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Significance

Spinal muscular atrophy (SMA) is a 
motor neuron (MN) degenerative 
disease and the main genetic 
cause of infant mortality, resulting 
from deficiency of survival motor 
neuron (SMN) protein. Growth 
hormone-releasing hormone 
(GHRH) and its agonistic analog 
MR-409 counteract muscle 
atrophy and exert potent 
cardioprotective, neuroprotective, 
and anti-inflammatory functions. 
Here, we report that treatment 
with MR-409 induced weight gain, 
improved motor behavior, 
attenuated muscle fiber atrophy 
and promoted the maturation of 
neuromuscular junctions in a 
mouse model of SMA. 
Furthermore, MR-409 prevented 
the loss of αMNs and decreased 
neuroinflammation in the spinal 
cord. Our findings demonstrate 
that MR-409 reduces the severity 
of SMA and may represent a 
potential new therapy for this 
disease.
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Spinal muscular atrophy (SMA) is a severe autosomal recessive neuromuscular disease 
affecting children and young adults, caused by mutations of the survival motor neuron 
1 gene (SMN1). SMA is characterized by the degeneration of spinal alpha motor neu-
rons (αMNs), associated with muscle paralysis and atrophy, as well as other peripheral 
alterations. Both growth hormone-releasing hormone (GHRH) and its potent ago-
nistic analog, MR-409, exert protective effects on muscle atrophy, cardiomyopathies, 
ischemic stroke, and inflammation. In this study, we aimed to assess the protective role 
of MR-409 in SMNΔ7 mice, a widely used model of SMA. Daily subcutaneous treat-
ment with MR-409 (1 or 2 mg/kg), from postnatal day 2 (P2) to euthanization (P12), 
increased body weight and improved motor behavior in SMA mice, particularly at the 
highest dose tested. In addition, MR-409 reduced atrophy and ameliorated trophism 
in quadriceps and gastrocnemius muscles, as determined by an increase in fiber size, as 
well as upregulation of myogenic genes and inhibition of proteolytic pathways. MR-409 
also promoted the maturation of neuromuscular junctions, by reducing multi-inner-
vated endplates and increasing those mono-innervated. Finally, treatment with MR-409 
delayed αMN death and blunted neuroinflammation in the spinal cord of SMA mice. 
In conclusion, the present study demonstrates that MR-409 has protective effects in 
SMNΔ7 mice, suggesting that GHRH agonists are promising agents for the treatment 
of SMA, possibly in combination with SMN-dependent strategies.

GHRH agonists | alpha motor neurons | neuroinflammation | neuromuscular junction |  
spinal muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder and 
the leading genetic cause of infant death, with an incidence of around 1 in 6,000 to 10,000 
live births (1, 2). SMA results from deletion or mutation of survival motor neuron 1 gene 
(SMN1) (3). In SMA patients, the loss of SMN1 is only partially compensated by the 
centromeric paralogue SMN2, which encodes for only a 10% of the functional SMN 
protein and mainly produces a truncated form lacking exon 7 (SMNΔ7), that is rapidly 
degraded (4). The severity of SMA is inversely correlated with SMN2 copy number and 
SMN protein levels, ranging from the most severe SMA I to the mildest SMA IV, according 
to the age of symptom onset and the disease progression (2, 3, 5).

The loss of SMN mainly affects alpha motor neurons (αMNs) in the brainstem and 
ventral horns of the spinal cord, resulting in progressive skeletal muscle weakness and 
atrophy and leading, in the most severe cases, to premature death (2, 6). Although classified 
as a MN disease, studies indicate that the lack of SMN can affect other cells and districts 
(7). In fact, non-neuronal cells, such as glial cells, muscles, and sensory afferent connec-
tions, have been implicated in SMA pathogenesis (5, 8–10). Moreover, emerging evidence 
suggests SMA as a multisystemic disease, encompassing defects in peripheral organs, 
including the heart, vasculature, lung, pancreas, liver, intestines, and bone (5, 7).

Therapeutic approaches for all SMA types have mainly focused on increasing available 
SMN protein. Current therapies include small molecules and antisense oligonucleotides 
(ASOs) that modify SMN2 splicing, thereby promoting inclusion of exon 7 in SMN2 
messenger RNA (mRNA), as well as gene therapy with adeno-associated virus 9 vectors 
(scAAV9) that deliver the SMN1 complementary DNA (cDNA) to infected cells (11–13). 
However, although effective, these approaches have some limitations, such as unknown 
long-term effects, high costs, poor efficacy in milder or late-treated patients, disregarding 
SMN-independent targets and adverse effects (14). Thus, new therapeutic strategies are 
needed and combined therapies with other drugs should also be envisaged (12, 13, 15).

