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The SIRT1 activator SRT2104 exerts exercise mimetic effects and
promotes Duchenne muscular dystrophy recovery
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Duchenne muscular dystrophy (DMD) is a devastating genetic disorder, whose management is still a major challenge, despite
progress in genetic and pharmacological disease-modifying treatments have been made. Mitochondrial dysfunctions contribute to
DMD, however, there are no effective mitochondrial therapies for DMD. SIRT1 is a NAD"-dependent deacetylase that controls
several key processes and whose impairment is involved in determining mitochondrial dysfunction in DMD. In addition to well-
known resveratrol, other potent selective activators of SIRT1 exist, with better pharmacokinetics properties and a safer profile.
Among these, SRT2104 is the most promising and advanced in clinical studies. Here we unveil the beneficial effects of SRT2104 in
flies, mice, and patient-derived myoblasts as different models of DMD, demonstrating an anti-inflammatory, anti-fibrotic, and pro-
regenerative action of the drug. We elucidate, by molecular dynamics simulations, that a conformational selection mechanism is
responsible for the activation of SIRT1. Further, the impact of SRT2104 in reshaping muscle proteome and acetylome profiles has
been investigated, highlighting effects that mimic those induced by exercise. Overall, our data suggest SRT2104 as a possible
therapeutic candidate to successfully counteract DMD progression.
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INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is an X-linked degenerative
rare genetic disease caused by mutations of the DMD gene,
encoding for dystrophin protein. DMD’s incidence is around 1 in
5000 live males and is characterized by progressive muscle
weakness which untimely leads to death due to heart or
respiratory failure [1, 2]. Loss of dystrophin disrupts the
dystrophin-associated protein complex beneath the sarcolemma
causing muscle membrane fragility and eventually leading to
deleterious inflammation, fibrosis, and regenerative impairment
[3]. Corticosteroids, the current standard of care, delay the loss of
function and muscle breakdown, although associated with severe
adverse effects [4-6]. The main goal of current clinical research is
to develop new treatments that extend the lifespan and enhance
the quality of life for patients with DMD.

Emerging findings suggest that mitochondrial dysfunctions are
early defects in DMD muscle eliciting poor myofiber repair and
contributing to fuel muscle degeneration and necrosis. In
dystrophic fibers, defects in mitochondrial de novo biogenesis

and mitophagic turnover affect organelles’ structure, quality, and
bioenergetics [7-10]. Preserving mitochondrial homeostasis can,
hence, delay skeletal muscle degeneration promoting muscular
functionality.

Silent information regulator 1 (SIRT1), a NADH-dependent class
Il histone deacetylase of the Sirtuin family, is a stress sensor and
metabolic regulator whose activity impinges on cellular energy
balance and controls aging and longevity in mammals [11, 12]. As
documented in the literature, the free (apo) inactive form of SIRT1
adopts a wide-open conformation characterized by the formation
of a wide interdomain cleft in which the smaller N-terminal
domain (NTD) and the larger catalytic domain (CD) are freely
rotating in solution. Conversely, the activated form of SIRT1
displays compactness with a pocket formed to accommodate the
activator molecule [13]. The physiological relevance of SIRT1 relies
on the deacetylation of over 70 histone and non-histone
substrates involved in gene expression regulation [14]. Increased
energy demand (e.g. fasting, calorie restriction, and exercise)
activates SIRT1 in skeletal muscle fostering mitochondrial
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biogenesis and fatty acid oxidation (FAO) and promoting anti-
inflammatory activity [15-17]. Many SIRT1-activating compounds
exist either as natural products (e.g., resveratrol) or selective
synthetic molecules [18, 19]. Although effective in mitigating
muscle injury in dystrophic mice, resveratrol is a neither potent
nor selective SIRT1 activator since it acts on many biomolecules
and shows limited bioavailability due to very rapid metabolism
and elimination [20-26]. Among selective synthetic compounds,
the SRT2104 molecule is the most advanced in clinical studies [27].
SRT2104 showed a safe profile in Phase | trials in healthy
volunteers [28] and has drawn attention as potential pharmaco-
logical support for a wide range of human illnesses such as
neurodegenerative diseases [29, 30], diabetic complications [31],
psoriasis [32], ulcerative colitis [33], and depressive-like behaviors
[34]. SRT2104 supplementation extended the lifespan in a mouse
model of muscle atrophy improving motor performance, reducing
inflammation, and preserving both muscle mass and mitochon-
drial activity [35, 36]. Of note, SRT2104 has strong anti-
inflammatory activity documented in both mice [36] and humans
[37] potentially ascribed to the modulation of tissue macrophages
and extravascular leukocytes that reduces the release of cytokines
and curbs the coagulation process. So far, SRT2104 has never been
tested in muscular diseases nor muscular effects have been
investigated in depth. Here, we unveil the beneficial effects of
SRT2104 in fly, mouse, and human models of DMD, also exploring
the SRT2104-dependent reshaping of proteome and acetylome
landscapes in dystrophic muscle and its effects on metabolic
processes such as FAO, ATP biosynthesis, and glycolysis. Moreover,
we uncover the exercise mimetic properties of SRT2104 that,
therefore, can be an attractive candidate for DMD treatment with
positive effects on mitochondrial metabolism, myofiber regenera-
tion, and muscle performance.

MATERIALS AND METHODS

Mice and treatment

All the procedures in mice conformed to the Italian law on animal care (D.L.
26/2014), as well as the European Directive (2010/63/UE), and animal
experimentation was approved by the Italian Ministry of Health (approval
no. 761/2022-PR). We used our colony of dystrophic mice generated
crossing mdx mice (C57BL/10ScSnDmdmdx/J) with PhAM mice (C57BL6/
129SV) and expressing a mitochondrial-specific version of Dendra2 (photo-
switchable monomeric fluorescent protein, PhAM) [10]. This new
dystrophic line retained all the typical features of mdx mice, regarding
muscle performance and damage [10] and allowed us to better analyze
different aspects of mitochondria physiology. As controls, we used animals
with identical genetic background, generated crossing C57BL/10ScSn)
with PhAM mice. Mice were housed in an environmentally controlled room
(23+1°C, 50+ 5% humidity) with a 12-h light/dark cycle and provided
food and water ad libitum. 8 week-old male mdx mice were treated with
the SRT2104 molecule supplemented in the diet (4RF25) for 12 weeks, at
the concentration of 1.33 g/kg of chow, to daily administer approximately
100 mg/kg body weight. A group of male age-matched mdx mice was fed
with 4RF25 normal diet. Mice were randomly assigned to experimental
groups. For all the experimental groups, we calculated the number of mice
using Gpower software considering a power of 0.8, an alpha error of 0.05,
and a variability of 20% within each group.

