
occurs in all of these brain structures in both WT and SMNΔ7 mice
(Supplementary Table 1). Moreover, we identified a significant down-
regulation of taurine that is specific to the brainstem of late-symptomatic
SMA mice compared with WT littermates. As high taurine levels are

Table 2 | Correlation between amino acids and clinical or demographic variables in drug-free (T0) and treated (T302) patients
with SMA and control subjects

T0 T302

CHOP-INTEND /HFMSE Taurine CHOP-INTEND /HFMSE Taurine

SMA1 Age ρ =−0.470
p = 0.105
N = 13

ρ = 0.192
p = 0.529
N = 13

ρ =−0.591
p = 0.033
N = 13

ρ = 0.363
p = 0.223
N = 13

CHOP-INTEND ρ = 0.122
p = 0.692
N = 13

ρ = 0.146
p = 0.635
N = 13

SMA2 Age ρ =−0.551
p = 0.041
N = 14

ρ = 0.055
p = 0.852
N = 14

ρ =−0.847
p = 0.0001
N = 14

ρ =−0.756
p = 0.002
N = 14

HFMSE ρ = 0.068
p = 0.816
N = 14

ρ = 0.701
p = 0.005
N = 14

SMA3 Age ρ = 0.151
p = 0.699
N = 9

ρ =−0.233
p = 0.546
N = 9

ρ = 0.075
p = 0.847
N = 9

ρ = 0.183
p = 0.637
N = 9

HFMSE ρ =−0.276
p = 0.472
N = 9

ρ = 0.184
p = 0.635
N = 9

Controls Age ρ = 0.000
p > 0.999
N = 7

Two-sided non-parametric Spearman’s rho coefficients (ρ) and related P-values (p) are indicated. Significant p-values are shown in bold;
CHOP-INTEND Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders, HFMSE Hammersmith Functional Motor Scale Expanded.
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required for proper CNS development31, the source of taurine changes
during the early postnatal period frombreastfeeding and plasma to intrinsic
CNS production through increased expression of taurine biosynthetic
enzymes and progressive sealing of the blood-brain barrier62–65. Consistent
with taurine concentration being prominently driven by its levels in
plasma63, it is therefore conceivable that potential dysregulation of taurine
biosynthesis in the CNS of SMAmice at pre- and early-symptomatic stages
may not be evidenced using our experimental approach.

The decrease of taurine in theCNSof late symptomaticmice and in the
CSF from SMA1 patients may play a role in disease pathogenesis by
exacerbating neurotransmission defects, metabolic impairments, and pro-
oxidant environment associated with SMN deficiency. In this regard, it is
noteworthy that taurine reduction is prominent in the brainstem region,
where are located the cell bodies of motor neurons innervating head and
neck muscles, which are among the most vulnerable to SMN deficiency in
SMNΔ7model46,47.Moreover, taurine signalingwithinkeybrainstemnuclei,
including locus coeruleus, ventrolateral medulla, and solitary tract nucleus,
is known to regulate cardiovascular activity and arterial pressure66–69. Thus,
the down-regulation of this neurotransmitter may also contribute to bra-
dyarrhythmia and cardiomyopathy reported in SMNΔ7 mice70.

A growing body of evidence highlights that SMN deficiency broadly
disrupts amino acid and energymetabolism, reinforcing the view of SMAas
not only a motor neuron disease but also a disorder of systemic and neu-
rometabolic homeostasis. Altered levels of several amino acids, including
glutamate19, arginine43, and branched-chain amino acids17,71, have been
reported in both SMA patients and mouse models, suggesting that neuro-
transmitter pools and intermediary metabolism are affected early in disease
progression. Such findings are consistent with defects in synaptic trans-
mission, mitochondrial dysfunction, and redox imbalance that are well
established features of SMA pathology. The selective downregulation of
taurine, observed in our study, fits within a wider framework in which
disturbances of amino acid metabolism represent both a consequence of
SMN deficiency and a potential modifier of disease severity. Thus so, our
findings raise the possibility that taurine supplementation could act on
multiple pathological features of SMA and represent a safe and useful co-
therapeutic agent to be investigated in combination with currently available
disease-modifying therapies. Accordingly, immune system protection,
metabolic processes, contribution to normal cognitive function, main-
tenance of normalmuscle function, anddelay in the onsetof physical fatigue
during exercise are among the health claims recognized by the European
Food Safety Authority for taurine72. Future studies are needed to investigate
the therapeutic potential of taurine supplementation in preclinical mouse
models as well as in SMA patients.