The hypothalamic peptide hormone growth hormone-releasing hormone (GHRH) 
stimulates the synthesis and release of GH from the anterior pituitary (16). GHRH also 
exerts many extrapituitary functions through GHRH receptors (GHRH-Rs), expressed 
in different cells and tissues. The peripheral activities of GHRH include anti-inflammatory, 
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neuroprotective, and cardioprotective effects (17–20). In addition, 
our group previously demonstrated that GHRH counteracts 
tumor necrosis factor-α (TNF-α)-induced skeletal muscle atrophy, 
by promoting myotube survival and preventing proteolytic deg-
radation (21). Many synthetic GHRH agonistic analogs of JI and 
MR class, have been synthesized in the last few decades in the 
laboratory of one of us (A.V.S.), with long half-life and high sta-
bility and activity and with no effect on GH axis-induced tumor 
growth (17, 22). Moreover, different studies have demonstrated 
that among MR analogs, MR-409 promotes cardioprotection 
(23–25), improves metabolic functions in diabetic mice (26), and 
displays neuroprotective effects in experimental models of diabetic 
retinopathy, ischemic stroke, and inflammation, also inducing 
anxiolytic and antidepressant-like behavior (27–29).

In the light of these premises, we investigated the effects of 
treatment with MR-409 in SMNΔ7 mice, an experimental model 
of SMA II (30, 31). We focused on the protective effects of 
MR-409 in skeletal muscle and spinal cord, by evaluating motor 
performance, muscular trophism, neuromuscular junction (NMJ) 
maturation/innervation, as well as MN survival and astrogliosis. 
The molecular pathways involved in the effects of MR-409 and 
the capacity to extend the lifespan were also investigated.

Results

MR-409 Increases Body Weight and Reduces the Severity of 
Motor Deficits in SMA Mice. The effects of MR-409 in SMA were 
studied in SMN∆7 mice, SMN∆7+/+; SMN2+/+; Smn−/− (designated 
SMA mice from now on). SMA mice were randomly assigned 
to receive a daily subcutaneous (s.c.) injection of either vehicle 
(VHL), 1 mg/kg MR-409 (MR-1) or 2 mg/kg MR-409 (MR-
2), from P2 to sacrifice (P12). Until P7, the body weight gain 
of VHL mice was moderate and gradually increased between 
P8 and P10, when it reached the maximum value, decreasing 
thereafter. Conversely, treatment with MR-409 showed a dose-
dependent weight increase, particularly evident with MR-2 for 
the entire period of observation, reaching the highest value at 
P10 (VHL: 3.50 ± 0.25 g; MR-2: 4.78 ± 0.22 g) (Fig. 1 A and 
B). To investigate whether MR-409 improves motor performance, 
SMA pups underwent a battery of behavioral tests from day P2 to 
P12. In the tail suspension test, MR-2 group showed a significant 
improvement in hindlimb posture at P6, with a score of 3.3 ± 
0.26 compared with age-matched VHL mice (2.17 ± 0.30). The 
highest value was reached at P8 (3.56 ± 0.13) vs. VHL (2.57 ± 
0.20), while declining at P10 and P12. MR-1 mice sustained the 
performance until P8, but did not reach the statistical significance 
(Fig. 1C). In the hindlimb suspension test, measured as latency 
to fall, treatment with MR-1 was the most effective, showing 
a significant improvement of the performance at P4, P6, and 
P10, while declining thereafter (Fig. 1D). In the righting reflex, 
MR-1 induced a slight but not significant improvement at P8 vs. 
VHL (17.17 ± 3.95 s vs. 28.36 ± 1.64 s). In the MR-2 group, 
while the performance was only slightly better than controls in 
the first days, from P10 it gradually improved, overlapping the 
latency time of MR-1 mice at P10 and P12, although being 
not statistically significant (Fig.  1E). Moreover, by evaluating 
the percentage of mice able to complete the test, MR-1 pups 
had, in general, less difficulties in righting themselves compared 
with VHL, in particular at P6, when the statistical significance 
is reached (Fig. 1E'). Finally, in the negative geotaxis test, while 
VHL mice never completed the test, the ability of both MR-1 
and MR-2 pups in reorienting themselves gradually increased 
during the days. Nevertheless, at P12 the performance of MR-1 
group slightly worsened (38.67 ± 6.56 s), whereas that of MR-2 

further improved (28.87 ± 6.10 s) (Fig. 2F). The same trend was 
highlighted by calculating the percentage of mice that successfully 
completed the test (Fig. 2F'). Overall, these results indicate that 
2 mg/kg MR-409 (MR-2) is the most effective dose, not only in 
promoting body weight gain, but also in improving tail suspension 
and negative geotaxis, in terms of posture, coordination, strength, 
and vestibular reflexes.

