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Abstract: The severest form of muscular dystrophy (MD) termed Duchenne MD (DMD) remains to this day an
incurable disease, hence the continued effort to further develop supportive therapies. Perturbation of
autophagy, a degradative yet protective mechanism activated when tissues face severe and persistent stress, is
critically involved in DMD, consequently, treatments harnessing autophagic capacities represent an amenable
therapeutic strategy. We studied the effects of the protective osmolyte ectoine in the standard mouse model of
DMD, the MDX, zooming in on the autophagy-related proteome. From birth, mice were treated with ectoine
in the drinking water (150mg/kg) or through daily intraperitoneal injection (177mg/kg) until 5 weeks old. Hind
limb muscles were dissected, performing western blotting for protein quantification and immunofluorescence
to investigate tissue distribution. We report significant alterations of total levels of autophagy related 5 (ATG5),
Ser366 phosphorylated sequestosome 1 (SQSTM1) and heat shock protein 70 (HSP70), and of activated
microtubule-associated protein 1A/1B-light chain 3 (LC3 II) in mitochondrial fractions. Ectoine tends to restore
the shifted balance between LC3 II and SQSTM1 levels observed in MDX muscle, and LC3 II upregulation was
most pronounced on muscle fibers of MDX treated with ectoine in the drinking water. Findings from this
explorative study support a possible beneficial effect of ectoine on the autophagic deficit in the MDX, which
warrants its further exploration as a therapeutic supplement for DMD.

Keywords: muscular dystrophy 1; osmolytes 2; autophagy 3; mitophagy 4;

1. Introduction

The genetic muscle disorder Duchenne Muscular Dystrophy (DMD) is characterized by
progressive muscle wasting, causing patients to become wheelchair bound in their teens [1,2]. Since
the condition is X-linked, it primarily affects boys, with an average-prevalence of 1 per 5,000 live
births [3]. DMD is caused by gene mutations in DMD, leading to the loss of function of the scaffold
protein dystrophin, which destabilizes the dystrophin associated protein complex, and results in
accumulating contraction-induced damage to muscle fiber membranes [4-6]. Due to increased
permeability of muscle cells, an uncontrolled influx of calcium occurs, further enhancing progressive
myofiber degeneration, mitochondrial rupture and generation of reactive oxygen species [7,8]. In
addition to chronic inflammation and cumulating oxidative stress, DMD muscle tissues suffer from
dysfunctional autophagy, the latter contributing substantially to muscle weakness and wasting due
to inefficient removal of damaged or unwanted cellular components [9,10]. Key stages of macro-
autophagy are tightly regulated by a set of autophagy-related proteins (ATG), ensuring orchestrated
process initiation, maturation and fusion with lysosomes [11,12]. The protein complex composed of
ATG5-ATG12-ATG16L1 subunits represents an ubiquitin conjugation system that serves as an E3-
like enzyme imperative for the expansion and formation of the autophagosomes. This ATG complex
influences the lipidation of microtubule-associated protein 1A/1B-light chain 3 (LC3) and interactions

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202406.1470.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2024 d0i:10.20944/preprints202406.1470.v1

with the multifunctional adaptor protein sequestosome 1 (SQSTM1), which are essential steps for
autophagosome formation and fusion with lysosomes [10,11]. An important aspect is autophagic
removal of damaged mitochondria, termed mitophagy, which is mediated through accumulation of
PTEN-induced putative kinase 1 (PINK1) on the outer membrane of mitochondria that lost their
membrane potential. PINK1 activates and recruits the E3 ubiquitin ligase parkin (PRKN) and
SQSTM1, encapsulating damaged mitochondria within autophagosomes [13,14]. Mitophagy is of
particular importance in DMD and a better understanding of this mechanism can offer valuable
insight into disease pathogenesis [9].

Irrefutably, the use of animal models has been crucial to study DMD disease mechanisms and
progression, and to test and evaluate the efficacy of new therapeutic strategies. The most commonly
used model is the dystrophin-deficient mouse C57BL/10ScSn-Dmdmdx termed MDX [15]. MDX carry
a nonsense C-to-T transition in exon 23 introducing a premature stop codon in dmd [15-18]. The lack
of dystrophin protein in this model leads to fulminant skeletal muscle degeneration and regeneration
at the earliest stage, later on stabilizing to a milder form of muscle wasting and slower progression
in comparison to human disease [8,15,16,18].