In conclusion, in this study we demonstrated that SMN deficiency
impacts the homeostasis of the inhibitory neurotransmitter taurine in overt-
symptomatic SMNΔ7 mice and SMA1 patients. Together with prior
evidence17,19,21, ourfindings underscore the existence of a critical thresholdof
SMNprotein levels, belowwhich themetabolismof amino acids involved in
neurotransmission becomes significantly compromised. Importantly, the
reversibility of taurine defects following SMN-restoring therapy, indicates
that SAA metabolic pathways may serve as accessible biomarkers of treat-
ment response and as therapeutic targets. Together, these observations
support a paradigm in which restoring SMN levels addresses the primary
genetic cause of SMA, while parallel interventions aimed at correcting
amino acid and metabolic imbalances could further enhance neuronal
resilience and clinical outcomes.

Data availability
Source data for Figures and Tables included in this manuscript can be
accessed from Supplementary Data 1.

Received: 30 April 2025; Accepted: 3 February 2026;

References
1. Lefebvre, S. et al. Identification and characterization of a spinal

muscular atrophy-determining gene. Cell 80, 155–165 (1995).
2. Tisdale, S. & Pellizzoni, L. Disease mechanisms and therapeutic

approaches in spinal muscular atrophy. J. Neurosci. Off. J. Soc.
Neurosci. 35, 8691–8700 (2015).

3. Lorson, C. L., Hahnen, E., Androphy, E. J. & Wirth, B. A single
nucleotide in the SMN gene regulates splicing and is responsible for
spinal muscular atrophy. Proc. Natl. Acad. Sci. USA. 96, 6307–6311
(1999).

4. Monani, U. R. et al. A single nucleotide difference that alters splicing
patterns distinguishes the SMA gene SMN1 from the copy gene
SMN2. Hum. Mol. Genet. 8, 1177–1183 (1999).

5. Wirth, B. Spinal muscular atrophy: in the challenge lies a solution.
Trends Neurosci 44, 306–322 (2021).

6. Lunn, M. R. & Wang, C. H. Spinal muscular atrophy. The Lancet 371,
2120–2133 (2008).

7. Chaytow, H., Faller, K. M. E., Huang, Y.-T. & Gillingwater, T. H. Spinal
muscular atrophy: from approved therapies to future therapeutic
targets for personalized medicine. Cell Rep. Med. 2, 100346 (2021).

8. Schroth,M. K. et al. Spinalmuscular atrophy update in best practices:
recommendations for treatment considerations. Neurol. Clin. Pract.
15, e200374 (2025).

9. Menduti, G., Rasà, D. M., Stanga, S. & Boido, M. Drug screening and
drug repositioning as promising therapeutic approaches for spinal
muscular atrophy treatment. Front. Pharmacol. 11, 592234 (2020).

10. Fletcher, E. V. et al. Reduced sensory synaptic excitation impairs
motor neuron function via Kv2.1 in spinal muscular atrophy. Nat.
Neurosci. 20, 905–916 (2017).

11. Mentis, G. Z. et al. Early functional impairment of sensory-motor
connectivity in amousemodel of spinalmuscular atrophy.Neuron 69,
453–467 (2011).

12. Ling, K. K. Y., Lin, M.-Y., Zingg, B., Feng, Z. & Ko, C.-P. Synaptic
defects in the spinal and neuromuscular circuitry in a mousemodel of
spinal muscular atrophy. PloS One 5, e15457 (2010).

13. Simon, C. M. et al. Stasimon contributes to the loss of sensory
synapses and motor neuron death in a mouse model of spinal
muscular atrophy. Cell Rep 29, 3885–3901.e5 (2019).

14. Buettner, J. M. et al. Central synaptopathy is the most conserved
feature of motor circuit pathology across spinal muscular atrophy
mouse models. iScience 24, 103376 (2021).

15. Sun, J. & Harrington, M. A. The alteration of intrinsic excitability and
synaptic transmission in lumbar spinal motor neurons and
interneurons of severe spinal muscular atrophy mice. Front. Cell.
Neurosci. 13, 15 (2019).

16. James, R., Chaytow, H., Ledahawsky, L. M. & Gillingwater, T. H.
Revisiting the role of mitochondria in spinal muscular atrophy. Cell.
Mol. Life Sci. 78, 4785–4804 (2021).

