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Abstract
Spinal muscular atrophy (SMA) is a genetic disease resulting in the loss of α-motoneurons followed by muscle atrophy. It is 
caused by knock-out mutations in the survival of motor neuron 1 (SMN1) gene, which has an unaffected, but due to prefer-
ential exon 7 skipping, only partially functional human-specific SMN2 copy. We previously described a Drosophila-based 
screening of FDA-approved drugs that led us to discover moxifloxacin. We showed its positive effect on the SMN2 exon 7 
splicing in SMA patient-derived skin cells and its ability to increase the SMN protein level. Here, we focus on moxifloxa-
cin's therapeutic potential in additional SMA cellular and animal models. We demonstrate that moxifloxacin rescues the 
SMA-related molecular and phenotypical defects in muscle cells and motoneurons by improving the SMN2 splicing. The 
consequent increase of SMN levels was higher than in case of risdiplam, a potent exon 7 splicing modifier, and exceeded the 
threshold necessary for a survival improvement. We also demonstrate that daily subcutaneous injections of moxifloxacin in 
a severe SMA murine model reduces its characteristic neuroinflammation and increases the SMN levels in various tissues, 
leading to improved motor skills and extended lifespan. We show that moxifloxacin, originally used as an antibiotic, can be 
potentially repositioned for the SMA treatment.
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Introduction

Spinal muscular atrophy (SMA) is a rare genetic neuro-
muscular disorder caused by the loss of alpha-motoneurons 
(MNs) in the spinal cord and brainstem nuclei with an inci-
dence of 1 in 6000–10,000 children. Five clinical types of 
SMA have been described (0, I, II, III, and IV), ranging from 
the complete absence of motor function and infant mortality 
to minor defects with no significant reduction in lifespan. 
SMA types originate from varying levels of the Survival 
Motor Neuron protein (SMN), from very low in severe 
cases to higher levels in the milder forms [reviewed in [1]]. 
The SMN protein decrease mostly affects MNs, although 
SMA patients also develop defects in non-CNS tissues, e.g., 
lungs, heart, skeletal muscles, or peripheral nervous sys-
tem [reviewed in [2]]. The analysis of samples from human 
fetuses and data collected from animal models indicate 
that the muscle growth impairment occurs before the MNs 
degeneration [3, 4], suggesting that a systemic SMN restora-
tion is needed for the highest therapeutic benefit.
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SMA is primarily caused by loss of function mutations in 
the SMN1 gene. However, due to duplication in the genome, 
the SMN locus contains two inverted copies of SMN, called 
SMN1 (telomeric) and SMN2 (centromeric). The difference 
in the coding regions of both genes is a C-to-T transition at 
position + 6 of exon 7 (Ex7) in SMN2 [5]. This change is 
critical, as it results in different splicing patterns. In SMN1, 
Ex7 is included giving a full-length, functional SMN protein 
(FL-SMN), whereas the C-to-T transition in SMN2 causes 
Ex7 exclusion in the majority of cases, giving a C-terminally 
truncated SMN protein (Δ7-SMN). A part of the SMN2 
mRNAs includes Ex7 and gives a functional FL-SMN pro-
tein [6], although insufficient to fully compensate for the 
SMN1 loss. All the SMA patients carry one or more copies 
of the SMN2 gene. The number of SMN2 copies is inversely 
correlated with the disease severity, because the amount of 
functional protein translated from the SMN2 transcript par-
tially compensates for SMN1 deficiencies [7].

The FDA approved three SMN modifying treatments 
to restore the functional protein in the last years. One of 
them is a gene therapy called onasemnogene abeparvovec 
(Zolgensma™), which is a gene-replacement therapy for the 
lack of SMN. In addition, two drugs aim to increase the 
functional SMN protein by boosting the inclusion of SMN2 
Ex7: an antisense oligonucleotide named nusinersen (Spin-
raza™) and the small molecule drug risdiplam (Evrysdi™) 
[8]. Despite the remarkable efficiency of these treatments, 
they also present disadvantages in administration method, 
patient exclusion criteria, or access due to the therapy's high 
cost [9–11]. Moreover, the limited data on the long-term effi-
cacy and safety of these innovative therapies makes it crucial 
to continue to search for alternative, backup treatments for 
SMA. The repositioning approach drastically shortens the 
time needed for a drug to become a new therapy for patients 
[12–14]. Our previous research combined this strategy with 
a novel Drosophila-based screening method and reported 
moxifloxacin, a fluoroquinolone antibiotic, to be an effective 
SMN2 Ex7 splicing booster in SMA patient fibroblasts [15]. 
This paper investigates moxifloxacin’s effect on the SMA 
molecular and phenotypical hallmarks in MNs generated 
from patient-derived induced pluripotent stem cells and a 
human in vitro model of neuromuscular junctions (NMJs), 
and in a severe SMA murine model, further reinforcing its 
therapeutic potential. The well-known profile of this drug 
makes it an exciting candidate for a clinical trial.

Materials and methods

Human induced pluripotent stem cells

Human induced pluripotent stem cell lines (hiPSC) were 
generated by reprogramming Coriell Biorepository 

fibroblasts derived from non-affected and SMA affected 
patients as previously described [16]. Three independent 
hiPSC clones were generated from each line of healthy 
fibroblasts GM03814 and  C03 as previously described 
[17]. Similarly, 3 independent clones of hiPSC were gen-
erated from each fibroblast lines issues from SMA type I 
(GM00232) and type II (GM03813) patients (Supplementary 
Fig. MM1). Informed consents were obtained from all the 
patients included in this study, complying with the ethical 
guidelines of the institutions and with the legislation require-
ments. Experimental protocols were approved by the French 
minister of health (2019-A02599-48). In addition to these 
hiPSC lines, an isogenic control line was generated from one 
SMA hiPSC line (GM03813) as previously reported [18]. 
All the different hiPSC lines were grown on culture dishes 
coated with vitronectine (Gibco) and maintained in iPS-
Brew XF medium (Miltenyi Biotec) as previously described 
[17]. Cell passaging was performed manually every 5 days 
and culture medium was changed every 2 days.

Generation of spinal motoneurons from hiPSCs

The conversion of hiPSC into spinal motoneurons was per-
formed as previously described [16]. Briefly, hiPSC were 
dissociated enzymatically using Stem Pro Accutase (Ther-
moFisher®) during 5 min at 37 °C, 5%  CO2 and plated in 25 
 cm2 flasks  (Dutscher®) at 2 million per flask in an induced-
motoneuronal medium supplemented with cytokines every 
2 days. After 10 days of differentiation, embryoid bodies 
were dissociated. Between days 10 and 14, MN progenitors 
are converted into MNs, and motoneuron phenotype was 
assessed by immunolabeling for Islet1.

Co‑culture of human iPSC‑derived spinal MN 
and human skeletal muscle cells

Human primary and immortalized non-affected and SMA 
myoblasts were obtained from the MyoLine platform from 
the Institute of Myology and provided by Vincent Mouly 
[19]. They were derived from patients and control biopsies 
provided by MyoBank, affiliated to EuroBioBank with the 
French ministry agreement ref AC-2019-3502. Skeletal mus-
cle cells were obtained from a quadriceps muscle biopsy of 
a 5-day-old unaffected infant (CHQ or Ctl) [20], a paraver-
tebral muscle biopsy of an 11-year-old infant patient suffer-
ing from SMA (KM432-7PV or SMA type I) Primary cells 
were isolated from skeletal muscle, expanded and differ-
entiated as described previously [19]. Briefly, primary and 
immortalized myoblasts were cultured in a growth medium 
and cryopreserved. The percentage of myoblast cells was 
estimated by immunolabelling for Desmin. For co-culture, 
spinal MNs must be differentiated from hiPSC as described 
previously, but the embryoid bodies are dissociated at day 
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14 of differentiation and frozen. 384 micropatterned-well 
plates were designed and provided by CYTOO SA [21]. 
For the co-culture the myoblasts were plated at a density of 
5,500 cells per well in myoblast growth medium (DMEM/
F12-glutamax supplemented with 20% fetal bovine serum 
(Sigma-Aldrich) and 0.1% penicillin–streptomycin (Ther-
moFisher) with Y-27632 (10 μM, Stemcell). After 2 days, 
the growth medium was replaced by the differentiation 
medium (DMEM/F12-glutamax supplemented with 2% 
horse serum (ThermoFisher)). On day 4, the hiPSC-derived 
MNs were thawed and plated at a density of 8,000 cells per 
well in N2B27 medium supplemented by brain-derived 
neurotrophic factor (BDNF, 10 ng/mL, Peprotech), glial-
derived neurotrophic factor (GDNF, 10 ng/mL, Peprotech), 
N-[N-(3,5-Difluorophenacetyl)-l-alanyl]-S-phenylglycine 
t-butyl ester (DAPT, 10 µM, Tocris) and Y-27632 (10 μM, 
Stemcell). Cultures have been maintained up to 11 days 
which correspond to 4 days of myogenic differentiation and 
7 days of co-culture with hiPSC-derived MNs.