MR-409 Reduces Muscle Atrophy in SMA Mice. Muscle atrophy 
in SMA is primarily caused by reduced functional innervation; 
however, muscle-autonomous alterations also occur and could 
contribute to the pathogenesis of the disease (5, 11, 32, 33). Based 
on the beneficial effects of MR-409 on body weight gain and motor 
performance, we next evaluated whether MR-409 counteracts 
muscle atrophy in SMA mice. We first demonstrated the presence 
of GHRH-R protein in quadriceps and gastrocnemius, as well 
as in spinal cord of SMA mice (SI Appendix, Fig. S1 A and B). 
The morphology of quadriceps and gastrocnemius was next 
analyzed at P12 by hematoxylin and eosin staining on transverse 
sections (Fig. 2A), while morphometric analysis was performed 
using Neurolucida software. Mice treated with MR-409 showed a 
significant dose-dependent increase in fiber size of both quadriceps 
and gastrocnemius, assessed as mean fiber area (Fig. 2 B and E), 
perimeter (Fig. 2 C and F) and maximum Feret’s diameter (Fig. 2 
D and G), compared with VHL-treated animals, as well as with 
wild type (WT) animals. Interestingly, treatment with MR-2 
resulted in an almost complete rescue of SMA muscle phenotype 
(SI Appendix, Tables S1 and S2). These results indicate that MR-
409, particularly at 2 mg/kg, prevents muscle atrophy in SMA 
mice.

MR-409 Restores the Myogenic Program and Prevents Muscle 
Protein Degradation in SMA Mice. Muscle weakness in SMA 
has been associated with dysregulation of the myogenic program 
and profound deficits in muscle fiber growth and maturation 
or muscle maintenance (11, 32, 34, 35). Therefore, we assessed 
the role of MR-409 on gene expression of myogenic regulatory 
factors, such as myoblast determination 1 (Myod1) and myogenin 
(Myog), early and late markers of muscle differentiation, 
respectively (36), in quadriceps and gastrocnemius of P12 
SMA mice. Treatment with MR-409 promoted an increase in 
Myod1 and Myog mRNA levels in both quadriceps (Fig. 3A) 
and gastrocnemius (Fig. 3B), particularly at 2 mg/kg, compared 
with VHL. MR-409 also upregulated myosin heavy chain (Myh) 
isoforms, which are involved in muscle contraction and are 
altered in SMA (37). In fact, MR-2 produced a strong increase 
in postnatal Myh1 (encoding for fast MyHC-2x), postnatal 
Myh2 (fast MyHC-2a), embryonic Myh7 (slow MyHC-I) and 
embryonic Myh8 (MyHC-pn) in both muscles, whereas MR-1 
showed little or no effect (Fig. 3 A and B). In both quadriceps 
(Fig. 3 C and E) and gastrocnemius (Fig. 3 D and F), MR-409 
also reduced the mRNA and protein levels of atrogin-1 and the 
proteolytic E3 ubiquitin ligases muscle ring finger 1 (MuRF1) 
and, also known as atrogenes (i.e., related to muscle atrophy), 
which are upregulated in SMA (38). Together, these data suggest 
that MR-409 attenuates the disruption of the myogenic program 
and counteracts muscle atrophy in SMA mice.

MR-409 Promotes the Maturation of NMJs in SMA Mice. Along 
with muscular atrophy, dramatic alterations in maturation 
and function of NMJs have been observed in both SMA mice 
and humans, including the presence of immature (multi-
innervated) and denervated NMJs (5, 39). To verify the effect 
of MR-409 on NMJ innervation, longitudinal sections of 
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quadriceps and gastrocnemius from P12 SMA mice were 
stained with α-bungarotoxin (α-BTX) and anti-neurofilament 
(NF) antibody. We assessed the number of NFs reaching the 
endplates, by classifying NMJs as multi-innervated (two or more 
NFs), mono-innervated (only one NF) or denervated (no NFs) 
(Fig. 4A). Treatment with the highest dose of MR-409 blunted 
the percentage of multi-innervated endplates in both muscles, 