Functional tests

The whole-body tension (WBT) force test was used to determine the ability
of mice to exert tension in a forward-pulling maneuver that is elicited by
stroking the tail of the mice [38]. It is thought to reflect the maximal acute
phasic force the mouse can achieve to escape a potentially harmful event.
The tails were connected to an MP150 System transducer (BIOPAC
Systems, Inc. Goleta, CA, USA), and forward pulling movements were
provoked by a standardized stroke of the tail with serrated forceps, and the
corresponding pulling tensions were recorded using the AcqKnowledge
software recording system (BIOPAC Systems, Inc. Goleta, CA, USA).
Between 20 and 30 strokes of pulling tensions were generally recorded.
The WBT was calculated as the average of the top ten or top five
performances (WBT 5/WBT 10) normalized on the body weight of mice in
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grams and represents the maximum phasic tension that can be developed.
To assess the WBT trend, the force test was performed before, in the
middle, and at the end of the SRT2104 treatment.

In the treadmill exhaustion test, animals were trained to run on the
standard treadmill machine Exer 3/6 Treadmill (Columbus Instruments,
Columbus, OH, USA), according to TREAT-NMD SOP DMD_M.2.1.003 (https://
www.treat-nmd.org/wp-content/uploads/2023/07/MDX-DMD_M.2.1.003.pdf).

The test consisted of horizontal running for 5min at 8 cm/s, then the
speed was increased by 2 cm/s each minute until reaching either 50 cm/s
or mice exhaustion as reported in the SOP DMD_M.2.1.003. Exhaustion was
defined as the inability of the animal to return to running within 10's after
direct contact with an electric stimulus grid. Running time and distance
were provided by the software, while distance was calculated from time
and speed. Mice were sacrificed at least 24 h after the exhaustion
treadmill test.

D. melanogaster stocks, husbandry, and treatment

The dystrophic mutant strain used in this studEy was Dys®'” [39], Oregon-R
was used as the WT strain. Stocks #63047 (Dys®'”), and #5 (Oregon-R) were
obtained from Bloomington Drosophila Stock Center (Indiana University
Bloomington, IN, USA). DysE17 is characterized by a point mutation on
chromosome 3, 92A10, 3 R:19,590,458. 19,590,458, causing a nucleotide
change C19590458T and consequently the amino acid change Q2807term|
Dys-PA. Third chromosome alleles were balanced with the TM6, Tb
balancer chromosome. Experiments were performed with groups of 15-20
flies of the same age per vial. Flies were randomly assigned to
experimental groups and raised on a standard corn meal agar food at
25°C+1°C, with controlled 12h/12 h light/dark cycles. Adult Drosophila
(3-5 days old) were then transferred in the vials containing a final volume
of 10 ml of the standard diet for 21 days. SRT2104 was mixed to cool down
food into vials to obtain the final working concentration ranging from 10
to 50 pug/ml. The diet containing the vehicle was used as a control diet.
Diets were renewed weekly by transferring flies to a new vial containing a
fresh diet.

D. melanogaster survival and climbing

Fly survivor was documented recording the number of dead individuals
per vial every 5 days, starting at day 10 of treatment. Geotaxis was
assessed every 5 days from treatment using a climbing assay as previously
published [39]. We generated cohorts (empty vials) consisting of ca. 20
flies. A horizontal line was drawn 15 cm above the bottom of the vial. After
a 10-min rest period, the flies were tapped to the bottom of the vials: all
flies were forced to start climbing (vertical walking). The number of flies
that climbed up to the 15cm mark after 60s was recorded as the
percentage success rate. A camera was recording fly movement during the
experiment. Each trial was performed three times, at 1-minute intervals,
and the results were averaged.

Cell cultures

Muscle stem cells (MuSCs) were prepared from muscles following a
standardized, automated tissue dissociation protocol with a gentleMACS™
Octo Dissociator with Heaters (Miltenyi Biotec, Bergisch Gladbach,
Germany) and magnetic depletion as previously reported [40]. To generate
myotubes, MuSCs were cultured on Matrigel-coated (BD Biosciences, San
Jose, CA, USA) lbidi p-Slide 8 Well (Cat.N0:80826, Ibidi GMBH, Grafelfing,
Germany) in DMEM (EuroClone, Pero, Milan) supplemented with 20% fetal
bovine serum (EuroClone, Pero, Milan), 3% chick embryo extract (custom
made), 10 ng/ml basic fibroblast growth factor (PeproTech, London, UK),
1% glutaMax (Gibco; ThermoFisher Scientific, Waltham, MA USA), and 1%
penicillin-streptomycin (EuroClone, Pero, Milan). After 48 h of proliferation,
cells were cultured for other 2 days in 2% horse serum (EuroClone, Pero,
Milan) to induce differentiation and then harvested for the morphometric
analysis of myotubes. SRT2104 treatment (3 uM in DMSO) was performed
from the beginning.

Three pediatric patient-derived immortalized cell lines (AB1098
dystrophic myoblasts from a 14 years old patient with 48-50 exons
deletion mutation; AB1023 dystrophic myoblasts from an 11 years old
patient with a nonsense mutation in exon 59; AB1190 myoblasts isolated
from a 16 years old male control), granted from the MyoLine biobank, were
exploited [41]. These samples have been used according to the MTA with
Prof. Mouly, director of MyoLine biobank, in the frame of the agreement
with Prof. Cappellari and Prof. Giovarelli at the University of Bari and Milan,
respectively. The cells were maintained in a proliferative state using basal
medium (Skeletal muscle cell growth medium; PromoCell, Heidelberg,
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Baden-Wirttemberg, Germany), supplemented with 15% FBS (Gibco;
ThermoFisher Scientific, Waltham, MA USA), 1% gentamicin (Gibco;
ThermoFisher Scientific, Waltham, MA USA), 1% glutaMax (Gibco; Thermo-
Fisher Scientific, Waltham, MA USA), and 5% growth medium supplement
mix (PromocCell, Heidelberg, Baden-Wirttemberg, Germany). For myotubes
formation, confluent cells were cultured in basal medium (Skeletal muscle
differentiation medium; PromoCell, Heidelberg, Baden-Wirttemberg,
Germany), supplemented with 2% FBS (Gibco, ThermoFisher Scientific,
Waltham, MA USA) and 2% differentiation medium Supplemental mix
(PromoCell, Heidelberg, Baden-Wirttemberg, Germany). SRT2104 treat-
ment (3 uM in DMSO) was performed from the beginning and cells were
harvested and analyzed after 72 h of differentiation.