Treatment of motor neuron cultures 
with compounds

To analyze the effect of compounds, MN progenitors were 
plated into poly-l-ornithine/laminin-treated 384-well plates 
at 3,000 cells per well in N2B27 medium without growth 
factors. After 4 days of differentiation, “early” spinal MNs 
were treated with the different compounds using the Bravo 
Automated Liquid Handling Platform (Agilent Technolo-
gies). Cells were treated every 3 days for the next 10 days. 
A solution of 0.1% DMSO (MilliporeSigma) was used as a 
negative control. After 10 days, the cell viability was quan-
tified. Moxifloxacin (Cat. No.: HY-66011), risdiplam (Cat. 
No.: HY-109101) were provided by MedChemExpress, 
while kenpaullone (Cat. No.: 1398) was provided by Tocris.

Immunostaining

After fixation with 4% paraformaldehyde (PFA) (Electron 
Microscopy Sciences) for 7 min at room temperature, cells 
were incubated overnight at 4 °C with primary antibod-
ies (listed in Table 1). The cells were washed 3 times in 
PBS buffer and incubated for 1 h at room temperature with 
appropriate Alexa fluorescent-labeled secondary antibod-
ies (Invitrogen, 1:1,000) and Hoechst (5 μg/mL).

FastLane quantification of SMN mRNA expression

SMN mRNA expression from hiPSC-derived MNs treated 
in 384-well plates was performed using FastLane Cell 
probe Kit (Qiagen) according to the manufacturer's proto-
col. Briefly, cells were washed and lysed with Fastlane’s 

reagents. Without RNA purification step, cell lysates were 
used directly as templates in real-time one-step reverse 
transcription PCR using the QuantiTect Probe from Fast-
Lane kit combined with specific primers of endogenous 
control primer set, 18S, and two SMN primer sets, SMN-
FL (designed to amplify SMN transcript containing exon 
7) and SMN-Δ7 (designed to amplify SMN transcript lack-
ing exon 7). The sequences of the SMN-FL primer set 
(spanning exons 6, 7, and 8) were forward 5ʹ-CAA AAA 
GAA GGA AGG TGC TCA CAT T-3ʹ, reverse 5ʹ-GTG TCA 
TTT AGT GCT GCT CTA TGC -3ʹ, and probe 5ʹ-FAM-CAG 
CAT TTC TCC TTA ATT TA-NFQ-3ʹ and the sequences of 
the SMN-Δ7 (spanning the exon 6–8 junction) were for-
ward 5ʹ-CAT GGT ACA TGA GTG GCT ATC ATA CTG-3ʹ, 
reverse 5ʹ-TGG TGT CAT TTA GTG CTG CTC TAT G-3ʹ, and 
probe 5ʹ-FAM-CCA GCA T TTC CAT ATA ATA GC-NFQ-3ʹ. 
Fold change variations induced by compound treatments 
were calculated using the  2−ΔΔCt method with DMSO-
treated control cells as reference sample and 18S house-
keeping gene as reference gene.

HTRF assay to quantify SMN protein expression

SMN protein was also quantified using Homogeneous 
Time Resolved Fluorescence (HTRF, Cisbio Bioassays) 
according to the manufacturer’s protocol. This technology 
allows the detection and quantification of SMN protein in 
384 well plate format. For this, cells were lysed in 15 µL 
of lysate buffer and 10 µL of cell lysate were transferred 
to a 384-well small volume white plate containing 5 µL 
of the antibody solution (1:100 dilution of anti-SMN d2 
and anti-SMN cryptate) (Cisbio). The plate was incubated 
overnight at room temperature. Fluorescence was meas-
ured at 665 nm and 620 nm on a CLARIOstar microplate 
reader (BMG Labtech). Ratio values of (665 nm emis-
sion/620 nm emission) × 10 000 were used to calculate ΔF 
(%) according to the following equation:

ΔF (%) = [(Sample ratio − Negative control ratio) / 
Negative control ratio] × 100.

Image acquisition and analysis

Image acquisitions were performed using the automated 
imaging Cell Insight CX7 HCS Platform (Cellomics Inc). 
Masks and algorithms were developed with the HCS Reader 
software for automated quantification of the percentage of 
cells stained for ISL1, compared to the total number of 
cells. Co-culture images were acquired using Spinning Disk 
microscopy (Zeiss) with the 20X objective and a z-stack 
plan. For quantification of the AChR clustering and neuritic 
network, each images taken were processed as a maximum 
projection and analyzed using Fiji Software (Supplementary 
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Fig. MM2). The total area and mean size of AChR clusters 
were determined by an algorithm developed in-house. The 
neurite outgrowth was measured by applying an intensity 
threshold and a background correction to detect the neurites 
stained by Tuj1. The number of branches was measured as 
intersections between neurites from the cluster of soma.

Animal model and genotyping

To evaluate the effect of moxifloxacin in vivo, we used delta 
7 mice (Stock No. 005025; Jackson Lab, Bar Harbor, ME, 
USA) as a murine model of severe SMA.

Animals had free access to food and water, and were kept 
into regular cages under 12/12-h light/dark cycle. All efforts 
were made to minimize the number of animals used and the 
suffering levels.

The animals were genotyped at P0–1 by PCR assays [22], 
performed on DNA extracted from the tail, to assess the 
presence of the two human transgenes (SMN2 and SMN∆7) 
and the three possible genotypic variants of the Smn locus 
mice (Smn+/+, Smn+/– or Smn−/−), according to [23].

Data were obtained from tissues harvested from delta 7 
mice, sacrificed at P12. An additional group of animals was 
used for survival analysis. A total of 64 delta 7 SMA mice 

were used for histological, molecular, behavioral and sur-
vival analyses. Moreover, 10 WT mice were used for weight 
analysis (n = 8) and western blot (n = 2).

All the in vivo experiments have been carried out by 
blinded researchers, in a randomized manner.

Moxifloxacin or vehicle administration

SMA animals were divided into two groups: Vehicle (VHL, 
2% DMSO in NaCl 0.9% solution) and moxifloxacin (75 mg/
kg; moxifloxacin hydrochloride, BAY 12-8039, MedChem-
Express, NJ, USA). The animals were daily injected, sub-
cutaneously, starting from P2 to P12 (or until sacrifice for 
the animals involved in the survival study) with VHL or 
moxifloxacin (range of injected volume: 1–48 µl, depending 
on age and body weight). Additional animals (VHL n = 23; 
moxifloxacin n = 12) were sacrificed for humanitarian end-
points if and when they exhibited excessive weight loss 
(greater than 21 ± 5%) associated with severe neurological/
motor symptoms, and were included into survival analysis.

Table 1  List of primary and secondary antibodies used in immunofluorescence and immunocytochemistry experiments

Model Antibodies Designation Reference Host Provider Dilution

Motoneurons Primary Islet1 AF1837 Goat R&D systems 1:500
Tubulin β III (Tuj1) 801201 Mouse Biolegend 1:1000
Tubulin β III (Tuj1) PRB-435P Rabbit Biolegend 1:1000
Myosin Heavy Chain (MF20) MF20 Mouse DSHB 1:200
Acetylocholine receptor (AchR) mAB 35 Rat DSHB 1:350
SMN Sc-32313 Mouse Santa Cruz Biotechnology 1:200

Secondary Donkey anti-mouse IgG (H + L) alexa fluor 488 A-21202 Thermo Fisher Scientific 1:1000
Donkey anti-mouse IgG (H + L) alexa fluor 647 A-31571 Thermo Fisher Scientific 1:1000
Donkey anti-goat IgG (H + L) alexa fluor 568 A-11057 Thermo Fisher Scientific 1:1000
Donkey anti-rabbit IgG (H + L) alexa fluor 647 A-31573 Thermo Fisher Scientific 1:1000
Donkey anti-rat IgG (H + L) alexa fluor 488 A-21208 Thermo Fisher Scientific 1:1000