Despite advancements in molecular medicine, to this date there is still no cure for DMD and the
average life expectancy is reduced to the early forties [9,19]. Dystrophin gene replacement therapies
and exon-skipping strategies have entered the clinic, and further molecular therapies are
continuously being pursued in clinical trials [20]. Current molecular strategies cannot cure patients,
yet aspire the expression of a shorter albeit partially functional dystrophin protein in patients,
improving disease to phenotypical Becker Muscular Dystrophy. Additional limitations of these
therapies are their mutation specificity, requiring a therapeutic design tailored to the individual
patient, and the high costs [15,21]. Also, DMD patients are administered glucocorticoids to reduce
inflammation-associated muscle damage, yet long-term treatment associates with numerous adverse
effects. The need therefore persists to investigate novel supportive treatments aimed to ameliorate
overall patient wellbeing and comfort.

Osmotic deregulation contributes to muscle damage in DMD and expression of the key regulator
tonicity-responsive enhancer binding protein (TonEBP) also termed nuclear factor of activated T-cells
5 (NFAT5) is altered [22], which puts protective osmolytes forward as attractive alternative
supplementary treatment for DMD. In this respect, the use of taurine has been most widely studied
and beneficial effects have been observed in mouse models, however, interference with murine
development has also surfaced [23], warranting the exploration of alternative compounds. In an
earlier study we were the first to study ectoine in the MDX and reported improved skeletal muscle
histopathology and anti-inflammatory effects [24]. Ectoine is a natural compound found in
extremophiles [25]. It is a compatible solute, which means it may accumulate in cells at high
concentrations without impairing cellular functions. Ectoine acts as a kosmotrope and protein
stabilizer, boosting hydrophobic contacts and folding, and stabilizes cell membranes [26]. Additional
beneficial effects include anti-inflammatory properties, via deactivation of the pro-inflammatory
transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), and anti-
oxidant properties, through elimination of hydroxyl radicals. In this study, we explored the potential
compensatory effects of ectoine on the autophagic deficit in the MDX.

2. Results

The autophagic proteome of skeletal muscle tissues from healthy control mice (BL 10) was
compared to that of MDX with or without ectoine treatment, employing western blotting techniques
to pick up quantitative differences, and immunofluorescent microscopy to study tissue distribution.

2.1. Changes to the Proteome in MDX Compared to Wild Type

Proteins levels of ATG5, ATG7, LC3 and PRKN were compared in extensor digitorum longus
(EDL) from BL 10 and MDX mice at 26 weeks of age. The increased ratios of LC3 Il over LC3 I of MDX
reached statistical significance (Figure 1).
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Figure 1. Protein levels in extensor digitorum longus muscle of 26-weeks-old mice. Four total
protein samples were prepared from individual healthy controls (BL 10) and MDX mice. (A) Proteins
bands for autophagy related 5 (ATG5), autophagy related 7 (ATG?7), Microtubule-associated protein
1A/1B-light chain 3 (LC3) and parkin (PRKN) are shown. (B) Graphic representation of protein levels
reported as relative values to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Significant
difference was observed in the ratio of phosphatidylethanolamine conjugated LC3 (LC3 II) over
unconjugated LC3 (LC3 I), p=0.03 (*) between the BL 10 and MDX group, tested with unpaired t test.
Other protein levels were not significantly different (ns). Graphs and statistical analyses were
generated with GraphPad Prism. Full blots and GAPDH blots are provided as a supplement.

2.2. Tissue Expression Patterns of Autophagy-Related Proteins in MDX Compared to Wild Type

In soleus (SOL) and tibialis anterior (TA) muscles from BL 10, homogeneous sarcoplasmic
staining for the ATG16L1 subunit of the E3-like enzyme complex ATG12-ATG5-ATG16L1 could be
observed. In MDX, co-staining with neural cell adhesion molecule (NCAM) indicated reduced
expression levels in regenerating muscle fibers, most particular in clusters of small fibers (Figure 2C).
Staining patterns of ATG5, ATG7 and PRKN appeared similar between BL 10 and MDX, showing
constitutive muscle fibers staining with accentuation at the sarcolemma (data not shown). In MDX
tissues, immunostaining for heat shock protein 70 (HSP70), SQSTM1 and LC3 II was increased
compared to BL 10. Strong sarcoplasmic expression of HSP70 chaperones could be observed in
necrotic muscle fibers (Figure 2F), while a subset of muscle fibers stained strongly for SQSTM1, of
which the majority were NCAM negative (Figure 2I).
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Figure 2. Immunofluorescent staining in soleus muscle of 4-weeks-old (A-C) and tibialis anterior
muscle of 12-weeks old (D-I) MDX. (A) Sarcoplasmic staining for autophagy related 16 like 1
(ATG16L1; AlexaFluor 488, green) is observed in most muscle fibers (B) Strong staining for neural cell
adhesion molecule (NCAM; CY3, red) is present in a cluster of small perifascicular muscle fibers (C),
and in these muscle fibers ATG16L1 is absent (D). Strong sarcoplasmic heat shock protein 70 (HSP70)
staining (CY3, red) in a necrotic muscle fiber. (E) Macrophages are identified as F4-80 positive
(AlexaFluor 488, green) (F) Double staining shows HSP70 positivity in the muscle fiber’s sarcoplasm
and in part of the macrophages. (G) The sarcoplasm of a muscle fiber stains strongly for SQSTM1
(AlexaFluor 488, green). Several NCAM positive (CY3, red) muscle fibers can be observed in the
vicinity (H), while the SQSTM1 positive muscle fiber is NCAM negative (I). Scale bars=100uM (A-C)
50pm (D-I).