For mitochondrial membrane potential analysis, 10 pl of 100 pM TMRM
(MitoProbe™ TMRM Assay M20036, ThermoFisher Scientific, Waltham, MA
USA) stock solution was added to 10 mL of cell growth medium to prepare
the staining solution. The growth medium was removed, and the staining
solution was added to the human myotubes after 72h of SRT2104
treatment (3uM in DMSO) in the differentiation medium. Human
myotubes were then incubated for 30 min at 37 °C and washed once with
PBS. Detached single cells were counted and resuspended at the
concentration of 1 x 10° cells/mL in PBS and the acquisition was performed
on a CytoFLEX™ flow cytometer system equipped with CytExpert software
(Beckman Coulter, Brea CA, USA). Data were analyzed using Kaluza
software, version 2.1.1. (Beckman Coulter, Brea CA, USA). The analysis
includes experiments of both hDMD1 and hDMD2 myoblasts.

MuSCs and human DMD myoblasts experiments were performed at least
in experimental triplicate.

Histology and immunofluorescence

Dissected muscles were immediately frozen to allow the preparation of
7 um thick sections by Leica CM1860 UV cryostat (Leica Biosystems, Milan,
Italy) for both morphological and immunofluorescence analysis. Hematox-
ylin and Eosin (H&E) staining (Bio Optica, Milan, Italy) was performed as
previously described [10]. Sirius Red staining was used to quantify fibrosis:
sections were fixed in 4% formaldehyde (Merck, Darmstadt, Germany),
washed in distilled water, and ethanol 100% (5’). Once dried, sections were
stained with 0.3% Sirius Direct Red 80 solution (Merck, Darmstadt,
Germany) for 1 h RT, rinsed in distilled water, dipped twice in 0.5% acetic
acid (5'), 100% EtOH (5'), cleared in Xylene (20), and mounted. For
immunofluorescence, sections were fixed with 4% paraformaldehyde for
10 min, blocked for 1h with 5% goat serum 0,1% triton-PBS, and then
incubated with primary antibodies diluted in blocking solution O/N [42].
After incubation with the appropriate fluorescent-labeled secondary
antibodies, nuclei were counterstained with DAPI (1:1000 for 10 min) and
finally, slides were mounted with Fluoroshield mounting medium (Merck,
Darmstadt, Germany). For the evaluation of sarcolemma integrity, after
fixation and blocking, sections were directly incubated with the anti-mouse
IgG secondary antibody conjugated to Alexa Fluor for 1 h, washed in PBS
two times, counterstained with DAPI, and mounted. Images were acquired
using a Leica TCS SP8 AOBS and Stellaris microscope system, using a 40X/
1.30 oil immersion objective (Leica Microsystems, Wetzlar, Germany).

For MuSCs and human myotubes immunofluorescence, cells were fixed
with 4% paraformaldehyde for 10 min and permeabilized with 0.1%
TritonX-100 in PBS for 5 min, then blocked for 1 h in a buffer containing 5%
normal goat serum and PBS. Primary antibodies were diluted in blocking
buffer and incubated overnight at 4 °C. Stained cells were washed three
times with PBS and incubated with Alexa-conjugates secondary antibodies
for 1h at room temperature and nuclei were counterstained with DAPI
(1:1000). Slides were mounted with Fluoreshield Mounting medium.

D. melanogaster thoraxes were immersion-fixed overnight in 4%
paraformaldehyde in 0.1M PBS at 4°C and then transferred to 20%
sucrose in PBS at 4 °C for at least 24 h. Longitudinal sections (16 pm) were
obtained by a cryostat, mounted onto positively charged slides, and stored
at —25°C until use. Fluorescent phalloidin (F-actin staining, 1:1500) was
used to mark muscle fibers. Images were acquired by an LSM 710 confocal
microscope (Carl Zeiss, Oberkochen, Germany), with the distance between
adjacent focal planes (z-stacks) set at 1um, and then analyzed using
Adobe Photoshop (Adobe Systems, Mountain View, CA, USA) to evaluate
impaired tissue areas.

The antibodies used are reported in Supplementary Table 2.

Transmission electron microscopy
D. melanogaster thorax samples were processed for TEM in agreement
with previous studies [39]. Briefly, fixed and dehydrated tissues were
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exposed to two steps in pure propylene oxide for 10 min each, at 4°C.
Samples were then infiltrated with mixtures of Agar 100 resin/propylene
oxide in different percentages. Then, samples were embedded in pure
Agar 100 resin and let to polymerize for 2 days at 60 °C. The obtained resin
blocks were cut with Reichert Ultracut ultramicrotome using a diamond
knife. Ultrathin sections (60-80 nm) (Leica Microsystems, Wetzlar, Ger-
many) were collected on copper grids, stained with uranyl acetate and lead
citrate, and observed with a JEOL 1200 EXIl electron microscope (Jeol,
Tokyo, Japan). Images were captured by the Olympus SIS VELETA CCD
camera equipped with iTEM software (Olympus, Tokyo, Japan).

SIRT1 activity assay

The deacetylase activity of SIRT1 was determined using a SIRT1 Activity
Assay Kit (Abcam, Cambridge, UK) according to the manufacturer. Briefly,
crude nuclear extracts from diaphragm (DP) muscles were incubated with
SIRT1 assay buffer, Fluoro-Substrate peptide, and NAD™" respectively to
initiate the reaction. The fluorescence intensity was measured for 30 to
60 minutes at 1-2min intervals at Ex/Em =350/460 nm. Protein was
determined using a BCA protein assay kit (Thermo Scientific, Waltham,
MA USA). SIRT1 activity was normalized to their respective protein
concentrations and expressed as the fold change compared to the
vehicle group.

Statistical evaluation

Investigators were blinded in experimental group allocation and
analysis, as well as for cell culture experiment measurements. Data
were pooled from different experiments. D'Agostino and Pearson’s
omnibus test was applied to assess the normal distribution of data. A
comparison of two groups normally distributed was performed using an
unpaired two-tailed t-test. Comparison of multiple groups was
performed by one-way ANOVA followed by post hoc Tukey’s test. For
grouped analyses, two-way ANOVA with correction for multiple
comparisons using the Holm-Sidak method was used, while for
histograms reporting different genes, we applied multiple t-tests. The
GraphPad Prism software package (Graph Software) was used. The
results are expressed as means+SEM of the indicated n values. A
P < 0.05 was considered significant. Data was excluded only when either
technical error could be identified or if outliers were identified by
GraphPad Prism software. Overall, no data were excluded from
this study.