SMA delta 7 mice Primary Neurofilament H (NF-H) SMI32 801702 Mouse BioLegend 1:1000
Cleaved Caspase 3 (Asp175) 9661 Rabbit Cell Signaling Technology 1:400
Glial Fibrillary Acidic Protein (GFAP) Z0334 Rabbit DAKO Cytomation 1:500
Neurofilament 145 kDa Antibody, CT, clone 

3H11
MAB1621 Mouse Sigma-Aldrich 1:100

Secondary Cy™2 AffiniPure Donkey Anti-Mouse IgG 
(H + L)

AB_2340826 Jackson ImmunoResearch 1:400

Cy™2 AffiniPure Donkey Anti-Rabbit IgG 
(H + L)

AB_2340612 Jackson ImmunoResearch 1:400

Cy™3 AffiniPure Donkey Anti-Mouse IgG 
(H + L)

AB_2340813 Jackson ImmunoResearch 1:400

Cy™3 AffiniPure Donkey Anti-Rabbit IgG 
(H + L)

AB_2307443 Jackson ImmunoResearch 1:400
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Weight assessment and behavioural tests

Weight and motor performance assessment was performed 
daily, from P2/P4 (depending on the test) to P12 on both 
treated mice groups (VHL n = 21; moxifloxacin n = 9). 
Before starting the tests, the mice were moved in a room 
(with low light or no noise); between the different trials, the 
pups were maintained on a heated pad (at a controlled tem-
perature of 37 °C) until the end of the tests. All pups were 
then returned to maternal care after handling.

Delta 7 mice were first weighed and then from P2 under-
went the following motor tests: Tail suspension, Righting 
reflex, Hindlimb suspension, Negative geotaxis (the latter 
was used from P4), specifically designed for SMA pups 
(described in detail in [24]). In particular, for the hindlimb 
suspension test, we only evaluated the hindlimb posture by 
assigning a score, according to [24].

Animal sacrifice, tissue collection and processing

For immunoblotting analysis, five animals for each group 
(VHL n = 5, moxifloxacin n = 5) were sacrificed by cervical 
dislocation at age P12: the whole spinal cord and skeletal 
muscles (quadriceps, gastrocnemius and diaphragm) were 
harvested, rapidly frozen in liquid nitrogen and then stored 
at − 80 °C.

For histochemical (Nissl staining) and immunohisto-
chemical analysis, at P12 a number of delta 7 mice (VHL 
n = 4, moxifloxacin n = 4) were anesthetized by gaseous 
anaesthesia (3% isoflurane vaporized in  O2/N2O 50:50) and 
perfused transcardially with 4% buffered PFA, pH 7.4. Then, 
spinal cord lumbar tract and skeletal muscles (quadriceps 
and gastrocnemius) were dissected, postfixed in 4% PFA for 
2 h and incubated overnight in 30% sucrose in 0.1 M phos-
phate buffer solution. Next, samples were embedded and fro-
zen in cryostat medium (Killik, Bio-Optica): the spinal cord 
samples were cut into transverse 40 µm thick free-floating 
sections and stored at 20 °C in an antifreeze solution (30% 
ethylene glycol, 30% glycerol, 10% PB; 189 mM  NaH2PO4; 
192.5 mM NaOH; pH 7.4), while the muscle samples were 
cut longitudinally in 30 µm thick slices, directly on 4% gel-
atin-coated slides, which were air-dried overnight and then 
stored at − 20 °C.

For additional histological analysis [haematoxylin/eosin 
(H/E)], a group of treated delta 7 mice (VHL n = 4, moxi-
floxacin n = 4) were sacrificed by cervical dislocation at 
P12, then quadriceps and gastrocnemius skeletal muscles 
were harvested, embedded in cryostat medium and frozen 
(Killik). Skeletal muscles were next cut into transverse 30 
µm thick slices, collected directly on 4% gelatin-coated 
slides, which were air-dried overnight and then stored at 
− 20 °C.

Western blot analysis

For the analysis of the expression of SMN protein by west-
ern blot (WB), spinal cord and skeletal muscle samples 
were homogenized on ice using a pestle homogenizer in 
radioimmunoprecipitation assay buffer (RIPA lysis buffer) 
(Merck Life Sciences) supplemented with 1 mM PMSF, 
1 mM DTT, 2 mM sodium orthovanadate (ThermoFisher 
Scientific) and 1 × complete™ Protease Inhibitor Cocktail 
(Merck Life Sciences). Sample homogenates were incu-
bated on ice for 20 min before being centrifuged for the 
insoluble material separation at 14,000 × g for 20 min at 
4 °C. Total protein concentration was assayed on superna-
tants using Bradford reagent (Bio-Rad). Protein denatura-
tion was performed with  NuPAGE® LDS Sample Buffer 
supplemented with  NuPAGE® Sample Reducing Agent 
(ThermoFisher Scientific), by heating at 95 °C for 5 min. 
SDS–PAGE and transfer were performed on 4–20% Mini-
PROTEAN® TGX™ Precast Protein Gels and Trans-Blot® 
Turbo™ mini nitrocellulose membranes using a Trans-
Blot® Turbo™ transfer System (Bio-Rad), respectively. 
Nonspecific binding sites were blocked using 5% non-fat 
dried milk in PBS-0.2% Tween-20 (Merck Life Sciences) 
(PBS-T) for 1 h at room temperature (RT) under shaking. 
All membranes were incubated overnight at 4 °C under 
shaking with SMN-antibody solution (diluted 1:2,000 
in 2% nonfat dried milk in PBS-T) (mouse–anti-SMN, 
BD Bioscience 610646) and in Vinculin-antibody solu-
tion (diluted 1:2,000 in 2% nonfat dried milk in PBS-T) 
(Monoclonal mouse Anti-Vinculin, Clone Hvin-1, Merck 
Life Sciences) as loading control. HRP-conjugated second-
ary antibody (Goat Anti-Mouse IGG HRP, Bio-Rad) was 
diluted 1:10,000 in 2% nonfat dried milk in PBS-T and 
incubated for 1 h at RT under shaking. Immunolabeling 
was detected with Clarity™ Western ECL Blotting Sub-
strates (Bio-Rad) using the ChemiDoc™ imaging system 
(Bio-Rad).

For immunoblotting analysis of SMN protein levels 
in SMA tissues, the densitometric quantitation of bands 
intensity for the SMN protein levels was calculated with 
reference to Vinculin protein levels (used as loading con-
trol), using the Fiji software (Image J, NIH) (Supplemen-
tary Fig. MM3).

JESS simple western

For the SMN immunodetection in mouse tissues, we used 
the Jess Simple Western system, an alternative for classi-
cal western blotting in which all assay steps from protein 
separation, immunoprobing, detection, and data analysis are 
automated. The protein separation was performed for 25 min 
at 375 V in a commercially available capillary system (one 
capillary per sample) in which all the classical western blot 
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steps are automatically performed. Next, the total protein 
was labeled with biotin for 30 min and incubated with a 
blocking solution (Antibody Diluent) for 5 min. The samples 
were incubated with SMN antibody (1:10; mouse anti-SMN, 
BD Bioscience 610646) for 30 min and with secondary anti-
body (anti-mouse) for another 30 min. The capillaries were 
washed with RePlex™ solution for 30 min and incubated 
with Total Protein Streptavidin–HRP solution to detect 
chemiluminescence signal. All the secondary antibodies 
and solutions were provided by Bio-techne, and were used 
according to the manufacturer´s instructions. The data was 
analyzed and presented using Compass for SW, control and 
data analysis software for Simple Western instruments. The 
number of animals on this analysis varied from the immu-
noblotting experiment due to insufficient amount of some 
of the samples.

Stereological motor neuron counting

For the histological examination of spinal cord lumbar tract, 
40 µm thick sections were mounted on 4% gelatin-coated 
slides and Nissl-stained as previously described [30, 36]. 
The lumbar alpha MNs (tract L3–L5), with an area ≥ 80 
μm2, were stereologically counted on serial Sects (1 every 
320 μm), using the Optical Fractionator technique with the 
StereoInvestigator software (MicroBrightField Inc.) and a 
computer-assisted microscope (Nikon Eclipse E600 micro-
scope); then the MN density (reported as MN number/mm3) 
was obtained by the associated data analysis software Neuro-
Explorer (MicroBrightField). Representative images of spi-
nal lumbar tract sections were acquired with Nikon Eclipse 
E600 microscope equipped with Optronics MicroFire digital 
camera.