2.3. Changes to the Skeletal Muscle Proteome of Ectoine-Treated MDX

Protein levels of ATG5, ATG7, LC3 II, SQSTM1 and PRKN were evaluated in EDL muscle from
BL 10 and MDX treatment groups (Figure 3). ATG5 levels were significantly higher in MDX treated
with ectoine in the drinking water (DW ECT) compared to BL 10, and between MDX treated with
ectoine via intraperitoneal injection (IP ECT) and DW ECT.
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Figure 3. Protein levels in extensor digitorum longus muscle of untreated and ectoine-treated mice.
Two total protein samples were prepared per group by pooling muscles from two individual mice.
(A) Protein bands for autophagy related 5 (ATG5), autophagy related 7 (ATG?7), Microtubule-
associated protein 1A/1B-light chain 3 conjugated to phosphatidylethanolamine (LC3 II),
sequestosome 1 (SQSTM1) and parkin (PRKN) are shown in control black 10 mice (BL 10), MDX
treated with ectoine in the drinking water (ECT DW), ectoine administered via intraperitoneal
injection (ECT IP), and intraperitoneal saline (SAL IP) serving as a treatment control. (B) Graphic
representation of protein levels reported as values relative to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Significant changes were observed for ATG5 levels, with adjusted p=0.02
between BL 10 and MDX DW ECT (*), and p=0.04 between MDX IP ECT and MDX DW ECT (¥), tested
with Brown-Forsyth and Welch ANOVA for multiple comparisons. Graphs and statistical analyses
were generated with GraphPad Prism. Full blots and GAPDH blots are provided as a supplement.

The levels of HSP70, voltage dependent anion channels (VDAC), PRKN, LC3 II, SQSTM1 and
Ser366 phosphorylated SQSTM1 (p-SQSTM1) were evaluated in gastrocnemius (GAS) muscle from
BL 10 and MDX treated with saline or ectoine through intraperitoneal injection (Figure 4). HSP70
chaperone levels were significantly elevated in MDX IP ECT compared to BL 10. Between those
groups, p-SQSTM1 levels were also significantly increased, and the increase remained significant
when calculated as a ratio of phosphorylated over total SQSTM1 protein levels. VDAC levels were
not significantly reduced in MDX, and were unchanged in treated mice.
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Figure 4. Protein levels in gastrocnemius muscle of untreated and ectoine-treated mice. Total
protein samples were prepared from three individual mice per group. (A) Protein bands for heat
shock protein 70 (HSP70), voltage dependent anion channels (VDAC), parkin (PRKN), Microtubule-
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associated protein 1A/1B-light chain 3 conjugated to phosphatidylethanolamine (LC3 II),
sequestosome 1 (SQSTM1) and SQSTM1 phosphorylated on its Ser366 residue (p-SQSTM1) are shown
in control black 10 mice (BL 10) and in MDX administered saline (SAL) or ectoine (ECT)
intraperitoneally (IP). (B) Graphic representation of protein levels reported as relative values to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Significant changes were observed for
HSP70, between BL 10 and MDX IP ECT, with adjusted p=0.009 (**). p-SQSTM1 levels were also
significantly increased, with adjusted p=0.003 between BL 10 and MDX IP ECT (**), which remained
significant when calculated as a ratio of phosphorylated over total SQSTM1 protein levels, with
p=0.006 (**). Graphs and statistical analyses with Brown-Forsyth and Welch ANOVA for multiple
comparisons were generated with GraphPad Prism. Full blots and GAPDH blots are provided as a
supplement.