RESULTS

SRT2104 rescued muscle performance and structure in
dystrophic Drosophila

Drosophila dys gene encodes three large-isoforms of dystrophin-
like protein (DLP1, DLP2, and DLP3) and three truncated products
(Dp186, Dp205, and Dp117) [43]. Since the Dys gene is
evolutionarily well conserved, we used a genetic loss-of-function
homozygous mutant for dys, i.e., Dyst'’, as a fly model of DMD
[39, 44] to preliminarily evaluate SRT2104 effects in vivo.

SRT2104 was added to the food at 10 uM for 30 days, after
which we evaluated the general behavior of adult Dys®'” flies and
their survival rate. As shown in Fig. 1A, SRT2104 had no toxic
effects when compared with untreated Dyst'” and the survival
rate was comparable to that of the wild-type (WT) flies.

To test whether SRT2104 was effective in recovering muscle
function in dystrophic drosophila, we analyzed the mobility of flies
by measuring their climbing capability as a percentage of success
rate. In agreement with previous reports [44, 45], the climbing
decay, expressed as T;,, mobility, was faster in Dys®'” mutants
compared to WT (14.1 vs 25.6 days, respectively) (Fig. 1B). Of note,
flies equally climb just after eclosion and the functional deficit in
Dys®'” mutants appears later with time, thus highlighting Dys®'”
as a model of age-dependent progression of muscular dystrophy.
T:1/2 mobility was attenuated in the presence of 10 uM SRT2104
(22.2 days) and, accordingly, when measured at 20 days, the
climbing ability of Dys®'” was at least 53% lower compared to that
of WT and it was significantly increased in SRT2104-treated groups
(Fig. 1Q).
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Fig. 1 SRT2104 administration to dystrophic flies improves muscle functionality and mitochondrial morphology. A SRT2104
administration to dystrophic (Dys®'”) D. melanogaster does not affect the survival rate compared to both WT and DMSO-treated flies.
B 30 days of SRT2104 administration improves muscular performances in dystrophic flies measured by climbing activity. C Climbing activity
measurement after 20 days of treatment is provided (right panel). * versus WT flies (**** P < 0.0001), + versus Dys®'” DMSO flies (++++
P <0.0001) (WT n = 84; Dys®'” + DMSO n = 78; Dys®'” -+ SRT2104 n = 18). D Representative phalloidin immunostaining of WT and Dys®'” flies
treated with either DMSO or SRT2104 (scale bar = 20 pm). Damaged fiber areas are indicated (arrows). Muscle-compromised areas for Dys®'”
flies SRT2104 treated or not are provided (right panel) (D)/sE17 + DMSO n =26; Dys®'” + SRT2104 n = 17). * versus Dys®'” DMSO flies (****
P <0.0001). E Electron microscopy analysis of WT, Dys®'”, and Dys®'” + SRT2104 D. melanogaster thorax muscles. Representative insets
showing mitochondrial morphologies (red asterisks) are provided (scale bar =2 pm). Values are expressed as mean + SEM.

We also examined the morphology of Dorsal Longitudinal Flight with 10 uM SRT2104 partially restored muscle structure/pattern and
Muscles (DLM) at 20 days. Fluorescent phalloidin staining to significantly reduced the number of compromised areas (Fig. 1D).

visualize actin striations in longitudinal sections showed numerous Moreover, SRT2104 exerted a beneficial effect on mitochondria.
non-homogeneous and degenerated areas in Dys®'” muscle Consistently, TEM images revealed disorganized cristae and
(Fig. 1D). Fibers lost their normal linear pattern, and abnormal damaged areas in the mitochondria of Dys®'” flies, while SRT2104

E17

spaces were frequently detected between them. Dys~'’ treatment administration for 20 days improved their structure. Notably, the

SPRINGER NATURE Cell Death and Disease (2025)16:259



ultrastructure analysis of Dys®'” DLM sections confirmed muscle
degeneration that was attenuated by SRT2104 treatment (Fig. 1E).

SRT2104 rescued muscle performance and phenotypes in
mdx mice

To test whether SRT2104 also improves the dystrophic pheno-
type in a mammalian DMD model, we treated 8-week-old mdx
mice with the SRT2104 supplemented in the diet for 12 weeks, at
the concentration of 1.33 g/kg of chow, to administer approxi-
mately 100 mg/kg of body weight daily [36]. The same diet
without any drug was used as a control chow. We started the
treatment during the muscle regeneration phase, after the acute
muscle damage, to prevent the progression toward subsequent
hypertrophic and fibrotic phases. Mice were weighed every week
and no difference in body weight was ever detected (Supple-
mentary Fig. 1A). Similarly, food intake was superimposable
between control and treated mdx mice (Supplementary Fig. 1B)
and no signs of toxicity appeared during the treatment
confirming the safety of the drug.

SRT2104-treated mdx mice performed better than those treated
with a standard diet after 3 months of constant administration.
Consistently, the overall capacity to sustain physical exercise has
been evaluated; mice were gradually trained to run on a treadmill,
and time to reach exhaustion at increased speed was measured.
SRT2104-treated mice ran longer than untreated mice as
witnessed by the higher distance run and the time of exhaustion
(Fig. 2A). Besides, SRT2104 improved in vivo muscle force,
assessed by whole-body tension (WBT) (Fig. 2B) which measures
the maximal acute phasic force the mouse can achieve. The
improvement was persistent up to the end of the treatment, even
though 6 weeks of SRT2104 administration were sufficient to
significantly increase in vivo muscle force (Supplementary Fig. 1C).

Muscle disintegrity is another peculiarity of dystrophic muscles
that has been counteracted by SRT2104. Consistently, the mdx
diaphragm (DP) was morphologically preserved upon SRT2104
exposure (Fig. 2C), with a reduced number of necrotic fibers
(Fig. 2D) and invading CD45 positive inflammatory cells (Fig. 2E).
The recovery was not restricted to the DP, as superimposable
results were obtained in the Tibialis Anterior (TA) of mdx mice
(Supplementary Fig. 2A, B, Q).

The ability of SRT2104 treatment to counteract the DP
degeneration was confirmed by a decreased collagen content in
the muscle (Fig. 3A), as well as reduced expression of fibrotic and
adipogenic genes (Fig. 3B and Supplementary Fig. 2D).