17. Errico, F. et al. Nusinersen induces disease-severity-specific
neurometabolic effects in spinal muscular atrophy. Biomolecules 12,
1431 (2022).

18. Faravelli, I. et al. Multi-omics profiling of CSF from spinal muscular
atrophy type 3 patients after nusinersen treatment: a 2-year follow-up
multicenter retrospective study. Cell. Mol. Life Sci. CMLS 80, 241
(2023).

19. Hassan, A. et al. Dysregulated balance of D- and L-amino acids
modulating glutamatergic neurotransmission in severe spinal
muscular atrophy. Neurobiol. Dis. 207, 106849 (2025).

20. Lu, M. et al. Metabolomics of cerebrospinal fluid reveals candidate
diagnostic biomarkers to distinguish between spinal muscular
atrophy type II and type III. CNS Neurosci. Ther. 30, e14718 (2024).

21. Valsecchi, V. et al. SMN deficiency perturbs monoamine
neurotransmitter metabolism in spinal muscular atrophy. Commun.
Biol. 6, 1155 (2023).

https://doi.org/10.1038/s43856-026-01434-8 Article

Communications Medicine |           (2026) 6:271 7

www.nature.com/commsmed


22. Zandl-Lang, M. et al. Multi-omics profiling in spinal muscular atrophy
(SMA): investigating lipid and metabolic alterations through
longitudinal CSF analysis of Nusinersen-treated patients. J. Neurol.
272, 183 (2025).

23. Zhuang, W. et al. Dysregulation of cerebrospinal fluid metabolism
profiles in spinal muscular atrophy patients: a case control study. Ital.
J. Pediatr. 50, 154 (2024).

24. Collier, J. J., Oláhová, M., McWilliams, T. G. & Taylor, R. W.
Mitochondrial signalling and homeostasis: from cell biology to
neurological disease. Trends Neurosci 46, 137–152 (2023).

25. Wu, J.-Y. & Prentice, H. Role of taurine in the central nervous system.
J. Biomed. Sci. 17, S1 (2010).

26. Schaffer, S. & Kim, H. W. Effects and mechanisms of taurine as a
therapeutic agent. Biomol. Ther. 26, 225–241 (2018).

27. El Idrissi, A. & Trenkner, E. Taurine as a modulator of excitatory and
inhibitory neurotransmission. Neurochem. Res. 29, 189–197 (2004).

28. Hayashi, M. et al. Oxidative stress and disturbed glutamate transport
in spinal muscular atrophy. Brain Dev 24, 770–775 (2002).

29. Miller, N., Shi, H., Zelikovich, A. S. & Ma, Y.-C. Motor neuron
mitochondrial dysfunction in spinal muscular atrophy. Hum. Mol.
Genet. 25, 3395–3406 (2016).

30. Chen, W. Q. et al. Role of taurine in regulation of intracellular calcium
level and neuroprotective function in cultured neurons. J. Neurosci.
Res. 66, 612–619 (2001).

31. Kilb, W. & Fukuda, A. Taurine as an Essential Neuromodulator during
Perinatal Cortical Development. Front. Cell. Neurosci. 11, 103376 (2017).

32. Kuriyama, K. & Hashimoto, T. Interrelationship between taurine and
GABA. Adv. Exp. Med. Biol. 442, 329–337 (1998).

33. Roysommuti, S. & Wyss, J. M. The effects of taurine exposure on the
brain and neurological disorders. inBioactive Nutraceuticals andDietary
Supplements in Neurological and Brain Disease 207–213 https://doi.
org/10.1016/B978-0-12-411462-3.00022-9 (Elsevier, 2015).

34. Brand, A., Leibfritz, D., Hamprecht, B. & Dringen, R. Metabolism of
cysteine in astroglial cells: synthesis of hypotaurine and taurine. J.
Neurochem. 71, 827–832 (1998).

35. El Idrissi, A. & Trenkner, E. Taurine regulates mitochondrial calcium
homeostasis. Adv. Exp. Med. Biol. 526, 527–536 (2003).

36. Griffiths, E. J. & Rutter, G. A. Mitochondrial calcium as a key regulator
of mitochondrial ATP production in mammalian cells. Biochim.
Biophys. Acta 1787, 1324–1333 (2009).