although was statistically significant only in quadriceps, compared 
with VHL (Fig. 4 B, C, and F). Furthermore, MR-409 induced a 
dose-dependent increase in mono-innervated (mature) endplates, 
with a significant effect observed with MR-2 (Fig. 4 B, D, and G). 
Concomitantly, the amount of denervated endplates was reduced 
by MR-2 and slightly, but not significantly, blunted also by MR-1 
(Fig. 4 B, E, and H) (SI Appendix, Tables S3 and S4). Overall, 
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Fig. 1. Effect of MR-409 on body weight and motor performance in SMA mice. (A) Body weight evaluated at the indicated postnatal days (P) in mice treated 
with either vehicle (VHL: n = 21), 1 mg/kg MR-409 (MR-1: n = 13) or 2 mg/kg MR-409 (MR-2: n = 16). Data are mean ± SEM. *P < 0.05 for MR-1 vs. VHL; #P < 0.05; 
##P < 0.01, ###P < 0.001 for MR-2 vs. VHL by repeated-measures ANOVA, mixed-effects model with Geisser-Greenhouse correction and Tukey's post hoc test.  
(B) Representative image showing differences in body size between VHL and MR-2 mice at P10. Motor performance in treated or untreated SMA mice assessed 
by tail suspension test (C), hindlimb suspension test (D) righting reflex (E and E’) and negative geotaxis (F and F’) (VHL: n = 21; MR-1: n = 13; MR-2: n = 16). Data are 
mean ± SEM. *P < 0.05, ***P < 0.001 for MR-1 vs. VHL; #P < 0.05; ##P < 0.01, ###P < 0.001 for MR-2 vs. VHL by repeated-measures ANOVA, mixed-effects model 
with Geisser-Greenhouse correction and Tukey's post hoc test (for C–F), and Fisher’s exact test (for E’ and F’).
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these findings suggest that MR-409 promotes the maturation and 
delays the denervation process in NMJs of SMA mice.

MR-409 Attenuates the Loss of ΑMNs and Reduces Astrogliosis 
in Spinal Cord of SMA Mice. The improvement in skeletal muscle 
trophism and NMJ maturation prompted us to investigate 
whether MR-409 would protect against αMN degeneration and 
death, a key pathological feature of SMA (40, 41). Stereological 
counts of Nissl-stained αMNs were performed in lumbar spinal 
cord of P12 mice, comparing the treatment with MR-2, selected 
as the most protective dose, with VHL. The density of αMNs 
was preserved in MR-2 group more than in VHL (Fig. 5 A–C). 
Furthermore, we observed a small, nonsignificant increase of 
SMN protein in spinal cords of MR-2 mice compared with VHL  
(SI Appendix, Fig. S2). MR-2-induced protection was further 
assessed on astrogliosis, a neuroinflammatory process implicated 
also in SMA (9, 42). Immunostaining for glial fibrillary acidic 
protein (GFAP), a marker for astrocyte activation, was reduced 
in ventral horns of spinal cord of MR-2 group, compared 
with VHL (Fig. 5 D–F). Furthermore, real-time PCR analysis, 
performed on lumbar spinal cord samples, showed attenuation 
of inflammatory cytokines TNF-α, interleukin-1 beta (IL-1β), 

and interleukin-6 (IL-6) in MR-2 vs. VHL mice (Fig. 5G). These 
results suggest a protective role for MR-409 against αMN loss and 
neuroinflammation in SMA.

Effect of MR-409 on Survival of SMA Mice. Finally, in a different 
set of experiments, we aimed to determine the role of MR-409 on 
mice lifespan. Kaplan–Meier analysis demonstrated that treatment 
with MR-2 promoted a slight, but not significant, extension in 
median survival, compared with mice treated with VHL (MR-
409: 16 d; VHL: 14 d) (Fig. 6).

Discussion

The present study demonstrates that treatment with GHRH ago-
nistic analog MR-409 positively modifies the SMA phenotype in 
SMNΔ7 mice. Thus, MR-409 promoted body weight gain, 
improved motor performance, reduced muscle atrophy, increased 
NMJ maturation and attenuated the loss of MNs and 
astrogliosis.

It has been shown that both male and female SMA mice are 
significantly smaller than their normal littermates, due to muscle 
atrophy (30, 31). Our results show a strong increase in body 
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Fig. 2. Analysis of muscular fiber size in SMA mice treated with MR-409 at P12. (A) Representative hematoxylin/eosin staining of quadriceps and gastrocnemius 
transverse sections from mice, either untreated (VHL), treated with 1 mg/kg MR-409 (MR-1) or 2 mg/kg MR-409 (MR-2). (Scale bar, 30 µm.) Morphometric analysis 
of fiber area (B and E), perimeter (C and F) and maximum Feret’s diameter (D and G) in quadriceps and gastrocnemius. (n = 5 for each group). Data are mean ± 
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. VHL by one-way ANOVA and Tukey’s post hoc test.
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weight in SMA mice treated with MR-409, particularly at the 
highest dose tested, an effect likely associated with the improve-
ment in muscle trophism and neuromuscular function. In fact, 
while GHRH antagonists, such as MIA-690, can increase food 
intake in mice through activation of agouti-related peptide (AgRP) 
neurons (43), MR-409 does not exert similar effects. In addition, 
whereas peripherally-administered GHRH was inactive, intracer-
ebroventricular (i.c.v.) injection either stimulated or inhibited 
feeding behavior (44, 45). Here, MR-409 was given subcutane-
ously in SMA mice, suggesting feeding-independent effect on 
weight increase; however, further studies are required to define 