2.4. Changed Tissue Expression Patterns of Autophagy-Related Proteins in Ectoine-Treated MDX

As could be expected, muscle-infiltrating inflammatory cells were much more abundant in TA
from MDX compared to BL 10, however, large variations of macrophage abundance were observed
between individual MDX. Nonetheless, a tendency for larger numbers of macrophages was observed
in TA from MDX ECT DW (Figure 5E). TA from BL 10 was mostly LC3 II negative, except for
infrequent partial staining of the sarcolemma of muscle fibers (Figure 5B). In MDX tissues, LC3 II
staining on muscle fibers was discretely increased. Necrotic invaded muscle fibers were mostly LC3
II negative (Figure 5D), while subsets of small muscle fibers stained strongly (Figure 5F), with such
fibers more frequently encountered in MDX ECT DW. Staining patterns of HSP70 and SQSTM1 were
similar between untreated and the different MDX treatment groups (data not shown).

A B

Figure 5. Inmunofluorescent staining for LC3 II in tibialis anterior muscle of healthy controls (BL 10)
(A-B) and ectoine-treated MDX (C-F). Macrophages (AlexaFluor 488, green) were co-stained for
1A/1B-light chain 3 conjugated to phosphatidylethanolamine LC3 II (CY3, red). Low numbers of
endomysial macrophages in a BL 10 tissue (A), with infrequent partial sarcolemmal LC3 II staining
on some muscle fibers (B). In an MDX treated with intraperitoneal ectoine, macrophage staining
localizes a necrotic invaded muscle fiber (C), which is LC3 Il negative (D) (asterisk). In an MDX treated
with ectoine in the drinking water, macrophages are abundant (E) A small muscle fiber surrounded
by an inflammatory infiltrate is strongly LC 3 II positive (F) (arrow). Scale bars=50pum.
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2.5. Changes to the Mitochondrial Proteome in Ectoine-Treated MDX

To evaluate mitophagy in ectoine-treated MDX, mitochondrial protein fractions were prepared
from soleus (SOL) muscle samples and protein levels of HSP70, VDAC, PRKN and LC3 were
determined (Figure 6). Significantly increased LC3 II levels were observed between MDX IP ECT and
MDX DW ECT, yet the difference was no longer significant when calculated as a ratio of LC3 II over
LC3 I. Our attempts to quantify SQSTM1 in mitochondrial extracts were unsuccessful, hence no
comparison of SQSTM1 levels between the treatment groups could be made.
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Figure 6. Mitochondrial protein levels in soleus muscle of untreated and ectoine-treated mice. Two
mitochondria-enriched protein samples were prepared per group by pooling soleus muscle from four
individual mice (except for the second BL 10 sample which was prepared from three mice). (A) Protein
bands for heat shock protein 70 (HSP70), voltage dependent anion channels (VDAC), parkin (PRKN),
Microtubule-associated protein 1A/1B-light chain 3 (LC3) are shown in control black 10 mice (BL 10)
and in MDX administered saline (SAL), or ectoine (ECT) intraperitoneally (IP) or in the drinking water
(DW). (B) Graphic representation of protein levels reported as relative values normalized to total
protein content. Significant changes were observed for LC3 II levels, with adjusted p=0.01 between
MDX IP ECT and MDX DW ECT (*), significance did not remain when calculated as a ratio of LC3 II
over I. Graphs and statistical analyses with Brown-Forsyth and Welch ANOVA for multiple
comparisons were generated with GraphPad Prism. Full blots are provided as a supplement.

3. Discussion

In addition to boosting the levels of functional dystrophin protein, targeting other DMD-
associated pathogenic mechanisms represent valuable therapeutic strategies in their own right. In
this respect, immunosuppressive therapy has been proven unsurpassable. Inflammatory processes
aggravate muscle tissue damage and need to be restrained, notwithstanding the reparative and
myogenic functions that represent the good side of the inflammatory coin and need to be preserved.
More successful treatment of DMD would therefore need to address tissue recovery deficits in a
balanced and targeted way. With the current study, we looked more closely into the therapeutic
potential of ectoine, an osmolyte with many characteristics beyond osmoregulation of potential
benefit to DMD. In analogy with taurine [27], ectoine might also exhibit regulatory effects on
autophagic processes.