37. Izquierdo, J. M. Taurine as a possible therapy for immunosenescence
and inflammaging. Cell. Mol. Immunol. 21, 3–5 (2024).

38. Jong, C. J., Sandal, P. & Schaffer, S. W. The role of taurine in
mitochondria health: more than just an antioxidant.Molecules 26,
4913 (2021).

39. Boido, M. et al. Agonist of growth hormone-releasing hormone
improves the disease features of spinal muscular atrophy mice. Proc.
Natl. Acad. Sci. USA. 120, e2216814120 (2023).

40. Coratti, G. et al. Motor function in type 2 and 3 SMA patients treated
withNusinersen: a critical review andmeta-analysis.Orphanet J. Rare
Dis. 16, 430 (2021).

41. Pane, M. et al. Nusinersen in type 1 spinal muscular atrophy: Twelve-
month real-world data. Ann. Neurol. 86, 443–451 (2019).

42. Pane, M. et al. An observational study of functional abilities in infants,
children, and adults with type 1 SMA. Neurology 91, e696–e703
(2018).

43. Hassan, A. et al. Nusinersen corrects L-arginine deficiency in the
cerebrospinal fluid of patients with severe spinal muscular atrophy.
Neurobiol. Dis. 214, 107046 (2025).

44. Kuriyama, K., Ohkuma, S., Kishi, M. & Kimori, M. Development of
Biosynthesizing and Uptake Systems for Taurine in Cerebral Cortical
Neurons in Primary Culture: Analysis of Possible Factors Involved in
Perinatal Decline of Cerebral Taurine. in The Biology of Taurine:
Methods and Mechanisms (eds. Huxtable, R. J., Franconi, F. & Giotti,

A.) 69–77 https://doi.org/10.1007/978-1-4899-0405-8_7 (Springer
US, Boston, MA, 1987).

45. Rafiee, Z., García-Serrano, A. M. & Duarte, J. M. N. Taurine
supplementation as a neuroprotective strategy upon brain
dysfunction in metabolic syndrome and diabetes. Nutrients 14, 1292
(2022).

46. Murray, L. M. et al. Selective vulnerability of motor neurons and
dissociation of pre- and post-synaptic pathology at the
neuromuscular junction in mouse models of spinal muscular atrophy.
Hum. Mol. Genet. 17, 949–962 (2008).

47. Woschitz, V., Mei, I., Hedlund, E. & Murray, L. M. Mouse models of
SMA show divergent patterns of neuronal vulnerability and resilience.
Skelet. Muscle 12, 22 (2022).

48. Zhang, Z. et al. Dysregulation of synaptogenesis genes antecedes
motor neuron pathology in spinal muscular atrophy.Proc. Natl. Acad.
Sci. USA 110, 19348–19353 (2013).

49. Vitvitsky, V., Garg, S. K. & Banerjee, R. Taurine biosynthesis by
neurons and astrocytes. J. Biol. Chem. 286, 32002–32010
(2011).

50. Ohuchi, K. et al. Notch signaling mediates astrocyte abnormality in
spinal muscular atrophy model systems. Sci. Rep. 9, 3701 (2019).

51. Rindt, H. et al. Astrocytes influence the severity of spinal muscular
atrophy. Hum. Mol. Genet. 24, 4094–4102 (2015).

52. Schmitt, L.-I. et al. Spinal astrocyte dysfunction drives motor neuron
loss in late-onset spinal muscular atrophy. Acta Neuropathol. (Berl.)
145, 611–635 (2023).

53. Saransaari, P. & Oja, S. S. Nitric oxide is involved in taurine release in
the mouse brain stem under normal and ischemic conditions. Amino
Acids 34, 429–436 (2008).

54. Saransaari, P. & Oja, S. S. Ischemia-induced taurine release is
modified by nitric oxide-generating compounds in slices from the
developing and adult mouse hippocampus. Neurochem. Res. 27,
395–402 (2002).

55. Saransaari, P. & Oja, S. S. Taurine release modified by nitric oxide-
generating compounds in the developing and adult mouse
hippocampus. Neuroscience 89, 1103–1111 (1999).

56. Simon, C. M. et al. A stem cell model of the motor circuit uncouples
motor neuron death from hyperexcitability induced by SMN
deficiency. Cell Rep. 16, 1416–1430 (2016).

57. Elhussiny, M. Z. et al. Intracerebroventricular injection of taurine
induces hypothermia throughmodifying monoaminergic pathways in
chicks. Eur. J. Pharmacol. 928, 175092 (2022).