Immunofluorescence staining and analysis on spinal 
cord sections

Spinal cord sections underwent immunofluorescence stain-
ing, as previously reported [36]. Sections were incubated 
overnight with primary antibodies (SMI32, Cleaved Cas-
pase 3 and GFAP) and next with appropriate fluorochrome-
conjugated secondary antibodies (primary and second-
ary antibodies are listed in Table 1), and finally with 4′, 
6 Diamino-2 phenyindole Dilactate (DAPI; 1:200; D9564-
10MG, Sigma-Aldrich). Samples were washed and cover-
slips were mounted with anti-fade mounting medium Mow-
iol. Immunofluorescence analyses were performed with a 
Leica TCS SP5 confocal laser scanning microscope (Leica 
Microsystems).

The Cleaved Caspase 3-positive cells were quantified in 
the ventral horns of the lumbar spinal cord tract (the con-
gruent region for analysis was confirmed by the presence of 
SMI32-stained MNs) by counting the percentage of Cleaved 

Caspase 3/number of DAPI-labelled nuclei, using confocal 
images (40X magnification, 0.5 µm z-step size, 14 µm z-vol-
ume, acquisition speed 100 Hz, format 1024 × 1024 pixels). 
Four animals were analysed for each group, four spinal cord 
slices were evaluated for each animal.

For the analysis of the astrogliosis, four animals were 
analysed for each group, six fields for each animal of the 
spinal cord ventral horns of GFAP-positive cells were 
acquired by confocal (40X objective, 0.5 µm z-step size, 14 
µm z-volume, acquisition speed 100 Hz, format 1024 × 1024 
pixels), and then converted in black and white images: the 
density of immunopositive profiles was quantified using the 
Fiji software.

Immunofluorescence staining on skeletal muscle 
sections and NMJ analysis

After rapid rehydration in PBS, skeletal muscle sections on 
4% gelatin-coated slices were stained for NMJ detection. 
First, the sections underwent antigen retrieval by sequential 
incubations with 1% SDS (5 min, RT) and sodium citrate 
solution heated to 95 °C (pH 6, for 7–10 min). Subsequently, 
non-specific binding sites were blocked using 4% BSA solu-
tion, 4% foetal bovine serum and PBS-0.1% Triton-X for 
1:30 h, RT. The sections were incubated overnight with the 
primary antibody (against Neurofilament 145 kDa, listed in 
Table 1) diluted in the blocking solution for 24 h at 4 °C. 
The sections were subsequently incubated with appropri-
ate fluorochrome-conjugated secondary antibody (listed in 
Table 1) (1 h 30 min, RT) and with α-bungarotoxin (BTX) 
conjugated with Alexafluor-555 (1:500; 11554187, Invitro-
gen) diluted in 4% BSA and PBS-0.1% Triton-X (1 h 30 
min, RT). Finally, slices were incubated with DAPI in PBS 
1X for 3 min and then coverslipped with anti-fade mount-
ing medium. Images were acquired with a Leica TCS SP5 
confocal laser scanning microscope (Leica Microsystems).

For the analysis of NMJ area and perforation (30–50 
NMJs for animal), confocal stacks of quadriceps and gas-
trocnemius longitudinal sections (40X objective, 0.7 µm 
z-step size, 20 µm z-volume, acquisition speed 100 Hz, for-
mat 1024 × 1024) were analysed with Fiji (Image J, NIH). 
For NMJ innervation analysis (at least 50 NMJs for animal), 
the presence and number of NF-positive fibers reaching each 
NMJ was evaluated and counted with computer-assisted 
microscope (Nikon Eclipse E600 microscope) to classify the 
NMJs as mono-innervated, multi-innervated or denervated.

Histological analysis of skeletal muscle atrophy

For the morphological analysis of skeletal muscles, the 
quadriceps and gastrocnemius sections were stained with 
H/E, as previously described [30, 36]. To morphologically 
evaluate mean fiber area, perimeter, minimum and maximum 
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Feret's diameter, more than 100 fibers for each animal were 
drawn with Neurolucida software (MicroBrightField Inc.) 
and a computer-assisted microscope (Nikon Eclipse E600 
microscope). Data were obtained by the associated data 
analysis software NeuroExplorer (MicroBrightField): we 
then averaged the means obtained from single animals. Rep-
resentative images of skeletal muscles fibers were acquired 
with Zeiss Axioscan Z.1 digital slide scanner microscope 
(Carl Zeiss AG).

Statistical analysis

Data are expressed as mean ± standard error of mean (SEM). 
Statistical analysis was performed using GraphPad Prism 
8.0 software (GraphPad software, San Diego, CA, USA). 
Unpaired two-tailed Student’s t test was used to compare 
data between two groups. One-way analysis of variance 
(ANOVA) was performed to compare in vitro data among 
three or more groups, followed by a post-hoc Tukey’s mul-
tiple comparison test.

Mice weight and motor behavioural test data were evalu-
ated by mixed-effects model with Geisser–Greenhouse cor-
rection, whose P value for the column factor (i.e., the sta-
tistical difference between delta 7 mice groups according to 
treatment with VHL or moxifloxacin) was reported, followed 
by Sidak’s multiple comparison post hoc test to analyse the 
difference between delta 7 mice treated groups over time. 
In addition, in those tests expressed with not normally dis-
tributed data (i.e., righting reflex and negative geotaxis test), 
the contingency table analysis (Fisher’s exact test) was also 
applied. Moreover, for the body weight, according to [24], 
data were also represented as a Kaplan–Meier plot, defined 
as the time from one initiating event (i.e., the birth, P0) to a 
terminating event: the latter one is considered “the postnatal 
day when (1) the animal lagged in body weight by two stand-
ard deviations from the established normal average body 
weight gain of the WT controls; and (2) the body weight 
remained two standard deviations below the average on each 
subsequent days” until the last observation (P12).

Finally, survival assessment between the groups of treated 
delta 7 mice was performed using the Kaplan–Meier test 
(censoring the mice that were sacrificed at P12), with 
Logrank (Mantel–Cox) as a post hoc test, suggested as being 
more sensitive to differences at the end of the curve [24].

Values of p < 0.05 were considered statistically significant 
(*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001).

Results

SMA motoneurons

We first sought to evaluate the potential effect of moxifloxa-
cin on motoneurons, the primary cell type affected in SMA. 
The effect of moxifloxacin was evaluated on the survival of 
MNs derived from induced pluripotent stem cells (iPSCs) 
from SMA type I and type II patients. The conversion of 
the human iPSCs into spinal MNs was performed as previ-
ously described [16]. Briefly, the protocol used is a four-
stage process that involves neural induction, generation of 
motoneuron progenitors, their conversion into motoneurons 
(day 14), and their final maturation (day 24) (Fig. 1A). The 
percentage of ISL1 positive cells was measured at day 14 
and compared to the control wild-type MNs (Supplementary 
Fig. 1). We started the treatment with moxifloxacin at this 
early stage and continued for the next 10 days until day 24, 
when a significant decline of the cells' survival is already 
observed in the SMA condition (Fig. 1B).

Early-born MNs were treated with moxifloxacin at 10 
concentrations ranging from 100 to 0.8 µM with the solvent 
(DMSO) at 0.1%. The FDA-approved molecule risdiplam at 
0.5 µM, as well as a neuroprotective JNK inhibitor, kenpaul-
lone were used as a positive control in this assay and also 
healthy wild-type MNs cultures. The motoneurons survival 
rate was measured by counting ISL1 positive cells from day 
14 to day 24. We observed that moxifloxacin significantly 
decreased the death rate of the SMA MNs, at levels similar 
to the healthy cells (Fig. 1B, C). The most effective con-
centration was 3.2 µM, which is over 150 × lower than the 
one used previously in SMA fibroblasts [15], showing the 
high efficiency of the drug in MNs. As previously described, 
we observed a reduction in the number of motoneurons as 
detected by quantifying the number of ISL1 positive cells 
in SMA compared to wild-type conditions, a phenotype that 
can be normalized after moxifloxacin treatment. Similar to 
the survival experiment, moxifloxacin at 3.2 µM proved to 
be the most efficient in increasing the SMN protein levels 
(Fig. 1D, E). The SMN levels after moxifloxacin treatment 
are lower than the SMN wild-type levels; nevertheless, the 
survival rates of wild-type and treated cells are very similar. 
Finally, to confirm that the increase of the SMN protein in 
MNs is due to the SMN2 splicing modulation, we measured 
the FL and Δ7 isoforms by RT-qPCR. The dose-dependent 
increase in SMN levels after moxifloxacin treatment reflects 
the increase of FL isoform levels with simultaneous decrease 
of Δ7 transcripts (Fig. 1F). Taken together, these results 
show that moxifloxacin acts as a splicing modifier, promot-
ing the inclusion of SMN2 Ex7 as it was previously showed 
in SMA fibroblasts in a dose-dependent manner [15].
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Fig. 1  Moxifloxacin increases the SMA motoneurons survival rate. 
A Schematic representation of experimental procedures on SMA and 
healthy motoneurons derived from induced pluripotent stem cells. 
B MNs survival rate analysis after treatment with moxifloxacin for 
10 days. C, D Representative images of MNs stained using a MN dif-
ferentiation marker (ISL1; red), cell nuclei (DAPI; blue) and a neu-
ral marker (TUJ1; grey) (C) or SMN protein (SMN; green) (D) after 
treatment with moxifloxacin 3.2 μM, kenpaullone 10 μM, risdiplam 
0.5  μM, and solvent-treated wild type and SMA controls (DMSO 
0.1%). E SMN protein levels normalized to the wild-type cells. F 