When muscle tissues face severe and persistent stress, autophagic removal of damaged cell
material is essential for recovery, yet dystrophin deficiency has repeatedly been linked to insufficient
activation of restorative programs. In order for autophagy to be efficacious, a multitude of involved
factors need to tightly work together to match the cell’s needs, and ATG proteins are critically
involved. The significantly higher ATG5 protein levels in MDX treated with ectoine in the drinking
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water we report in this study are of potential benefit to tissue recovery. Decreases of ATG5 have been
linked to ageing-associated cell damage [28] and ATG5 overexpression increases lifespan in mice [29].
In addition, in vitro studies with ATG5 siRNA showed autophagy dysregulation and interference
with myogenic differentiation [30]. Skeletal muscle is a dynamic tissue and it appears expression of
ATGs requires regulation during muscle tissue remodeling. We report loss of ATG16L1 expression
in small regenerating muscle fibers, which further implicates ATG protein complex reorganization in
myogenesis. In mice, a Atg16L1 gene defect causes muscle atrophy [31], and ATG16L1 is involved in
cellular homeostasis through regulation of inflammatory repertories [32]. Complex regulation of
ATG proteins in muscle remodeling is accomplished further via fine-tuning of gene expression by
non-coding micro-RNAs (miRNAs). The increased levels of miR-106b observed in DMD [33] are of
special interest, due to a negative impact on muscle tissue regeneration [34], hence it has been
proposed as a putative therapeutic target [35]. MiR-106b interacts with multiple autophagy-related
genes, thus playing an integral part in autophagy regulation, and a direct interaction with the
ATG16L1 mRNA 2'UTR has been shown [36].

The dysregulation of autophagic markers in MDX is described to be complex, and age-and
tissue-dependent [9]. In this respect, the young age of mice in this study is of importance, as this
represents the most active disease phase in regards to skeletal muscle degeneration and regeneration.
In accordance, our earlier study found significant 2.2-fold increased levels of HSP70 chaperones in
TA from MDX compared to BL 10 specifically at age 4 weeks, later returning to levels of healthy
controls [37]. HSP70 chaperones are important decision-making proteins that destine proteins to
repair or destruction [38] and closely work together with autophagic factors. In the current study, we
observed a significant increase of HSP70 protein levels in MDX treated with intraperitoneal ectoine,
which could potentially be of benefit to tissue recovery. An additional protective effect of HSP70
concerns the mitochondria in particular. Tumoral cells have been described to possess elevated
mitochondrial HSP70 levels, and in these cells HSP70 inhibition disturbs mitochondrial function
through the accumulation of polyubiquitylated proteins [39]. Unlike the increased total HSP70 levels
observed in TA, we could not show a concomitant increase of mitochondrial HSP70 levels in SOL
from ectoine-treated MDX, which indicates the mitochondrial chaperone machinery might not be
activated.

An important autophagy substrate selector is LC3, of which altered activation has been reported
in MDX (Table 1) [40-47]. We observed significantly increased LC3II/I ratios in EDL muscle of 26-
weeks-old MDX compared to age-matched healthy controls. We noted significantly increased
mitochondrial LC3 II levels in SOL muscle from MDX treated with ectoine in the drinking water. Due
to concomitant higher levels of LC3 I, the LC3 II/I ratio was, however, unaltered.

Table 1. Comparison of microtubule-associated protein 1A/1B-light chain 3 and sequestosome 1
protein levels between healthy mice (BL 10) and MDX.

Marker Muscle Age Regulation Reference

LC31 gastrocnemius 11 months D2-MDX > BL 10 [40]

diaphragm 11 months D2-MDX > BL 10 [40]

heart 7 weeks MDX =BL 10 [41]

heart 5.5 months MDX > BL 10 [42]

heart 14 months MDX = BL 10 [41]

heart 17 months MDX =BL 10 [41]

LC31I tibialis anterior 5.5 months MDX >BL 10 [43]
extensor digitorum longus 5 weeks MDX*=BL 10 this study
gastrocnemius 5 weeks MDX*=BL 10 this study

gastrocnemius 11 months D2-MDX = BL 10 [40]

diaphragm 11 months D2-MDX = BL 10 [40]

heart 7 weeks MDX = BL 10 [41]

heart 5.5 months MDX > BL 10 [42]

heart 12 months MDX > BL 10 [44]
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heart 14 months MDX < BL 10 [41]

heart 17 months MDX < BL 10 [41]

LC31I/1 quadriceps 5.5 months MDX > BL 10 [14]

tibialis anterior 4 months MDX > BL 10 [45]
extensor digitorum longus 6.5 months MDX > BL 10 this study

gastrocnemius 11 months D2-MDX = BL 10 [40]

soleus 3.5 months MDX <BL 10 [46]

diaphragm 6 weeks MDX > BL 10 [47]

diaphragm 3 months MDX>BL 10 [47]

diaphragm 4 months MDX > BL 10 [45]

diaphragm 11 months D2-MDX = BL 10 [40]

heart 14 months MDX = BL 10 [41]