58. Kontro, P., Korpi, E. R., Oja, O. S. & Oja, S. S. Modulation of
noradrenaline uptake and release by taurine in rat cerebral slices.
Neuroscience 13, 663–666 (1984).

59. Pagiazitis, J. G. et al. Catecholaminergic dysfunction drives postural
and locomotor deficits in a mouse model of spinal muscular atrophy.
Cell Rep 44, 115147 (2025).

60. Nakazato, T. et al. Plasma taurine is an axonal excitability-translatable
biomarker for amyotrophic lateral sclerosis.Sci. Rep. 12, 9155 (2022).

61. Purves, D. et al. Lower Motor Neuron Circuits and Motor Control. in
Neuroscience 6th edn (Sinauer Associates, 2018).

62. Coelho-Santos, V. & Shih, A. Y. Postnatal development of
cerebrovascular structure and the neurogliovascular unit. Wiley
Interdiscip. Rev. Dev. Biol. 9, e363 (2020).

63. Ommati, M. M. et al. Pre/postnatal taurine supplementation improves
neurodevelopment and brain function in mice offspring: a persistent
developmental study from puberty to maturity. Life Sci 336, 122284
(2024).

64. Rassin,D.K., Sturman, J. A. &Gaull,G.E. Taurineandother freeamino
acids in milk of man and other mammals. Early Hum. Dev. 2, 1–13
(1978).

65. Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M. & Noble-
Haeusslein, L. J. Brain development in rodents and humans:

https://doi.org/10.1038/s43856-026-01434-8 Article

Communications Medicine |           (2026) 6:271 8

https://doi.org/10.1016/B978-0-12-411462-3.00022-9
https://doi.org/10.1016/B978-0-12-411462-3.00022-9
https://doi.org/10.1016/B978-0-12-411462-3.00022-9
https://doi.org/10.1007/978-1-4899-0405-8_7
https://doi.org/10.1007/978-1-4899-0405-8_7
www.nature.com/commsmed


Identifying benchmarks of maturation and vulnerability to injury
across species. Prog. Neurobiol. 106, 1–16 (2013).

66. Kubo, T., Amano,M., Ishizuka, T. &Ozaki, S. beta-Alanine and taurine
microinjected into the rat caudal ventrolateral medulla increase blood
pressure. Clin. Exp. Hypertens. N. Y. N 1993 15, 585–597 (1993).

67. Meeley, M. P., Underwood, M. D., Talman,W. T. & Reis, D. J. Content
and in vitro release of endogenous amino acids in the area of the
nucleus of the solitary tract of the rat. J. Neurochem. 53, 1807–1817
(1989).

68. Saransaari, P. & Oja, S. S. Taurine release in mouse brain stem slices
under cell-damaging conditions. Amino Acids 32, 439–446 (2007).

69. Wang, J., Peng, Y.-J. & Zhu, D.-N. Amino acids modulate the
hypotensive effect of angiotensin-(1-7) at the caudal ventrolateral
medulla in rats. Regul. Pept. 129, 1–7 (2005).

70. Heier, C. R., Satta, R., Lutz, C. & DiDonato, C. J. Arrhythmia and
cardiac defects are a feature of spinal muscular atrophy model mice.
Hum. Mol. Genet. 19, 3906–3918 (2010).

71. Walter, L. M. et al. Interventions targeting glucocorticoid-Krüppel-like
factor 15-branched-chain amino acid signaling improve disease
phenotypes in spinal muscular atrophy mice. EBioMedicine 31,
226–242 (2018).

72. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA).
Scientific Opinion on the substantiation of health claims related to
taurine and “immune system protection” (ID 611), “metabolism
processes” (ID 613), contribution to normal cognitive function (ID
1659), maintenance of normal cardiac function (ID 1661),
maintenance of normal muscle function (ID 1949) and delay in the
onset of physical fatigue during exercise (ID 1958) pursuant to Article
13(1) of Regulation (EC) No 1924/2006. EFSA J. 9, 2035 (2011).