Quantitative analysis of SMN2-FL and Δ7 isoforms after treatment. 
Data normalized to SMA cells treated with DMSO (0.1%). In all 
experiments kenpaullone (neuroprotective drug) at 10  μM and ris-
diplam at 0.5 μM were used as positive controls. Data represent the 
mean values ± SD from 3 independent experiments using 2 inde-
pendent controls (C03 in black and GM0314 in blue), 1 SMA-type 
I (grey) and 1 SMA-type II (red) cell lines. Statistics were calculated 
using an ordinary One-Way ANOVA, Tukey’s multiple comparisons 
test (p > 0.05, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001)
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SMA type I myoblasts and motoneurons co‑culture

As dramatic alterations at the NMJs have been described 
prior to symptom onset [25], we next sought to evaluate the 
therapeutic potential of moxifloxacin in a human in vitro 
model of NMJ. For this purpose, we used co-cultures 
between SMA type I hiPSC-derived MNs (and WT MNs as 
control) and human primary skeletal muscle cells isolated 
from SMA type I or control patients. To improve myogenic 
maturation, skeletal muscle cells were grown on micropat-
terned 384 well plates in which each well contains around 
50 micropatterns [21] (Fig. 2A). Co-cultures were treated 
every 3 days for 1 week, and then different parameters were 
evaluated, such as the survival of MNs, the myogenic dif-
ferentiation into myotubes and their ability to connect each 
other (Fig. 2B).

We observed that in the co-culture conditions, treat-
ment with moxifloxacin led to the normalization of MNs 
survival as observed in cultures of MNs alone (Fig. 2C), 
which was also clearly capable of increasing the myo-
tube area (Fig. 2D), restoring the AChR clustering area 
(Fig. 2E) of SMA myotubes and the neurite outgrowth defect 
(Fig. 2F, G). When compared to the vehicle-treated cells, 
the increase was over 20% of the myotube area per pattern 
and AChR area per pattern normalized to SMA myotube in 
co-culture with healthy MNs. Thus, moxifloxacin not only 
enhanced SMA MN survival but improved their ability to 
establish functional NMJ with SMA myotubes and promoted 
their growth to approximately 70% of the ability that normal 
MNs have to rescue SMA myotube growth in vitro.

Effects of moxifloxacin treatment on weight 
and motor performances of delta 7 SMA mice

To investigate the efficacy of moxifloxacin administration 
in the delta 7 SMA murine model [26], we first assessed 
whether the treatment could affect SMA-related phenotypic 
signs and motor performances. For these analyses, moxi-
floxacin- and vehicle (VHL)-treated pups underwent weight 
assessment and behavioural tests starting from P2 and were 
sacrificed at P12 (Supplementary Tables 1, 2).

The mean body weight (Fig.  3A) showed an overall 
constant increase in moxifloxacin-treated mice compared 
to VHL: in particular the statistical analysis showed a sig-
nificant treatment (F(1,28) = 10.38, **p < 0.005) and time 
(F(2.337,55.85) = 51.45, ****p < 0.0001) effects, as well as an 
interaction between treatment and time (F(10,239) = 5.729, 
****p < 0.0001). Moreover, as suggested by [24], this kind 
of representation does not properly shed light on the onset of 
SMA worsening. Therefore, we converted the 3A graph in a 
Kaplan–Meier plot: in this way we could observe that VHL 
mice show an anticipated body weight decrease compared 
to moxifloxacin-treated SMA mice (Kaplan–Meier curve, 

Log-rank Mantel Cox test, *p < 0.05), although both groups 
were clearly worse than WT (used as controls; Fig. 3B, 
C). Starting from P2/P4, the motor skills of treated mice 
were evaluated with a battery of behavioural motor tests 
specifically designed for delta 7 mice pups [24]. The results 
highlighted a general improvement in hindlimb posture and 
muscle strength in moxifloxacin-treated mice compared to 
controls. Indeed, compared to VHL (showing hindlimbs 
often close together), the treated mice showed higher scores 
both in the tail suspension test (Fig. 3D) from P5 to P11 
and in the hindlimb suspension test (Fig. 3E) with a onefold 
increase at P10–P11 (P10: + 103%; P11: + 153%), showing 
almost completely spread hindlimbs.

The results of the righting reflex test (Fig. 3F) showed a 
positive tendency of moxifloxacin mice in righting them-
selves when placed on their backs in less time than in con-
trol mice, suggesting enhanced muscle strength. Considering 
the percentage of mice that successfully completed the test, 
we observed that 44.44%, 77.80% and 44.44% of treated 
mice righted themselves, respectively, at P4, P8 and P10, 
compared with 9.52%, 23.53% and 6.67% of controls. In 
addition, the latency to complete the test is shown in Supple-
mentary Fig. 2A, revealing a statistically significant differ-
ence between the groups at P8 (moxifloxacin: 13.23 ± 3.36 s; 
VHL: 27.84 ± 1.13 s).

Finally, as assessed by the negative geotaxis test 
(Fig.  3G), vestibular and motor coordination improved 
significantly in moxifloxacin-treated mice compared to the 
VHL group, starting from P7 to P12. Interestingly, at P12 
the percentage of treated delta 7 mice able to complete the 
test (in 60 s) was 89% compared to 25% in the control group. 
The latency to complete the test is shown in Supplementary 
Fig. 2B and confirms statistically significant differences at 
P10 and P12 between the two groups.

Overall, these results suggest a general improvement in 
the health (weight gain), and strength and motor coordi-
nation (behavioural tests) of the skeletal muscles of SMA 
mice upon moxifloxacin administration compared to control 
animals.

Moxifloxacin treatment exerts a neuroprotective 
and anti‑inflammatory effect at the level 
of the murine spinal cord

Previous results reported that moxifloxacin, acting as 
an SMN2 modifier, can increase SMN protein levels in 
patients’ fibroblasts [15] and motoneurons. To confirm 
such findings in vivo, first we performed an immuno-
blotting analysis on the spinal cord of VHL and drug-
treated delta 7 SMA mice. The SMN protein levels were 
significantly increased in the moxifloxacin group, by 
approximately 34% compared with controls (Fig. 4A). 
This observation was confirmed using a fully automated 
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Fig. 2  Moxifloxacin increases the SMA myotube area and neuritic 
length in co-culture with SMA motoneurons. A Schematic represen-
tation of experimental procedures on co-culture of SMA and healthy 
conditions. SMA type I or healthy motoneurons derived from induced 
pluripotent stem cells were co-cultured with SMA type I or healthy 
myoblasts differentiated into myotubes. B Representative images of 
co-culture treated with moxifloxacin at 3.2 μM, compared to solvent-
treated wild-type and SMA cells. MNs were detected with ISL1 (red) 
and myotubes were marked using MF20 marker (dark green). At the 
post-synaptic level, acetylcholine receptor was marked with AChR 
(light green) and cell nuclei were stained with DAPI (blue). Kenpaul-
lone at 10 μM was used as a positive control. C MNs survival rate 
analysis after moxifloxacin treatment compared to non-treated con-
trols. D Analysis of SMA myotubes area compared to the non-treated 