SQSTM1 quadriceps 5.5 months MDX > BL 10 [14]

tibialis anterior 4 months MDX > BL 10 [45]

tibialis anterior 5.5 months MDX > BL 10 [43]
extensor digitorum longus 5 weeks MDX*=BL 10 this study
gastrocnemius 5 weeks MDX*=BL 10 this study

gastrocnemius 11 months D2-MDX < BL 10 [40]

soleus 3.5 months MDX >BL 10 [46]

diaphragm 4 months MDX > BL 10 [45]

diaphragm 11 months D2-MDX > BL 10 [40]

heart 7 weeks MDX = BL 10 [41]

heart 5.5 months MDX > BL 10 [42]

heart 12 months MDX >BL 10 [44]

heart 14 months MDX = BL 10 [41]

heart 17 months MDX =BL 10 [41]

! Abbreviations: microtubule-associated protein 1A/1B-light chain 3 unconjugated (LC3 I) and conjugated to
phosphatidylethanolamine (LC3 II), sequestosome 1 (SQSTM1). MDX crossed into the DBA/2] genetic
background (D2-MDX). MDX treated with intraperitoneal saline (MDX¥).

Altered levels of the autophagy receptor SQSTM1 have been shown in MDX muscle tissues
(Table 1). Interpretation can, however, be tricky, as SQSTM1 steers its own degradation, and
increased SQSTML1 levels could therefore point to dysfunctional autophagosome accumulation and
impaired clearance. In addition, the autophagic deficit in DMD patients and MDX may not be
reflected by concomitant decreases in gene as well as protein expression levels. Similar or
significantly decreased SQSTM1 mRNA levels were consistently accompanied by significantly
increased protein levels in MDX quadriceps [14], tibialis anterior [43] and diaphragm [48]. In control
MDX of 5 weeks old, SQSTM1 upregulation did not reach significance in this study, but we did detect
significantly increased levels of Ser366 phosphorylated SQSTM1 in GAS muscle from MDX treated
with intraperitoneal ectoine. This is of interest, as, in addition to regulation by transcriptional
activation, post-translational regulatory mechanisms may also influence autophagic processes.
Ser366 is a major phosphorylation site for the TANK binding kinase 1 (IBK1), a kinase at the
crossroads between immunity and autophagy. TBK1 is critically involved in mitophagy via its
recruitment to damaged mitochondria [49], activating their selective removal through its association
with autophagy adaptors including SQSTM1 [50]. Ser366 phosphorylation renders SQSTM1 more
stable [51], which can be of benefit to the muscle tissue in this early stage of active disease. Of note,
TBK1 defects have been associated with neurodegenerative disorders [52].

The changes of autophagy-related proteins we report here appear, in essence, an appropriate
attempt to restore disease-associated tissue damage. The question remains whether the MDX skeletal
muscle’s responses can lead to success or, on the contrary, are in fact counterproductive. More so
than their individual levels, if appears that the autophagic proteome needs balanced activation to
perform its restorative functions. Orchestrated activities of LC3 II and SQSTM1 in particular seem
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crucial autophagy controllers in muscle tissue repair and differentiation. In vitro experiments
determined autophagic activities in myoblasts are low, accelerating upon differentiation to
myotubes, mostly in the earliest phase, with increased LC3 II and decreased SQSTM1 levels. Later in
the process, LC3 II decreases and SQSTM1 increased [53]. In the response to cell stress, high levels of
LC3 II that co-exist with low levels of SQSTM1 are regarded an indication of proper autophagic
function. Therefore, we calculated the ratio of LC3 II over SQSTM1 as relative to the ratio in healthy
control mice, providing a theoretical measure of the autophagic flux in MDX muscle tissues (Figure
7). Due to the small sample of this explorative study, statistical significance could not be achieved,
however, the increased ratios were conspicuous in muscle from ectoine-treated MDX. While reduced
in MDX treatment controls (0.7 in EDL and 0.8 in GAS), increased ratios were noted with
intraperitoneal ectoine (1.8 in EDL and 1.4 in GAS) and ectoine in drinking water (1.2 in EDL). Our
results support the hypothesis that ectoine supplementation could aid to alleviate progressive muscle
damage in the MDX via a compensation of the autophagic deficit, potentially improving clearance of
defective cellular components.