better the role of MR-409 on hypothalamic feeding circuits. One 
of the major symptoms of SMA is the loss of muscle strength, 
which severely impairs motor behavior (2, 4–6); moreover, skeletal 
muscle has been reported to be profoundly damaged in SMA (32, 
33). Furthermore, SMNΔ7 mice show a strong resemblance to 
SMA in humans in that they show a progressive loss of motor 
function (30). Our results on behavioral tests demonstrate that 
MR-409 improved overall muscle strength and coordination, as 
well as posture and vestibular reflexes, significantly delaying the 
disease onset and progression. These findings were paralleled with 
the partial recovery of myofiber size in quadriceps and 
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Fig. 3. Effect of MR-409 on expression of myogenic genes and atrophic factors in muscles of P12 SMA mice. Real-time PCR analysis for myogenic genes 
(Myod1Myog), myosin heavy chain isoforms (Myh1, Myh2, Myh7 and Myh8) and atrogenes (atrogin-1 and MuRF1) normalized to 18S rRNA in quadriceps (A and C) and 
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0.001 vs. VHL by one-way ANOVA and Tukey’s post hoc test (n = 5 for each group). Representative western blots for MuRF1 in quadriceps (E) and gastrocnemius 
(F) of mice treated with VHL or MR-2. Actin served as internal control. Results, expressed as percentage of control (VHL), are mean ± SEM (n = 3 for each group).
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gastrocnemius, along with enhanced NMJ maturation and 
reduced degeneration of MNs in the spinal cord. Indeed, treat-
ment with MR-409 attenuated muscle atrophy and promoted an 
increase in fiber size, as revealed by analysis of mean fiber area, 
perimeter, and maximum Feret’s diameter (46). Notably, the high-
est dose of MR-409 induced an almost complete rescue of SMA 
muscle phenotype, as evidenced by the comparison with WT 
animals.

Although αMN loss-related denervation is a prominent feature 
in SMA, growing evidence suggests that muscle atrophy is also 
caused by muscle-autonomous alterations, which contribute to the 

motor defects characteristic of the disease. In fact, muscle-specific 
ablation of SMN protein, without reduction in αMN can result 
in massive muscular dystrophy (47). Similarly, muscle-specific Smn 
depletion in mice induces morphological alterations in myofibers 
and NMJs, with compromised motor function and reduced 
lifespan (32). Furthermore, abnormal expression of markers for 
skeletal muscle development and maintenance, such as myosins, 
and dysregulation of the myogenic program have been demon-
strated in SMA (11, 34, 37, 48). Indeed, MyoD and myogenin 
levels have been found increased in SMA, likely as an adaptive 
mechanism to prevent muscle atrophy (49, 50). In addition, it has 

Q
ua

dr
ic

ep
s

G
as

tr
oc

ne
m

iu
s

C

F
0

5

10

15

20
25

 M
ul

ti-
in

ne
rv

at
ed

 (%
)

*

0

5

10

15

20

25

 M
ul

ti-
in

ne
rv

at
ed

 (%
)

VHL MR-1 MR-2

VHL MR-1 MR-2

D

G
0

5

10

15

20
25

 D
en

er
va

te
d 

(%
)

*

0

5

10

15

20

25

***

 D
en

er
va

te
d 

(%
)

VHL MR-1 MR-2

VHL MR-1 MR-2

E

H

0

20

40

60

80

100
**

 M
on

o-
in

ne
rv

at
ed

 (%
)

VHL MR-1 MR-2

0

20

40

60

80

100
**

 M
on

o-
in

ne
rv

at
ed

 (%
)

VHL MR-1 MR-2

Q
ua

dr
ic

ep
s

VHL MR-1B MR-2

A Mono-innervatedMulti-innervated Denervated

NF
α-BTX 

G
as

tr
oc

ne
m

iu
s

VHL MR-1 MR-2

NF
α-BTX 

Fig. 4. Effect of MR-409 on NMJ maturation/innervation in P12 SMA mice. (A) Representative confocal microscopy images of multi-innervated, mono-innervated, 
and denervated NMJs reconstructed using the isosurface module of Imaris software (Bitplane). Postsynaptic acetylcholine receptors were labeled with α-BTX 
(red) while the presynaptic terminal was labeled with anti-NF (green). (B) Representative longitudinal sections of quadriceps and gastrocnemius stained with 
anti-NF (green) and α-BTX (red). Multi-innervated (arrowheads), mono-innervated (arrow pentagons), and denervated (arrows) NMJs are indicated. (Scale bar, 
25 µm.) Quantification of multi-innervated (C and F), mono-innervated (D and G), and denervated (E and H) endplates in quadriceps and gastrocnemius. Data 
are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. VHL by one-way ANOVA and Tukey’s post hoc test (n = 5 for each group).