In parallel, DP muscle regeneration was improved as indicated
by the increased number of regenerating fibers positive for
embryonic myosin heavy chain (eMyHC) (Fig. 3C). Since eMyHC
labeled only immature regenerating myofibers, we assessed the
extent of muscle regeneration by evaluating the expression of the
sarcomere protein myozenin (MYOZ1) as a reliable marker of
myofiber maturity [46]. As expected, the number of MYOZ1-
positive fibers increased after SRT2104 treatment (Fig. 3D),
suggesting a role for SRT2104 in preventing muscle degeneration
by promoting complete muscle regeneration.

Likewise, SRT2104 reduced muscle senescence (Supplementary
Fig. 3A) and increased the myogenic potential of dystrophic
MuSC-derived myoblasts. MuSCs were sorted from 2-month-old
mdx muscles [40, 47, 48], activated into myoblasts in proliferation
conditions for two days, and then switched in differentiation
conditions to mature and fuse into myotubes in the presence or
absence of SRT2104 (3 uM) from the beginning. The treatment
promoted MuSCs’ ability to fuse and form myotubes (Supple-
mentary Fig. 3B), leading to an increased number of nuclei per
myotube (Supplementary Fig. 3B) and indicating that SRT2104
retained the myogenic potential of MuSCs in dystrophic
conditions.

Overall, our results suggest that the ability of SRT2104 to
promote muscle regeneration and less inflammation and
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fibrosis can explain the protective effects of the drug against
muscle damage.

SRT2104-dependent SIRT1 activation modified the protein
acetylation landscape of dystrophic muscle

SRT2104 is a synthetic activator of SIRT1 and, consistently, the
enzyme activity, measured in muscle homogenates, was
enhanced (Fig. 4A), while SIRT1 protein levels remained
unchanged after sustained drug exposure (Supplementary
Fig. 4A). Interestingly, we performed the assay by adding an
established concentration of NAD" excluding cofactor levels as a
variable of the test. Therefore we evaluated specific alterations in
the enzyme's capability to perform the deacetylation reaction. Our
results showed that with an equal amount of cofactor, SIRT1
activity did not differ between WT and mdx mice. By contrast,
SRT2104 enhanced the enzyme’s deacetylase activity, suggesting
that at constant NAD" concentration, the enzyme worked better
after SRT2104 treatment.

Using available experimental structural information in com-
bination with molecular simulations, we hypothesize a physio-
chemical mechanism of activation of SIRT1 upon SRT2104
binding.

To elucidate the interconversion mechanism between the open
and the closed configurations of the enzyme, we first simulated,
using molecular dynamics simulations (MD), apo and holo forms
of open SIRT1 (0S1 and 0S1-SRT, respectively) to test whether the
presence of the ligand on the surface of the protein could drive it
towards a closed/active conformation. The correlation between
SIRT1 compactness and the internal contacts between NTD and
CD (Fig. 4B) revealed the presence of a closed form of apo SIRT1
(cS1*) absent in the holo system. This result suggests the presence
of a conformational selection mechanism, where the interdomain
dynamics of SIRTT generate a conformer (cS1) able to bind a
ligand and evolve toward the active form [13].

To test this hypothesis, we generated via molecular docking the
SIRT1T complex with SRT2104 from the configuration c¢S1*
(cS1-SRT*), alongside the complex from the experimental structure
of activated SIRT1 (cS1-SRT) [13]. Subsequent MD simulations
displayed wider mobility of the cS1-SRT* complex than those of
cS1-SRT measured with respect to the geometry of the experi-
mental active structure (backbone root mean square deviation,
RMSD: Fig. 4C). The larger mobility of the former ensured a partial
overlap with the structures explored by the latter, supporting the
hypothesis that cS1-SRT* already has the features of the active
form of SIRT1, suggesting an overall activation mechanism of the
enzyme (Fig. 4D) driven by SRT2104 binding.

As expected by SIRT1 activation, the pattern of bulk protein
acetylation unveiled overall reduced acetylation in SRT2104-
treated TA (Fig. 4E). Besides, combining an efficient method for
protein extraction with lysine-acetylated peptide immunopreci-
pitation and high-accuracy tandem mass spectrometry measure-
ments, we elucidated the landscape of acetylated protein of
dystrophic TA after SRT2104 treatment. A total of 141 acetylated
sites were identified and, of these, 28 were differentially
acetylated between the two groups (Supplementary Table 3).
The site-specific heatmap analysis proved a sharp boundary
between the vehicle and SRT2104-treated groups (Supplemen-
tary Fig. 5A), indicating that SRT2104 promotes significant
changes in the acetylation levels of several proteins. Gene
ontology (GO) analysis of biological processes revealed signifi-
cant protein enrichment (p <0.05) in processes involved in
skeletal muscle contraction, negative regulation of apoptosis,
and metabolic processes such as ATP biosynthesis and glycolysis
(Supplementary Fig. 5B upper panel). Cellular components
analysis indicated that differentially acetylated proteins were
enriched in myosin complexes and mitochondria (Supplemen-
tary Fig. 5B lower panel). This is consistent with the landscape of
acetylated lysine induced by aerobic exercise [49], featuring
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SRT2104 as an exercise mimetic, and confirms the relevance of
this post-translation modification for muscle contraction and
metabolic enzymes.

Of note, according to an enhanced SIRT1 activity, 18 lysine
residues were found specifically deacetylated after SRT2104
treatment, and the corresponding acetylated proteins were
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significantly enriched in biological processes such as muscle
contraction, ATP biosynthesis, and glycolysis (Fig. 4F). The
analysis of cellular components showed that SRT2104 remarkably
modified the acetylation of myosin filaments and myosin
complexes (Fig. 4G) mainly affecting functions such as motor
activity, actin binding, and ATP binding (Fig. 4H). These findings
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Fig. 2 SRT2104 administration to mdx mice enhances muscle performance and reduces muscle damage. SRT2104 administration in mdx
mice improves muscular performances, assessed by exhaustion treadmill running test, measuring distance ran (A left panel) and time to
exhaustion (A right panel), as well as force, assessed by WBT test, with WBT 5 (B left panel) and 10 (B right panel), representing respectively the
best 5 or the best 10 forward pulling tension normalized on body weight (WT n 2 6; mdx veh n > 7; mdx SRT2104 n > 8). Histological analyses
in diaphragm (DP) muscle of WT, mdx vehicle, and mdx upon SRT2104 treatment: hematoxylin and eosin (H&E) staining (scale bar = 50 pm) (C);
mouse IgG staining labeling myonecrotic fibers (scale bar = 100 um) (D); CD45 staining to identify immune infiltrate (scale bar = 100 pm) (E).
Percentage of myonecrosis area (WT n = 3; mdx veh n = 8; mdx SRT2104 n = 7) and CD45+ fibers relative to mdx vehicle (WT n = 3; mdx veh
n=7; mdx SRT2104 n =6) are provided. * versus WT mice, (** P<0.01, *** P<0.001, **** P <0.0001). + versus vehicle-treated mdx mice (+

P<0.05, ++ P<0.01, +++ P<0.001). Values are expressed as mean + SEM.
<

are in line with the changes in lysine acetylation profile upon
exercise endorsing the idea of SRT2104 as exercise mimetics.