EDL GAS

e =3 MDX IP SAL
§ =1 MDX IP ECT
= 201 =1 MDX DW ECT
=
g H
< ]
T 10- . .
o =
et
>  05-
=
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Figure 7. Autophagic flux in MDX and response to ectoine treatment. Theoretical autophagic flux
calculated as the ratio of microtubule-associated protein 1A/1B-light chain 3 conjugated to
phosphatidylethanolamine (LC3 II) over sequestosome 1 (SQSTM1), presented as relative to the ratio
in healthy control mice set to 1.0. Autophagic flux is diminished in gastrocnemius (GAS) and extensor
digitorum longus (EDL) muscle of MDX administered saline (SAL), but is increased in MDX treated
with ectoine (ECT) intraperitoneally (IP) or in the drinking water (DW). Graphs were generated with
GraphPad Prism.

4. Materials and Methods

4.1. Animal Care, Treatment and Muscle Sampling

C57BL/10ScSn-Dmdmdx/] (MDX) mice and C57BL/10Sn] control mice (BL 10) were bred at the
central animal facility of Ghent University. Experimental procedures were performed in accordance
with ARRIVE guidelines and were approved by the Animal Ethics Committee of Ghent University.
All animals had access to food and water ad libitum.

MDX were divided into four groups. Control MDX aged between 4 and 26 weeks old were
included that received no treatment. Treatment was initiated one week after birth by adding ectoine
to the drinking water (#150 mg/kg) for 2 weeks. A group of MDX continued to receive ectoine in
drinking water (= 1.08 g/kg), another group from then on received daily intraperitoneal injections of
ectoine (= 177 mg/kg). A treatment control group received daily intraperitoneal injections of saline.
Both male and female mice were included in this study.

At age 5 weeks, cervical dislocation was performed. From hind limbs, gastrocnemius (GAS),
tibialis anterior (TA), soleus (SOL) and extensor digitorum longus (EDL) muscles were dissected and
snap-frozen for western blotting, or embedded in Tissue-Tek (Sakura) and submerged in nitrogen-
cooled isopentane for immunofluorescence. All materials were stored at -80°C until used.
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4.2. Protein Sample Preparation

For total protein preparations, GAS and EDL muscles were ground in a glass-glass tissue grinder
in an equal volume of extraction buffer (RIPA buffer (50 mm TrisHCI, 150 mM NaCl, 2.5% NP40,
2.5% Na-deoxycholate, 0.1% sodium dodecyl sulphate pH 7.4)) supplemented with complete
protease inhibitor cocktail (Merck). Samples were centrifuged at 10000g for 15min at 4°C, supernatant
was collected and protein concentration was estimated based upon 260/280nm absorbance using the
Biodrop pLite device (Fisher Scientific).

For mitochondrial protein preparations, a published protocol of sequential centrifugation was
employed [54], with some modifications. Briefly, SOL muscle was ground in STM buffer (250mM
sucrose, 50mM tris-HCl, 5mM MgCl: pH7 .4), left on ice for 10min and centrifuged at 800g for 20min.
The pellet was resuspended in STM buffer and centrifuged 10min at 11000g. The pellet was
resuspended in SOL buffer (50mM tris-HCI, ImM EDTA, 0.5% triton-X-100 pH6.8) and centrifuged
for 10min at 800g. The supernatant was collected, representing the mitochondria-enriched protein
fraction.

4.3. Western Blotting

Total protein samples were diluted to a protein concentration of 1500 pg/ml in lithium dodecyl
sulfate buffer with reducing agent added, boiled for 2min, 20ul was loaded onto NuPAGE 10% bis-
tris gels for electrophoresis in MOPS buffer, and transferred to nitrocellulose membrane via
electroblotting (Thermo Fisher Scientific). The membrane was subjected to a sequential western
blotting protocol, in which the protein of interest was imaged first via chemiluminescent detection,
and housekeeping protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) second using
chromogenic detection on the same blot. For this purpose, the membrane was incubated 1h with milk
blocking solution composed of tris-buffered saline with 0.1% tween20 (TBST) with 0.2% non-fat dry
milk, washed with TBST, and incubated with primary antibodies in milk blocking solution overnight.
The following primary antibodies and concentrations were used: 0.2pg/ml rabbit monoclonal anti-
ATGS (D5F5U), 0.03 pg/ml rabbit monoclonal anti-ATG7 (D12B11), 0.04ug/ml rabbit polyclonal anti-
PRKN, 0.07ug/ml rabbit monoclonal anti-SQSTM1 (D6M5X), 0.03ug/ml rabbit polyclonal anti-p-
SQSTM1, 0.1ug/ml rabbit polyclonal anti-VDAC (Cell Signaling Technologies), rabbit monoclonal
anti-LC3 II (ab192890) (Abcam); 2pg/ml rabbit polyclonal anti-HSP70 (R&D Systems). Membranes
were washed with TBST and incubated with 0.5ug/ml horseradish peroxidase-labeled goat anti-
rabbit (Sigma Aldrich) for 1h. Protein bands were visualized with chemiluminescent ECL Pierce
substrate (Thermo Fisher Scientific) using the Chemidoc Imaging System (Bio-Rad Laboratories).
Subsequently, using the same blot was incubated with 0.2ug/ml rabbit polyclonal anti-GAPDH
(ab9485) (Abcam) for 1h and was detected with alkaline phosphatase-linked anti-rabbit secondary
antibody using the Western Breeze kit (Thermo Fisher Scientific). Density of proteins was quantified
with Gene tools software (Syngene) and calculated relative to GAPDH levels to correct for protein
loading differences between samples.