controls. E Analysis of acetylcholine receptor clusters after treatment 
with moxifloxacin compared to non-treated cells. F Representative 
images of co-culture treated with moxifloxacin at 3.2 μM, compared 
to solvent-treated wild-type and SMA cells. Cocultures were stained 
with ISL1 (red) and neural marker (TUJ1; grey) and cell nuclei were 
stained with DAPI (blue). Kenpaullone at 10 μM was used as a posi-
tive control. G Neuritic length per hiPSC-derived MN was deter-
mined after moxifloxacin (3.2 μM) or kenpaullone (10 µM) treatment 
compared to non-treated control and SMA. Data represent the mean 
values ± SD from 3 independent experiments using Control and SMA 
Type I co-culture. Statistics were calculated using an ordinary One-
Way ANOVA, Tukey’s multiple comparisons test (p > 0.05, ns: not 
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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Fig. 3  Effect of moxifloxacin on the delta7 mice body mass and loco-
motor functions. Animals were treated daily from postnatal day 2 
(P2) until sacrifice with vehicle (VHL) or moxifloxacin (75  mg/kg) 
by subcutaneous injections. The animals underwent behavioral motor 
tests and body weight assessments during this period. A Body weight 
assessment from P2 to P12. Data are expressed as mean ± SEM, VHL 
n = 21, moxifloxacin n = 9. Statistical analysis: mixed-effects model 
with Geisser-Greenhouse correction (F(1,28) = 10.38) followed by 
Sidak’s multiple comparison post hoc test. B Event time plot for body 
weight deviation of VHL, moxifloxacin and WT mice, VHL n = 21, 
moxifloxacin n = 9, WT n = 8. Statistical analysis: Kaplan–Meier 
curve test, Log-rank Mantel Cox post hoc test, P < 0.05. C Compar-
ison of the external appearance of WT, and VHL and moxifloxacin 

(mox)-treated delta 7 mice in late disease stage. D Tail suspension 
test of treated delta 7 mice. Data are expressed as mean ± SEM, VHL 
n = 21, moxifloxacin n = 9. Mixed-effects model with Geisser-Green-
house correction  (F(1, 28) = 34.67) followed by Sidak’s multiple com-
parison post hoc test. E Hindlimb suspension score of treated delta 
7 mice. Data are expressed as mean ± SEM, VHL n = 21, moxifloxa-
cin n = 9. Mixed-effects model with Geisser-Greenhouse correction 
(F(1, 28) = 17.58) followed by Sidak’s multiple comparison post hoc 
test. F Righting reflex of treated delta 7 mice. Data are expressed as 
mean ± SEM, VHL n = 21, moxifloxacin n = 9. Statistical analysis: 
Fisher’s exact test. G Negative geotaxis of treated delta 7 mice. Data 
are expressed as mean ± SEM, VHL n = 21, moxifloxacin n = 9. Sta-
tistical analysis: Fisher’s exact test
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Simple Western™ platform, which allowed a precise 
measurement of the SMN protein and normalization to 
the total protein instead of an endogenous control-like 
vinculin. With this alternative method, we observed a 
57% increase of SMN after the treatment with moxifloxa-
cin (Supplementary Fig. 3A).

Given the observed motor improvements in delta 7 
mice and the SMN expression increase in the spinal cord, 
we then investigated the neuroprotective effects of the 
drug treatment by evaluating the lower MN survival in the 
disease model. With this aim, stereological MN counts 
and quantification of apoptotic profiles in the moxifloxa-
cin and VHL treated mice were performed, analysing the 
lumbar (L3–L5) spinal cord tract. Our results showed a 
significantly higher MN density in moxifloxacin-treated 
mice (2454 ± 261.8 MNs/mm3) compared to VHL 
(1421 ± 233.7 MNs/mm3) (Fig. 4B), suggesting that the 
treatment was effective in delaying the SMA-associated 
cell death of MNs.

Concerning apoptosis marker quantification (Fig. 4C), 
by confocal immunofluorescence analysis, we evaluated 
in experimental and control groups the Cleaved Caspase 
3 positive cell percentage in the spinal cord ventral horns 
(lumbar tract) of delta 7 mice, where the SMI32-positive 
MNs are located [27]. Results show a significant gen-
eral reduction of Cleaved Caspase 3 positive cells in 
moxifloxacin mice (1.39 ± 0.18%) compared to controls 
(3.00 ± 0.36%), confirming the efficacy of the treatment 
in delaying cell death mechanisms in delta 7 mice.

Together with MN degeneration, SMA is characterized 
by increased neuroinflammation in the spinal cord, as it 
commonly occurs in many neurodegenerative diseases. 
In particular, astrocytes´ active role and contribution 
in influencing the severity of SMA pathology has been 
suggested, and astrogliosis has been found prominently 
in end-stage delta 7 mice [28]. To investigate whether 
moxifloxacin neuroprotective effects could be extended 
to reducing neuroinflammation, we assessed the levels 
of astrogliosis (GFAP-positive signal) in the spinal cord 
ventral horns by confocal immunofluorescence (Fig. 4D). 
Results showed that the treatment significantly reduced 
the percentage of GFAP-immunopositive profile density 
by approximately 48% in delta 7 mice with respect to the 
control group. The modulation of the astrocyte activa-
tion could contribute (or be consequent) to moxifloxacin-
dependent MN preservation.

Moxifloxacin increases the SMN expression 
in the skeletal muscles and counteracts 
the muscular atrophy in delta 7 SMA mice

We then verified the therapeutic effect of moxifloxacin 
at the muscular level by analysing two hindlimb skeletal 

muscles (quadriceps and gastrocnemius). To evaluate the 
SMN expression, we performed an immunoblotting analy-
sis on quadriceps and gastrocnemius muscles of VHL and 
drug-treated delta 7 SMA mice. Significant differences 
were observed in the quadriceps muscle samples of moxi-
floxacin mice, which showed an increase in SMN protein of 
approximately 91% compared to controls (Fig. 5A). While 
reporting a positive trend of increasing SMN protein levels 
in moxifloxacin mice (by 28%), the results with the gastroc-
nemius muscle were not significantly different between the 
two groups (Fig. 5B). The samples from both muscles were 
also analysed using the Simple Western™ and in the case of 
the quadriceps we observed a 78% increase in SMN levels 
normalized to total protein (Supplementary Fig. 3B). The 
very low basal SMN levels detected by Simple Western™ 
in gastrocnemius did not provide sufficient signal to perform 
a reliable analysis.

Overall, SMN immunodetection results in muscles con-
firmed the previous findings in the spinal cord, indicating 
that moxifloxacin treatment can increase SMN protein levels 
in SMA tissues in the central nervous system and peripheral 
levels.

Prompted by these positive results, we then verified the 
efficacy of moxifloxacin on muscle trophism. To this aim, we 
first performed morphological analyses of the H/E-stained 
quadriceps and gastrocnemius muscles at P12 (Fig. 5C). 
We evaluated the mean fiber area, perimeter, and the Fer-
et’s diameters of 100 muscle fibers per animal (Tables 2, 3; 
Fig. 5D). Concerning the quadriceps, the results displayed 
that the moxifloxacin-treated mice showed a significant 
increase in fiber area (+ 100%), fiber perimeter (+ 43%), 
and Feret's diameters (min Feret: + 49%, Max Feret: + 40%). 
Regarding the analysis of gastrocnemius morphology, only 
a slight tendency to higher fiber parameters was evident in 
delta 7 mice treated with moxifloxacin compared to VHL 
animals, without reaching a statistically significant differ-
ence. These results suggest that moxifloxacin treatment can 
effectively delay skeletal muscle fiber atrophy and are con-
sistent with the unchanged levels of SMN in gastrocnemius.

Moxifloxacin administration also improves NMJ 
phenotype in delta 7 SMA mice

Given the positive effects of moxifloxacin on skeletal mus-
cle trophism, NMJ innervation and morphology were also 
assessed by analysing moxifloxacin- and VHL-treated 
quadriceps and gastrocnemius muscle samples from delta 
7 mice at P12.