PNAS  2023  Vol. 120  No. 2  e2216814120� https://doi.org/10.1073/pnas.2216814120   7 of 10

been shown that in denervated muscle cells and in muscle of mice 
and humans with SMA, myogenin controls muscle atrophy by 
enhancing the expression of MuRF1 and atrogin-1, thereby pro-
moting proteolysis (38, 51). We demonstrate that MR-409 
increased Myod1 and myogenin transcripts in quadriceps and 
gastrocnemius of SMA mice, compared with VHL-treated animals. 
However, there was a concomitant reduction in atrogin-1 and 
MuRF1 mRNA and protein, suggesting that myogenin elevation 
is not associated with muscular degradation. Accordingly, MR-409 
upregulated the expression of genes essential for muscle function, 
such as slow and fast myosins, whose levels are generally altered in 
SMA (11, 34, 37, 48). Overall, these results indicate that MR-409 
counteracts muscle atrophy. This is in agreement with our previous 
findings showing the ability of GHRH(1–44)NH2 to prevent 
cytokine-induced atrophy in skeletal myotubes through inhibition 
of apoptotic and proteolytic pathways and via receptor-mediated 
mechanisms (21). Moreover, we and others have previously 
demonstrated the cardioprotective activities of both GHRH 
(1–44)NH2 and its agonistic analogs (17, 19, 23, 52), possibly 
suggesting an additional role of MR-409 in counteracting SMA-
related heart defects (7). The presence of GHRH-R in both muscle 
and spinal cord of SMA mice further sustains our findings, since 

MR-409 possesses high binding affinity for this receptor (22). 
Interestingly, activation of GHRH-R promotes cAMP elevation, 
which has been implicated in the protective effect of GHRH and 
its agonistic analogs in different in vitro and in vivo models of 
disease, including ischemic stroke and neurodegeneration (17, 19, 
23, 26, 28). Moreover, GHRH belongs to the family of the 
so-called brain-gut peptides, which also includes pituitary adeny-
late cyclase-activating polypeptide, a neuropeptide with beneficial 
effects in models of spinal cord injury, spinal and bulbar muscular 
atrophy and Huntington disease, acting via cAMP-mediated mech-
anisms (15, 53). Although we did not address it in this study, we 
assume that the cAMP pathway may be involved in the protective 
effects of MR-409, along with others activated by GHRH-R, such 
as PI3K/Akt, GSK-3b, mTOR, and MAPK/ERK (19, 21, 28), 
which are also protective in SMA (54).

The NMJ is a highly specialized synapse between a MN nerve 
terminal and its muscle fiber, transmitting the impulses produced 
by the MN and allowing the muscle fiber contraction. NMJ break-
down is generally recognized as an early event in SMA pathogenesis, 
likely even anticipating αMN degeneration and motor dysfunction. 
In fact, in both SMA patients and animal models, NMJs show 
defects such as NF accumulation at presynaptic terminals, smaller 
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and immature endplates and reduced transmitter release. The per-
sistence of polyneuronal innervation is a characteristic of incorrect/
delayed NMJ development in SMA; moreover, neuromuscular den-
ervation in vulnerable muscles results in severe muscle atrophy, likely 
due to defects in synapse maintenance (2, 5, 39, 55). Thus, one 
potential therapeutic strategy to counteract the progression of SMA 
is to improve NMJ defects by promoting postsynaptic differentiation 
and preventing αMN degeneration. Our results, showing an increase 
in the percentage of mono-innervated endplates, and a concomitant 
decrease in those multi-innervated and denervated in SMA mice, 
suggest that MR-409 promotes NMJ maturation, which, in turn, 
may positively affect muscle trophism.

Degeneration and death of αMNs within the anterior horns of 
the spinal cord and brainstem are key pathological features of SMA, 
already evident at pre-symptomatic stages, hence preceding the dis-
ease onset in SMNΔ7 mice (2, 4, 40, 41). Such neurodegeneration 
further contributes to muscle weakness and atrophy (2, 6). While 
some studies showed that both peripheral and central synaptic 
defects are autonomously caused by insufficient levels of SMN in 
αMNs (8, 56), others indicated that increasing SMN levels in 
αMNs, although sufficient to restore both NMJ and synaptic integ-
rity, only partially improved the SMA phenotype, suggesting a role 
for peripheral tissues in SMA pathogenesis (10, 35). Accordingly, 
although a positive trend was observed, SMN protein levels were 
not significantly increased in spinal cords of SMA mice treated with 
MR-409. Moreover, our results demonstrate that, in addition to 
promoting NMJ maturation, MR-409 efficiently counteracts αMN 
loss in spinal cord of SMA mice, compared with untreated mice. 
Interestingly, both autophagy and apoptosis have been implicated 
in αMN death in SMA (57, 58). In addition, although the role of 
autophagy remains to be explored, MR-409 has been recently found 
to inhibit apoptosis of neural stem cells exposed to oxygen-glucose 
deprivation/reoxygenation (28), a protective mechanism that could 
take place also in αMNs. On the one side, our findings highlight 
the importance of the cross talk between the muscle fibers and 
αMNs and on the other side, they indicate a neuroprotective role 
of MR-409, as already demonstrated in other experimental models 
(17, 27–29). Of note, neurotrophic factors released by skeletal mus-
cle cells (presumably in response to MR-409) could also sustain the 
survival of αMNs (59).