SRT2104 activated muscle metabolism and restored
mitochondrial respiratory capacity in dystrophic muscle
Along with protein acetylation, long-term SIRT1 activation can
affect the expression of several proteins, thus a quantitative
proteomics approach was employed to identify SIRT1-dependent
proteome changes in both gastrocnemius (GS) and TA after
SRT2104 administration.

In GS, clusters analysis showed good separation between the
vehicle and SRT2104 treated groups (Supplementary Fig. 5C);
among detected proteins, 74 were significantly altered following
SRT2104 administration according to expression level (log,fold-
change) and statistical significance (log;oPadjusted). Of the
differentially abundant proteins, 30 were upregulated and 44
downregulated by the treatment. To get more insight, functional
enrichment analysis was performed unveiling the upregulation of
FAO metabolic pathway (Fig. 5A red box) associated with the
downregulation of glucose-related metabolism (Fig. 5B red box).
This suggests that SRT2104 could promote the use of fatty acid
over glucose, according to the key role of SIRT1 in lipolysis and
FAO. Moreover, we highlighted a favorable regulation of the
apoptotic process (Fig. 5A blu box) and improvements of the
mechanotransduction system (Fig. 5C blue box), both supporting
the observed muscle recovery. These results paralleled well with
those obtained in TA in which 44 of the detected proteins were
significantly modified after SRT2104 treatment with great separa-
tion between the two sample groups (p < 0.05 Supplementary Fig.
5D). Biological processes analysis confirmed the enrichment in
metabolic processes and cytoskeleton organization, supporting
favorable variations in metabolism and mechanotransduction
(Supplementary Fig. 5E).

In accordance, mitochondria were metabolically more active
as SRT2104 led to higher ATP levels in SRT2104-treated GS
muscle (Fig. 5D). Evaluation of respiratory chain complexes
activity evidenced positive effects on each respiratory complex
except Cl (Supplementary Fig. 6A), evidencing SRT2104 as a drug
able to bypass the complex | deficiency reported in DMD [50].
Moreover, SRT2104 boosted the oxygen consumption rate of
cryopreserved DP fibers’ bundles showing an increase in the
maximal electron transport system (ETS) capacity fueled by
complex ll-driven respiration (Cll) (Fig. 5E). These metabolic
improvements were not coupled with an increased mitochon-
drial abundance since mtDNA/nuDNA ratio, as well as mitochon-
drial protein expression, did not differ in SRT2104-treated GS
compared to vehicle (Supplementary Fig. 6B, C). Therefore,
SRT2104 enhances the mitochondrial respiratory capacity of
dystrophic muscle and this beneficial effect might primarily
derive from beta-oxidation induction. Moreover, we tested
SRT2104 efficacy in two DMD patient-derived immortalized
myoblasts as a proof of concept of beneficial effects in humans.
The myoblasts proliferated for two days and then were switched
into the differentiation medium for 72 h, adding SRT2104 (3uM)
from the beginning. As expected [51], hDMD myoblasts
differentiation was impaired (Fig. 5F), as well as the mitochon-
drial membrane potential (MMP) (Fig. 5G), compared to hCTR
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line. SRT2104 treatment rescued the myogenic differentiation of
hDMD myoblasts (Fig. 5H) and improved MMP (Fig. 5I),
confirming its positive effects on both myogenesis and
mitochondria (Fig. 5I)

Accondingly we found a reduction in MyoD expression together
with increased expression of MyoG (Fig. 5L, M). The SIRT1-
dependent repression of MyoD is crucial during the transition
from quiescent to proliferation state downstream to metabolic
reprogramming [52], while MyoG determines the terminal
differentiation of myogenic progenitor cells [53, 54].

Overall, these findings, even if preliminary, almost recapitulate
the data obtained in mice, confirming the therapeutic potential of
SRT2104 in DMD.

DISCUSSION

SIRT1 belongs to a class of NAD"-dependent class Ill histone/
deacetylase proteins and exerts its action by deacetylating histone
and non-histone proteins.

SIRT1 is expressed in skeletal muscle and its specific deletion
establishes pathological features similar to those observed in
dystrophic mice [55]. By contrast, its overexpression leads to a
fiber-type switch towards a slower phenotype preventing atrophy
and degeneration [56]. Crossing SIRT1 transgenic mice with the
dystrophic ones promotes a remarkable improvement in muscular
parameters and performance [56], highlighting the crucial role of
SIRT1 in DMD pathology.

Different attempts have been made to increase SIRT1 expres-
sion or activity in DMD mice and resveratrol is the pioneering
compound [20, 22, 57-61]. Resveratrol is an allosteric modulator
that affects K., values for both NAD" and the acetylated peptide,
stabilizing the force between substrates and SIRT1 [62]. However,
resveratrol is known to act on a wide range of enzymes and its
specificity is debated as well as the effects mediated by the SIRT1
direct activation [63]. Of note, resveratrol has also a low
bioavailability; after absorption, it is rapidly metabolized in the
liver by glucuronidation or conjugation with sulfate [64]. The
enzymes involved in the process are encoded by polymorphic
genes and this results in different abilities to metabolize the drug
among the population, owing to the great variability of effects
[25, 26, 63, 64]. Moreover, the level of resveratrol metabolites is
higher than those of the free drug, making it unclear which
molecule is responsible for the observed effects [65], and its
quinone metabolites also exhibit cytotoxic effects [27].