During development, myofibers undergo a multiple 
to single innervation process: therefore, the presence of 
mono-innervated NMJs, together with a high number 
of endplate perforations, indicates a more mature stage 
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Fig. 4  Effect of moxifloxacin on SMN protein levels, MN neuro-
degeneration and neuroinflammation in the spinal cord of delta 
7 mice. A Representative immunoblots of SMN protein levels in 
VHL and moxifloxacin treated delta 7 spinal cord. The intensity of 
the bands of the SMN protein was calculated with reference to Vin-
culin protein levels (used as loading control). Data are expressed as 
mean ± SEM, n = 5 per group, Student’s t-test. B Stereological counts 
of Nissl-stained lumbar alpha MNs in the spinal cord of VHL and 
moxifloxacin delta 7 mice. Representative images of spinal lumbar 
tract sections are shown. The lumbar alpha MNs (tract L3-L5), with 
an area ≥ 10 μm2, were stereologically counted and the MN density 
(reported as MN number/mm3) was assessed. Data are expressed as 
mean ± SEM, n = 5 per group, Student’s t-test. C Quantification of the 
percentage of Cleaved Caspase 3-positive cells in the ventral horns 

of the lumbar spinal cord tract (L1-L3). Representative confocal 
images showing the ventral horn of the lumbar spinal tract, where the 
SMI32-positive MNs are located. The percentage of Cleaved Caspase 
3-positive cells was calculated using confocal images on the total 
number of DAPI-labelled nuclei in ventral horns. Data are expressed 
as mean ± SEM, n = 4 per group, Student’s t-test. D Evaluation of 
reactive astrogliosis (GFAP-positive signal) in the ventral horns of 
the lumbar spinal cord tract (L1–L3), showed in representative confo-
cal images. The semiquantitative analysis of the GFAP-immunoposi-
tive profiles density (expressed as a percentage) displays a reduction 
of the astrogliosis in moxifloxacin delta 7 mice compared to the VHL 
group. Data are expressed as mean ± SEM, n = 4 per group, Student’s 
t-test
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[25]. NMJ innervation was analysed for the number of 
neurofilament (NF) contacting the endplate (Fig. 6A, B); 
results showed a significant decrease in multi-innervated 
NMJs (18.10 ± 2.70%) and an increase in the percentage of 

mono-innervated junctions in moxifloxacin treated quadri-
ceps (58.31 ± 1.06%), compared to controls (VHL multi-
innervated NMJs 30.32 ± 2.07%; VHL mono-innervated 
NMJs 27.62 ± 0.57%). We also observed a significant 

Fig. 5  Effect of moxifloxacin on SMN protein levels and muscular 
fiber morphology in the skeletal muscles of delta 7 mice. Representa-
tive immunoblots of SMN protein levels in VHL and moxifloxacin 
treated quadriceps (A) and gastrocnemius (B). For each tissue analy-
sis, the intensity of the bands of the SMN protein was calculated by 
referring to Vinculin protein levels (used as loading control). Data 
are expressed as mean ± SEM, n = 5 per group, Student’s t-test. C 
Comparison of muscular fiber morphology between VHL and moxi-

floxacin delta 7 mice at P12 of the indicated muscles. Images are 
representative of H/E-stained muscle sections. D For each sample, 
the measures of the muscle fiber area, the perimeter and the maxi-
mum and minimum Feret’s diameter of the muscle fibers of the VHL 
and moxifloxacin delta 7 mice are reported. At least 100 fibers 
were analyzed from each animal; the results are shown as the aver-
ages obtained from the individual animals. Data are expressed as 
mean ± SEM, n = 4 per group, Student’s t-test
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reduction in denervated endplates in moxifloxacin mice 
compared to controls (moxifloxacin: 23.58 ± 3.73%; VHL: 
41.87 ± 2.49%). Similarly, NMJ innervation analysis in 
gastrocnemius showed in moxifloxacin treated mice a sig-
nificant reduction in multi-innervated NMJ percentage 
(moxifloxacin: 29.77 ± 2.98%; VHL: 44.77 ± 1.69%) and an 
increase in mono-innervated NMJ percentage in comparison 
with the VHL group (moxifloxacin: 54.00 ± 0.57%; VHL: 
34.20 ± 1.17%). No significant difference between the two 
groups was observed in the percentage of denervated NMJs. 
The presence of perforations in the NMJs was also assessed 
(Fig. 6C, D), and we classified the endplates as mature 
(i.e., showing perforations) and immature (no perforations) 
[29, 30]. The results showed that moxifloxacin treatment 
significantly increased the percentage of mature NMJs in 
delta 7 mice compared to the VHL group (moxifloxacin: 
58.22 ± 2.26%; VHL: 26.05 ± 1.42%) in the quadriceps. A 
slight increase in the percentage of mature NMJs following 
treatment was also observed in the gastrocnemius (moxiflox-
acin: 58.86 ± 6.54%; VHL: 43.16 ± 6.09%), although without 
reaching a statistically significant difference.

Therefore, the administration of moxifloxacin to delta 
7 mice supports the skeletal muscle trophism and leads to 
acquiring a more mature phenotype of NMJs and a better 
muscular innervation.

Table 2  Analysis of quadriceps fiber area, perimeter and Feret’s 
diameters in VHL and moxifloxacin treated delta 7 mice

(*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001)

VHL MOXIFLOXA-
CIN

Student’s 
t-test

Area (µm2) 177.50 ± 9.65 375.9 ± 58.41 p = 0.015*
Perimeter (µm) 51.70 ± 1.54 74.17 ± 6.44 p = 0.015*
Min Feret’s 

diameter
12.16 ± 0.23 18.15 ± 1.62 p = 0.010*

Max Feret’s 
diameter

20.94 ± 0.89 30.08 ± 2.78 p = 0.020*

Table 3  Analysis of gastrocnemius fiber area, perimeter and Feret’s 
diameters in VHL and moxifloxacin treated delta 7 mice

(*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001)

VHL MOXIFLOXA-
CIN

Student’s 
t-test

Area (µm2) 259.10 ± 57.54 314.00 ± 32.41 p = 0.437
Perimeter (µm) 60.32 ± 5.95 68.35 ± 3.74 p = 0.296
Min Feret’s 

diameter
15.07 ± 1.68 16.56 ± 0.59 p = 0.433

Max Feret’s 
diameter

22.04 ± 2.08 25.20 ± 1.62 p = 0.270

Fig. 6  NMJ innervation and maturation comparison between VHL 
and moxifloxacin delta 7 mice at P12. A Double immunostain-
ing against BTX (red) and NF (green) is employed to analyze the 
plaque innervation: representative confocal images of mono-inner-
vated, multi-innervated, and denervated NMJs are shown. Scale 
bar = 10 µm. B Quantification of the percentage of mono-innervated, 
multi-innervated, and denervated NMJs in quadriceps and gastrocne-
mius samples of VHL and moxifloxacin delta 7 mice. C Representa-

tive confocal images (on the left) showing NMJ maturation, evaluated 
by BTX-immunostaining: the endplates are classified as immature 
(no perforations, indicated by triangle arrows) and mature (i.e., show-
ing perforations, indicated by arrows). Scale bar = 10 µm. D Percent-
age of NMJ maturation was evaluated in quadriceps and gastrocne-
mius of VHL and moxifloxacin delta 7 mice: data are expressed as 
mean ± SEM, n = 4 per group, Student’s t-test: *p < 0.05, **p < 0.01, 
***p < 0.005, ****p < 0.001
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Effects of moxifloxacin treatment on delta 7 SMA 
mice survival

Finally, we assessed whether the treatment could also extend 
the lifespan of the treated mice. Indeed, we observed that 
the administration of moxifloxacin significantly increased 
the lifespan of treated mice (Kaplan–Meier curve test, Log-
rank Mantel–Cox post hoc test, *p < 0.05), whose median 
survival was 15.4% higher compared to vehicle-treated 
(VHL) group (Fig. 7A; median survival SMA moxifloxa-
cin = 15 days, SMA VHL = 13 days). To further corroborate 
such result, we also evaluated the percentage of SMA mice 
that reached the age of P12, compared to those that sponta-
neously died earlier: only 20% of moxifloxacin-treated pups 
died before P12 vs 36% of VHL mice (Fig. 7B). Interest-
ingly, the moxifloxacin mice always exhibited greater motor 
strength and activity than VHL (Supplementary Video 1). 
This further underlines the drug effect in ameliorating the 
survival and wellbeing of treated mice.

Discussion

We have previously shown that moxifloxacin increases the 
SMN protein levels in SMA fibroblasts by boosting SMN2 
exon 7 inclusion. We also observed an increase of SRSF1 
expression, the main exon 7 splicing enhancer, and related 
that to the moxifloxacin-triggered inhibition of topoisomer-
ase II (TOP2) [15]. There is a precedence for fluoroquinolo-
nes influencing splicing by such mechanism of action, such 
as in the case of caspase 2 splicing, where the increased exon 
9 inclusion is most likely caused by increased expression of 
regulatory splicing factors as a consequence of TOP2 inhibi-
tion [31, 32]. It is possible that the moxifloxacin triggered 

inhibition of the TOP2A results in a quick and global release 
of polymerase II from promoter–proximal pausing, which 
results in the upregulation of interdependent transcription 
and splicing factor [31, 32].