Acknowledgements
A.U., T.N., R.d.V., E.B., and A.D.A. were supported by
#NEXTGENERATIONEU (NGEU) funded by the Ministry of University and
Research (MUR), National Recovery and Resilience Plan (NRRP), project
MNESYS(PE0000006)–AMultiscale integratedapproachto thestudyof the
nervous system in health and disease (DN. 1553 11.10.2022). E.B. and
A.D.A. were also supported by a grant from Ricerca Finalizzata from the
Italian Ministry of Health (Project nr RF-2019-12370334); This research
received funding from the European Union – NextGeneration EU, PNRR-
POC 2023 12377653 “Advanced multi-omic and system approaches to
identify novel biomarkers for SMA”, M6/Component C2, Investment 2.1
“Rafforzamento e potenziamento della ricerca biomedica del SSN” of the
Piano Nazionale di Ripresa e Resilienza (PNRR), CUP G33C24000180006.
E.B., A.D., C.P., and C.B. are members of the ERNNMDEuropean Network
(Project nr 2016/557). L.P. was supported by NIH grants R01NS102451,
R01NS114218, and R01NS116400. This work was also supported by
Department of Excellence funding from the Ministry of University and
Research (MUR) for 2023-2027, awarded to the Department of
Neuroscience “Rita Levi Montalcini” (University of Turin), and by the
Girotondo/ONLUS and SMArathonONLUS foundations”, granted to A.V.
and M.B.

Author contributions
A.U. conceived and designed the study; R.d.V. and A.H. performed the
HPLC experiments and analysed the results; R.d.V. and T.N. performed the
statistical analysis; R.d.V. prepared figures and wrote the manuscript;
A.D.A., C.P., C.B., E.B. performed clinical evaluations and provided CSF
samples; A.C., M.B., and A.V. worked with SMNΔ7mouse colony and
provided tissue samples; L.P. provided advice and contributed to
manuscriptwriting.A.U. andF.E.supervised theproject.All authors readand
edited the paper and agree with the final version of the manuscript.

Competing interests
E.B. received advisory board honoraria from Roche, Biogen, PTC, Red
Nucleus. Noneof these founders had a role in the conceptualization, design,
data collection, analysis, decision to publish, or preparation of the
manuscript. The other authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43856-026-01434-8.

Correspondence and requests for materials should be addressed to
Alessandro Usiello.

Peer review information Communications Medicine thanks the
anonymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

1Laboratory of Translational Neuroscience, Ceinge Biotecnologie Avanzate “Franco Salvatore”, Naples, Italy. 2Department of Environmental, Biological and
Pharmaceutical Science and Technologies, University of Campania “Luigi Vanvitelli”, Caserta, Italy. 3European School of Molecular medicine, University of Milan,
Milan, Italy. 4Department of Neuroscience “Rita Levi Montalcini”, University of Turin, Turin, Italy. 5Neuroscience Institute Cavalieri Ottolenghi, University of Turin,
Orbassano, TO, Italy. 6Center of Translational and Experimental Myology, IRCCS Istituto Giannina Gaslini, Genova, Italy. 7Department of Neuroscience, Reha-
bilitation, Ophthalmology, Genetics, Maternal, and Child Health - DINOGMI, University of Genova, Genova, Italy. 8Unit of Neuromuscular and Neurodegenerative
Disorders, Dept. Neurosciences, Bambino Gesu’ Children’s Hospital IRCCS, Roma, Italy. 9Department of Agricultural Sciences, University of Naples “Federico II”,
Portici, Italy. 10Department of Neurology, Columbia University, New York, NY, USA. 11Center for Motor Neuron Biology and Disease, Columbia University, New
York, NY, USA. 12Department of Pathology and Cell Biology, Columbia University, New York, NY, USA. 13These authors contributed equally: Raffaella di Vito,
Amber Hassan. e-mail: usiello@ceinge.unina.it

https://doi.org/10.1038/s43856-026-01434-8 Article

Communications Medicine |           (2026) 6:271 9

https://doi.org/10.1038/s43856-026-01434-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:usiello@ceinge.unina.it
www.nature.com/commsmed

	Nusinersen rescues taurine deficiency in patients with type 1 Spinal Muscular Atrophy
	Methods
	Animals
	Animal sacrifice, tissue collection and processing
	SMA patients’ characteristics
	HPLC detection
	Statistics and reproducibility

	Results
	Taurine concentration is reduced in the brainstem of SMA mice
	Taurine levels are reduced in the CSF of SMA type 1 patients
	Nusinersen therapy restores taurine levels in the CSF of SMA type 1 patients
	Taurine changes in SMA type 2 patients correlate with motor outcomes following treatment

	Discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