Among the alternative pharmacological options, SRT2104 is a
highly selective and potent SIRT1 activator [63] since it is 1000
times more effective in activating SIRT1 deacetylase activity [27].
SRT2104 supplementation extended the lifespan of male mice; it
enhanced motor coordination and performance, bone mineral
density, insulin sensitivity, and reduced inflammation [36]. Of
relevance, it was also found to be safe and well-tolerated in Phase
| trials with healthy volunteers [28] with amelioration in plasma
lipid profile, including a decrease in serum cholesterol and
triglycerides [66]. SRT2104 was effective in mediating weight loss
in patients with type 2 diabetes, even if it exerted inadequate
control of insulin resistance [67, 68]. SRT2104 successfully crosses
the blood-brain barrier [30] and exhibits promising effects in
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Fig.3 SRT2104 treatment reduces fibrosis and promotes regeneration in mdx mice. A Sirius red staining labeling fibrotic tissue in DP muscle
of WT, mdx vehicle, and mdx upon SRT2104 treatment (scale bar = 100 pm). Quantification of fibrosis is provided (right panel) (WT n = 3; mdx veh
n=12; mdx SRT2104 n = 7). B RT-qPCR analysis of fibrotic genes COL1A1, CTGF, a-SMA, and TGF-$ in DP of vehicle- and SRT2104-treated mdx
mice (mdx veh n>10; mdx SRT2104 n=9). C, D Representative immunostaining of embryonic myosin heavy chain (MyHC3-Emb) to identify
regenerating fibers and MYOZ1 to assess myofibers maturity (scale bars = 100 um). Quantification of MyHC-Emb regeneration foci relative to
mdx vehicle (WT n = 3; mdx veh n=10; mdx SRT2104 n = 8) and MYOZ1 staining on total sections area (WT n = 3; mdx veh n = 6; mdx SRT2104
n = 3) are provided. A-D * versus WT mice (* P < 0.05, ** P< 0.01, *** P < 0.001, **** P <0.0001); 4 versus vehicle-treated mdx mice (+ P < 0.05, +
++ P<0.001.) B * versus vehicle-treated mdx mice (** P<0.01, *** P<0.001, **** P <0.0001). Values are expressed as mean + SEM.
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relieving depressive-like behaviors [34]. Similarly, SRT2104 pro-
motes improvements in cognitive functions in a rat model of
diabetes-induced cognitive damage, potentiating dendrites’
growth and increasing their density in the hippocampus [69].

In this study, we treated DMD flies and mice with SRT2104,
constantly administered with the diet to maximize SRT2104

Cell Death and Disease (2025)16:259

exposure, since it suffered from food effect and accelerated gastric
emptying [28], thus repeated dose accumulation and prolonged
gastric retention was a viable way to increase exposure and
reduce variability [28].

We provide evidence that SRT2104 rescued dystrophic muscle
damage, and its positive impact translated into improved muscle
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10

Fig. 4 SRT2104 treatment activates SIRT1 leading to deacetylated protein pattern reshape. A Fluorescence-based SIRT1 activity assay
using crude nuclear extracts of DP muscles, normalized to protein content (WT n = 4; mdx veh n=9; mdx SRT2104 n=7). + versus vehicle-
treated mdx mice (+++ P <0.001). Values are expressed as mean + SEM. B Maps of the populations of the three-dimensional configurations
explored by the open apo form of SIRT1 (left, 0S1) and by the open holo form of SIRT1 (right, 0S1-SRT2104) through molecular dynamics (MD)
simulations. The geometric states are reported in the form of correlation maps between the intermolecular number of contacts and the overall
radius of gyration. The populations have been normalized to 1 corresponding to the highest population value for each distribution. The family
of structures (cS1*) characterized by more compactness and a high number of contacts have been highlighted by a gray rectangle.
C Distribution of the backbone heavy atoms (Ca, C; N) root mean square deviations (RMSDs) of the holo form of two closed configurations of
SIRT1, i.e., the one obtained docking with SRT2014 the active structure reported in the literature (black line: cS1-SRT2104, adapted from the
PDB ID 5zzh) and the one obtained docking the compact configuration obtained simulating the dynamics of the apo form of the inactive/
open conformation (red line: cS1-SRT2104*). D Scheme of all the possible interconversion mechanisms between the open/inactive form and
the closed/active form of SIRT1 upon SRT2104 binding (NTD: N terminal domain; CD: catalytic domain): the apo forms of the open and closed
conformations of SIRT1 (051, c51); the holo forms of the open and closed conformations of SIRT1 complexed with SRT2104 (0S1-SRT2104, cS1-
SRT2104); the apo and holo forms of the final configurations after MD simulations of the open conformation of SIRT1 (cS1%, cS1-SRT2104*).
The configurations that do not directly enter the activation mechanisms are shaded. E Representative immunoblot using Acetyl-lysine
antibody to detect lysine acetylation pattern in GC muscle homogenates of mdx mice treated or not with SRT2104. Quantification of protein
acetylation pattern is provided (right panel) (mdx veh n=9; mdx SRT2104 n = 8). * versus vehicle-treated mdx mice (** P <0.01). Values are

expressed as mean + SEM. F-H Gene Ontology (GO) terms enrichment analyses of deacetylated proteins after SRT2104 treatment.

function in both models. Prolonged SRT2104 exposure of mdx
mice reduced diaphragm fibrosis, inflammation, and senescence,
and promoted regeneration. This has great translational relevance
since one of the most common causes of death for patients is
respiratory failure due to diaphragm impairment.

Exposure for 12 weeks is one of the longer treatments with
SRT2104 to date [27] and the improvements persisted up to the
end of the treatment, even if the beneficial effects could be also
observed at mid-term. In parallel, the SIRT1 activation was
detectable at the endpoint with clear deacetylation of the protein
landscape. Of note, SIRT1 activity did not differ between WT and
mdx mice, however, the assay does not take into account that in
mdx mice the NAD™ levels are reduced as the result of increased
levels of the enzymes that are the major consumers of NAD™ [8],
as well as lower levels of the enzymes for NAD' biosynthesis
[8, 56]. Therefore, we can not exclude that this alteration could
affect basal SIRT1 activity in dystrophic conditions. However, our
result points out that at constant NAD' concentration, the
enzyme works better after SRT2104 treatment.

To explain the activity of the drug, by an in silico approach we
proved that SRT2104 binding promoted a shift towards a closed/
active conformation of SIRT1, evidencing a conformational
selection mechanism of action that led to the deacetylation of
substrates. Consistently, acetylome analysis revealed an interest-
ing pattern that was superimposable with the profile of acetylated
lysines upon repeated exercise [49]. The relevance of this post-
translation modification (PTM) is always associated with gene
regulation; however, its role extends beyond nuclear histone
modifications. Protein acetylation controls sarcomere function,
including myofilament contractile activity [70], and allows the
optimization of energy usage [71], suggesting that lysine
acetylation can impact muscle protein binding energy during
exercise.