As a continuation of our previous work in fibroblasts, 
we show that moxifloxacin also increased the SMN2 exon 
7 inclusion in SMA type I and type II MNs. That was con-
sequent with increased SMN levels and almost complete 
rescue of the SMA MNs degeneration. Interestingly, the 
treatment restored only around 30% of SMN normal levels 
in a healthy control cell line, but the rescue of MN degenera-
tion was around 90% at some concentrations. This indicated 
that even a relatively discreet increase in SMN protein can 
significantly impact the phenotypes of the cell model, and 
moxifloxacin treatment did overcome such threshold. We 
have observed that higher concentrations still significantly 
increases the SMN protein levels but do not protect the 
MNs from degeneration as it would be expected, indicating 
a potential toxic effect of the drug. Notably, the survival rate 
and the SMN protein levels after moxifloxacin treatment are 
above the results obtained with the current first-line drug 
risdiplam.

These promising in vitro results were further investigated 
in vivo. To this aim, we evaluated the effects of the chronic 
administration of moxifloxacin in the most used and charac-
terized type II SMA model, the delta 7 mice that reproduces 
the main disease hallmarks at both behavioural and cellular 
levels [26].

We confirmed that moxifloxacin was able to significantly 
increase SMN protein levels (both in the spinal cord and 
skeletal muscles), and consequently delay neurodegenera-
tion, and improve muscle trophism and NMJ phenotypes in 
the SMA mice. Indeed, the SMN-dependent mechanism of 
action of moxifloxacin has been demonstrated by molecular 

Fig. 7  Effect of moxifloxacin on the delta7 mice survival. A Survival 
analysis in treated delta 7 mice. Kaplan–Meier survival curve shows 
that moxifloxacin can significantly extend delta 7 mice lifespan (VHL 
n = 39, moxifloxacin n = 25). Statistical analysis: Kaplan–Meier curve 

test (censoring the mice that were sacrificed at P12), Log-rank Mantel 
Cox post hoc test, p < 0.05. B Percentages of VHL and moxifloxacin-
treated delta 7 mice that were alive at P12 or prematurely died (VHL 
n = 39, moxifloxacin n = 25)
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and stereological analyses in the spinal cord of treated mice, 
where an increase in FL-SMN protein levels and the density 
of lower MNs in the lumbar spinal tract were observed, in 
comparison with controls. Moreover, according to previous 
evidence highlighting that the SMA pathophysiology is cor-
related with altered levels of apoptosis-related proteins (e.g., 
Bax, Bcl-xL, Bcl2) [12, 27, 33–36], we observed a signifi-
cant reduction of cells positive to Cleaved Caspase 3 (a pro-
apoptotic marker) in moxifloxacin-treated mice compared to 
VHL pups, confirming the efficacy of the drug in modulating 
cell death mechanisms.

We also observed a significant decrease in the astrocyte 
activation at the spinal cord level. On one side, this could 
depend on the reduced neurodegeneration observed since 
these two processes, cell death and neuroinflammation, are 
strongly intertwined [37–39]. On the other side, interest-
ingly, it has been reported that the restoration of SMN in 
MNs can only determine slightly enhanced recovery and 
survival of SMA mice, while a winning strategy could be 
increasing SMN protein levels also in other cellular popu-
lations, such as astrocytes, which dysfunction is known to 
exacerbate SMA condition [28, 40, 41]. Moreover, in addi-
tion to the splicing modifier role of moxifloxacin, the fluo-
roquinolone family can exert immunomodulatory and anti-
inflammatory activities per se, by inhibiting the production 
of a number of pro-inflammatory cytokines (as IL-1, TNF-α, 
IL-6 and IL-8) [42–45] and reducing neuroinflammation at 
the CNS level [46].

Concerning the skeletal muscles, we first analysed the 
SMN expression, whose presence is pivotal for their cor-
rect functioning. Indeed, in 2020, Kim and coll. demon-
strated that the selective SMN deprivation in these tissues 
can determine muscle fiber defects, NMJ abnormalities, 
and compromised motor performance [3]. We observed 
that moxifloxacin treatment significantly increased SMN 
protein levels in the quadriceps, while only a positive trend 
was visible in the gastrocnemius compared to controls. 
Accordingly, the analysed morphological parameters (i.e., 
fiber size, perimeter and Feret's diameters [30] indicated 
a significantly enhanced trophism only for the quadri-
ceps slices. These differences could depend on the type 
of muscle. Indeed, in the case of SMA, proximal mus-
cles (as quadriceps) are earlier affected and to a greater 
extent than the distal ones (as gastrocnemius) due to the 
selective vulnerability of MNs innervating proximal mus-
cles [47]. This could suggest that moxifloxacin effects on 
trophism are more evident in the most affected muscles, 
while in the others (“more resistant”), it is possible to see 
only a positive trend. These observations were also par-
tially confirmed by the NMJ analyses performed, which 
again highlighted the most remarkable improvements in 
the quadriceps compared to the gastrocnemius. Indeed, 
in the latter one, the percentage of denervated NMJs was 

unchanged compared to the VHL group, whereas sig-
nificantly reduced in the quadriceps. The dissimilarity 
between the two muscles could also stem from different 
expression levels of moxifloxacin´s primary target, i.e., 
TOP2A. The RNA-seq data available (http:// muscl edb. 
org/) shows that the TOP2A expression in gastrocnemius 
is twice that in quadriceps. This means that higher moxi-
floxacin concentration is expected to be needed in gastroc-
nemius to effectively repress TOP2. We also analyzed the 
diaphragm of the moxifloxacin-treated mice, and we have 
not detected any change in the SMN levels (Supplemen-
tary Fig. 4). This is consistent with our hypothesis since 
the TOP2A levels in the diaphragm are triple compared to 
the quadriceps. Initially, the levels of main SMN2 splic-
ing factors in gastrocnemius and quadriceps are similar, 
according to the database.

In contrast, by analysing the innervation/maturation of 
endplates, we noticed that both muscles showed an improve-
ment, characterized by a significantly higher percentage of 
mono-innervated NMJs. As known, in SMA mouse mod-
els, the formation of the NMJs proceeds normally, but their 
maturation stalls [48], and the lack of SMN seems to have a 
central role in both processes [reviewed in [25]]. Therefore, 
we can speculate that by enhancing the SMN production 
and improving the reciprocal signalling between MNs and 
muscles [in turn important for the formation and mainte-
nance of NMJs [49]], moxifloxacin successfully contributed 
to sustaining the endplate maturation progress.

Overall, such muscle and NMJ phenotype amelio-
rations justify the positive results obtained in the body 
weight assessment and the behavioural tests, highlighting 
the reduced muscle atrophy and the improved motor per-
formances (in terms of posture, strength, and coordina-
tion), compared to the control group. We also performed 
a survival study, and although a certain variability in the 
disease progression has been reported for this mouse 
model [50], we observed a significant lifespan extension 
in treated mice compared to controls (+ 15%). Indeed, 
moxifloxacin-treated mice achieved a median lifespan of 
15 days: this increase can be considered important related 
to the extremely short lifespan of delta 7 mice (on average 
13 days for the VHL-treated group, in this work).

To our knowledge, compared to previously repositioned 
drugs with SMN-dependent effect (especially those influ-
encing the alternative splicing of SMN2 pre-mRNA) [12, 
51], the antibiotic moxifloxacin for the treatment of delta 
7 mice resulted in higher reaching improvements in SMA 
condition rescuing, ranging from positive outcomes con-
cerning survival and motor behaviour, SMN protein level 
increase in different tissues, to delayed neurodegenera-
tion, modulated neuroinflammation and improved NMJ 
maturation/innervation. Preclinical data from patient-
derived MNs and a severe SMA mouse model encourage 

http://muscledb.org/
http://muscledb.org/
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the clinical repurposing of the molecule. Specifically, the 
degree of the rescue of MN survival is higher than ris-
diplam at the highest non-toxic concentration. However, 
we could not compare side by side risdiplam and moxi-
floxacin in similar experiments in vivo.

By validating moxifloxacin as a candidate drug for 
SMA, we prove that drug repositioning is a valuable strat-
egy for discovering new therapies for rare diseases. In par-
ticular, repurposed drugs can reach patients faster than 
new molecules [12], and may target disease pathways from 
different perspectives, thus enriching therapeutic options 
either as stand-alone drugs or to complement therapies 
that have already reached human use authorization.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04450-8.
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