It is well known that astrocytes and microglia activate in response 
to inflammatory stimuli and promote neuroinflammation, result-
ing in cytokine production, immune infiltration and activation of 
proapoptotic pathways (9). Other studies support the contribution 
of astrocytes to SMA pathogenesis. Indeed, an increase in GFAP 
immunoreactivity as a marker for astrocyte activation has been 
observed in SMA patients and SMNΔ7 mice, along with increased 
mRNA levels of inflammatory cytokines (42, 60). Moreover, acti-
vation of astrocytes in the spinal cord of SMA mouse and human 
SMA induced pluripotent stem cells (iPSCs) was detected before 

overt αMN loss, suggesting that astrogliosis may contribute to 
αMN dysfunction (61). Here, we show that MR-409 attenuated 
neuroinflammation in the spinal cord of SMA mice, as demon-
strated by both reduced GFAP immunoreactivity and downregu-
lation of inflammatory cytokine transcript levels. This finding is in 
line with a recent study by Liu et al., where s.c. treatment with 
MR-409, improved neurological functional recovery and attenu-
ated neuroinflammation in a mouse model of ischemic stroke (28). 
In fact, in the above study MR-409 was administered at doses 
equivalent to 0.5 and 1 mg/kg. Accordingly, in SMA mice, MR-409 
was initially used at 0.5 mg/kg, showing little or no effect; thus, 
we subsequently tested 1 mg/kg and 2 mg/kg doses. Although some 
positive outcomes were observed with 1 mg/kg MR-409, the high-
est dose was the most effective, which is not surprising, considering 
the severity of this model of SMA.

Overall, the beneficial effects of MR-409 in SMA mice were 
accompanied by a slight, but not significant, increase in life expec-
tancy, compared with VHL-treated mice. Based on these results, we 
hypothesize that MR-409, rather than targeting the expression of 
SMN protein, whose levels in the spinal cord were unchanged, acts 
on peripheral districts such as the skeletal muscle, along with display-
ing neuroprotective and anti-inflammatory activities in the CNS.

In conclusion, the present study provides evidence demonstrat-
ing that MR-409 may be a promising agent for the treatment of 
SMA. In fact, despite encouraging results coming from gene ther-
apy and ASO approaches, additional treatments are needed, such 
as combined therapies with drugs targeting SMN-independent 
factors, including molecules that act to increase muscle trophism 
and neuroprotection.

Materials and Methods

Please see SI Appendix, Materials and Methods for more information.

Animal Model. SMN∆7+/+; SMN2+/+; Smn+/− mice (stock number 005025; 
Jackson Laboratory) were interbred to obtain Smn−/− offspring (SMA mice, as 
model of type II SMA). Pups were tail snipped at postnatal day 0 (P0) for the 
identification and genotyped by PCR assay according to the protocol provided by 
Jackson Laboratory. SMA pups were maintained in the cage with the mother until 
the sacrifice at P12, under standard conditions with 12/12-h light/dark cycle and 
free access to food and water. Another group of SMA mice was used for survival 
analysis. All efforts have been made to minimize the number of animals and 
their suffering levels. Pups of both sexes were used in this study. All experimental 
procedures were performed in strict accordance with institutional guidelines in 
compliance with national (D.L. N.26, 04/03/2014) and international law and pol-
icies (new directive 2010/63/EU). The study was approved by the Italian Ministry 
of Health (protocol #980/2020-PR). Additionally, the ad hoc Ethical Committee of 
the University of Turin approved this study. A total of 102 SMA mice were used and 
3 WT mice; moreover, 11 SMA animals died prematurely before P12 and could 
not be used for the ex vivo analysis. All the analyses were performed blinded for 
the treatment of the mice.