Mitochondrial protein samples were resolved in Laemmli buffer containing 2-mercapto-ethanol,
boiled for 2 min and loaded onto 4-20% Mini-Protean TGX Stain-Free gel for electrophoresis. Proteins
were transferred to ethanol-treated low fluorescent polyvinylidene membrane (Bio-Rad
Laboratories) and incubated overnight with primary antibodies at the same concentrations as
specified for total protein samples. Protein bands were visualized with horseradish peroxidase-
conjugated secondary antibodies (Sigma Aldrich) and chemiluminescent ECL Pierce substrate
(Thermo Fisher Scientific) using the Chemidoc Imaging System (Bio-Rad Laboratories). Densities
were quantified with Image-Lab 6.0 software, normalized to total protein using Stain-Free technology
(Bio-Rad Laboratories).

4.4. Statistical Analysis

Statistical analysis was performed with GraphPad Prism. For the comparison of two
independent measurements with normal distribution, the unpaired t test was used. For three and
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four sets of unpaired measurements with Gaussian distribution and unequal variances, the Brown-
Forsyth and Welch ANOVA test for multiple comparisons was used.

4.5. Immunofluorescent Staining

8um frozen sections were cut from TA and SOL muscle, permeabilized for 2min in cooled
acetone, and incubated in phosphate-buffered saline (PBS) with 2% bovine serum albumin, 10% heat-
inactivated human and 5% donkey serum (PBS/BSA/HD) blocking solution for 30min. Primary
antibodies were diluted in PBS/BSA/HD and incubated for 3h in the following concentrations:
1.1pg/ml rabbit monoclonal anti-ATG5 (D5F5U), 0.2ug/ml rabbit monoclonal anti-ATG7 (D12B11),
0.9ug/ml rabbit monoclonal anti-ATG16L1 (D6D5), 0.2ug/ml rabbit polyclonal anti-PRKN, 1ug/ml
rabbit monoclonal anti-LC3 II (D11), 0.5pg/ml rabbit monoclonal anti-SQSTM1 (D6M5X) (Cell
Signaling Technologies), 10ug/ml rabbit polyclonal anti-HSP70 (R&D Systems), 5ug/ml rat anti-F4/80
(Abcam) and 2.5pg/ml goat polyclonal anti-NCAM (R&D Systems). Sections were rinsed three times
with PBS and incubated for 30min with secondary antibodies: 0.25ug/ml donkey anti-rabbit
AlexaFluor 488 conjugated (Thermo Fisher Scientific) and 0.25ug/ml donkey anti-goat CY3
conjugated (Jackson Laboratories) diluted in PBS. Sections were rinsed three times with PBS and
mounted with Fluoromount G (Thermo Fisher Scientific). Staining was visualized under a fluorescent
microscope (Carl Zeiss) and imaged using Cell F Software (Olympus Life Science).

5. Conclusions

Adding to ectoine’s anti-inflammatory and anti-oxidative capacities, we here report potentially
beneficial alterations to the autophagy-related proteome of MDX skeletal muscle in an explorative
study with short-term treatment starting from birth. Caution is, however, due when interpreting the
dynamic process of autophagy through interpretation of results obtained through static snapshots.
Nonetheless, our results warrant further exploration of the osmolyte ectoine as a therapeutic
supplement for DMD, envisioning autophagic activity might be boosted to sufficient levels for
improving clearance of defective cellular components. As autophagic deficits are regarded
complicators of tissue recovery in various neuromuscular disorders [55], including also muscular
dystrophies due to COL6 [56] and DYSF [57] deficiencies, our findings allow expansion beyond DMD
treatment.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Full blots for panels in Figures 1, 3, 4 and 6.
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