After exercise, myosin-4 (Myh4), myosin-1 (Myh1), and titin are
differentially acetylated, while their protein expression does not
change [49], Similarly, SRT2104 induced deacetylation of Myh4
and Myh1 (Supplementary Table 3), even if the identified sites
were different. Of note, as in physiological conditions, the
SRT2104-dependent deacetylation mainly occurred on Myh4
compared to Myh1, hence we can speculate that this is consistent
with proper muscle performance. In this respect, we are aware
that molecular simulations (i.e, docking and/or molecular
dynamics) could constitute a necessary step to identify whether
different lysine deacetylations might contribute to the contractile
activity of the proteins.

Protein acetylation also affects the catalytic activity of metabolic
enzymes [72] and, interestingly upon SRT2104 treatment glyco-
lytic enzymes such as muscle creatine kinase (CKM) and muscle
pyruvate kinase (PKM) were deacetylated (Supplementary Table 3).
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PKM has been identified as a SIRT1 substrate indeed SIRT1 can
directly bind and deacetylate PKM increasing its activity and
producing more ATP [73]. Similarly, CKM acetylation is negatively
correlated with its activity, impinging the phosphotransfer
reaction between phosphocreatine and ATP. Lysine 196 (K196) is
one of the sites interested in the formation of homodimeric
configuration required for the activity of the enzyme [74], but
many other lysines have been identified whose acetylation
disrupts monomer formation [49]. Accordingly, we found that
the K196 and K172 sites (Supplementary Table 3) were
deacetylated after SRT2104 treatment, suggesting an enhanced
activity of the enzyme and likely providing an efficient energy
shuttle mechanism. We conclude that the acetylome profile of
SRT2104-treated muscle revealed a landscape similar to those
induced by repeated exercise, with enrichment in sarcomeric
protein and glycolytic enzymes [49], thus highlighting SRT2104 as
an exercise mimetic contributing to efficient energy production to
sustain ameliorated muscle contraction. This is relevant in DMD
which shows exercise intolerance and dystrophic muscle is unable
to metabolically adapt to endurance exercise for the intrinsic
failure of upstream mechanical signals [75].

Noteworthy, some glycolytic enzymes were downregulated by
SRT2104 treatment as reported in our proteomic analysis, however,
this could be balanced by enhanced activity of other enzymes
considering the relevant role of PTMs in controlling this aspect.

Another key evidence was that mitochondria were more active
upon SRT2104 treatment, highlighting the role of SRT2104 in
improving mitochondrial function [35]. Similarly, NAD* repletion
with NR results in the rescue of NAD"-dependent sirtuin signaling
attenuating the loss of mitochondrial functionality by lowering
energy stress, and reducing the susceptibility to muscle degen-
eration [8].

Noteworthy, SRT2104 enhanced mitochondrial activity by
shunting complex | deficiency [50] and without a specific
induction of mitochondrial biogenesis; conversely, it enhanced
FAO, as pointed out by proteomic analysis. Accordingly, other
SIRT1 activators, such as molsidomine [76] and SRT1720 [77], can
promote oxidative metabolism by controlling FAO, driving a
selective metabolic adaptation without modifying mitochondrial
content [77]. Therefore mitochondrial abundance and respira-
tion are not modulated at the same time, suggesting that
SRT2104 improves mitochondrial function mainly acting
upstream, by increasing fatty acid utilization and potentially
boosting protective antioxidant mechanisms such as superoxide
dismutase activity [27, 35, 36]. This also confirms that
mitochondria biogenesis is impaired in DMD and requires
modification of the chromatin structure at the PGC-1a promoter,
by HDACi, to be effectively unlocked [10, 76]. SIRT1 activation is
not the only attempt to restore mitochondrial functionality in
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DMD. Recently, H,S-releasing drugs have shown benefits in
different DMD models [78-80] mainly due to improvements in
mitochondrial structure and function, especially ATP synthesis
and prevention of oxidant formation [81] Altogether these
approaches succeed where others failed, indeed some master
energy regulators are unable to induce positive adaptation of
oxidative metabolism [10, 82, 83].
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Last, the evidence provided in patients-derived myoblasts
supports the translational potential of SRT2104, also sustained
by the large amount of data collected in different clinical studies
thus facilitating the process of approval for DMD.

Moreover, genetic therapies can directly correct the disease-
causing mutation, however, it is still unclear whether this is
enough to ameliorate secondary symptoms, such as mitochondrial
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Fig. 5 SRT2104 boosted dystrophic muscle metabolism improving mitochondrial bioenergetics. A-C GO terms enrichment analysis of
differentially expressed proteins (upregulated for Biological Processes and Cellular Components; downregulated for Biological Processes) after
SRT2104 treatment in GC muscle. D Luminescence-based ATP quantification measured in GC homogenates from mdx mice treated or not with
SRT2104 (mdx veh n = 7; mdx SRT2104 n = 5). E Mitochondrial respiratory rates of permeabilized fibers’ bundles of DP muscles from mdx mice,
treated or not with SRT2104, measured by high-resolution respirometry (HRR) (L: leak state; Cl: complex | respiration; ETS: electron transfer

system maximal capacity; Cll: complex Il respiration; CIV: complex IV activity) (mdx veh n>9; mdx SRT2104 n=6).

Representative

immunostainings (red: myosin heavy chain; blue: DAPI nuclei. Scale bar=50pum) (F) and TMRM fluorescence levels (indicating basal
mitochondrial membrane potential) (G) of human CTR and DMD myotubes in differentiation medium for 72 h (hCTR n=3; hDMD n=3). *
versus hCTR (* P<0.05). Representative immunostainings (red: myosin heavy chain; blue: DAPI nuclei. Scale bar =50 pm) (H) and TMRM
fluorescence levels (I) of human DMD myotubes treated with either DMSO (vehicle) or SRT2104 (3 pM) in differentiation medium for 72 h
(hDMD veh n =4; hDMD SRT2104 n = 4). * versus vehicle-treated hDMD (* P < 0.05). L RT-gPCR analysis of MyoD and MyoG genes in DMD
patient-derived myoblasts treated or not with SRT2104 (individual values are the average of the 2 myoblast lines and the experiment has been
repeated three times, n = 3). M Representative immunoblot for MyoD and MyoG proteins extracted from hDMD myoblasts treated or not with
SRT2104. Molecular weights (kDa) are indicated on the left. Values are expressed as mean + SEM.

dysfunction. Additionally, genetic tools need to be optimized to
enhance their efficiency and, unfortunately, they can only correct
one or a subset of mutations at a time. Therefore, a dual treatment
based on the combination of pharmacologic and genetic tools
may be recommended to improve the efficacy of DMD therapy.
Hence, further studies are ongoing to elucidate the putative
synergistic effects of combining SRT2104 with gene therapy to
enhance the lifespan and the quality of life in patients with DMD.
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