Peptide Administration. GHRH-R agonist MR-409 [N-Me-Tyr1, D-Ala2, Orn12, 
Abu15, Orn21, Nle27, Asp28)-hGHRH(1–29)NH-CH3)] was synthesized and purified 
in the laboratory of one of us (A.V.S.), as described previously (22). P2 SMA mice 
were randomly divided into three groups, independently from the gender: VHL 
(n = 44), MR-1 (n = 20) and MR-2 (n = 38). MR-409, dissolved in 0.1% DMSO 
and 10% aqueous propylene glycol solution (VHL solution), was administered s.c. 
daily at the dose of 1 mg/kg (MR-1 group) or 2 mg/kg (MR-2 group) from P2 until 
euthanization. Mice of the VHL group were treated using VHL solution without 
drugs. Animals were euthanized at P12 and used for survival study.

Behavioral Assessment. Behavioral tests were performed to evaluate pheno-
typic features and motor performance of mice treated with MR-409 compared 
with VHL, as described previously (62). Animals underwent tail suspension, right-
ing reflex, hindlimb suspension, and negative geotaxis tests.
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Fig. 6. Effect of MR-409 on survival of SMA mice. Kaplan–Meier survival curves 
of SMA mice treated with either VHL or MR-2 (VHL: n = 44; MR-2: n = 38).
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Real-time PCR. Total RNA extraction and reverse transcription to cDNA (1 μg RNA) 
from frozen tissues were performed as previously described (23). For real-time 
PCR, cDNAs were treated with DNA-free DNase (Life Technologies) and reaction 
performed with 50 ng cDNA, 100 nM of each primer and the Luna Universal qPCR 
Master Mix (New England BioLabs) using ABI-Prism 7300 (Applied Biosystems). 
Real-time PCR analysis was performed as described previously (21, 23).

Western Blot Analysis. Proteins, obtained from tissue lysates, were resolved in 
11% Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis (SDS-PAGE), 
as previously described (19, 21, 23). Membranes were incubated with rabbit 
polyclonal primary antibody for MuRF1 (1:500; ref: Ab77577, Abcam), GHRH-R 
(1:500; ref: Ab28692, Abcam) or SMN (1:2,000, ref: 610646, BD Biosciences). 
Blots were reprobed with mouse monoclonal anti-actin antibody (1:500; ref: 
sc‐376421, Santa Cruz Biotechnology) for normalization. Immunoreactive 
proteins were visualized using horseradish peroxidase-conjugated goat anti-
mouse or goat anti-rabbit (1:4,000) antibodies (Southern Biotech) by enhanced 
chemiluminescence using ChemiDoc XRS (Bio-Rad). Densitometric analysis was 
performed with Quantity One software (Bio-Rad).

Histochemistry. Sections (40 μm thick) of quadriceps and gastrocnemius were 
analyzed after hematoxylin/eosin (H/E) staining using Neurolucida software (MBF 
Bioscience). Lumbar spinal cord slices (40 μm-thick) were Nissl-stained with Cresyl 
Violet acetate (Sigma-Aldrich), as previously described (46, 58). For αMN count-
ing, spinal cord slices (L4-L5, 1 section every 320 μm) were analyzed using a 
stereological technique, the Optical Fractionator, a computer-assisted microscope 
and the Stereo Investigator software (MBF Bioscience).

Immunofluorescence Analysis. Tissues sections were incubated overnight at 4 °C 
with specific primary antibodies (see below), then with fluorochrome-conjugated sec-
ondary antibodies (Cy™3 AffiniPure anti-rabbit (1:300), ref: 711165152; Alexafluor 
anti-mouse 488 (1:200), ref: 715545150; Jackson ImmunoResearch Laboratories). 
For the NMJ analysis, muscle slices were incubated for 30 min at room temperature 
with α-BTX Alexa Fluor 555, followed by anti-NF antibody (anti NF-M; mouse, 1:500; 
ref: MAB1621, Millipore), overnight. Representative images were acquired with a 
Leica TCS-SP5 confocal laser scanning microscope (Leica Microsystems). The activa-
tion of astrocyte in ventral horns sections was analyzed by confocal laser scanning 
microscope. The percentage of the overall GFAP-positive cells (anti-GFAP; rabbit, 
1:500; ref: Z0334, DAKO Cytomation) was quantified using ImageJ software.

Statistical Analysis. Results are expressed as mean ± SEM. Statistical signifi-
cance was determined by using 1-way ANOVA with Tukey’s or Dunnett’s post hoc 
analysis for multiple groups or unpaired two-tailed Student’s t test to compare 
two groups when appropriate. Repeated measures ANOVA, mixed-effects model 
with the Geisser-Greenhouse correction, followed by Tukey's multiple compari-
sons post hoc test, and contingency table analysis (Fisher’s exact test) were used 
for behavioral tests. Animal lifespan was calculated by Kaplan–Meier survival 
curve (censoring the mice that were sacrificed at P12). Analysis were performed 
using GraphPad Prism 8.0 (GraphPad Software). Significance was established 
for P < 0.05.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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