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Abstract

Limb-girdle muscular dystrophy (MD) type 2B (LGMD2B) and Duchenne MD (DMD) are caused by mutations to the
Dysferlin and Dystrophin genes, respectively. We have recently demonstrated in typically mild dysferlin- and dystro-
phin-deficient mouse models that increased plasma cholesterol levels severely exacerbate muscle wasting, and that
DMD patients display primary dyslipidemia characterized by elevated plasma cholesterol and triglycerides. Herein,
we investigate lipoprotein abnormalities in LGMD2B and if statin therapy protects dysferlin-deficient mice (Dysf) from
muscle damage. Herein, lipoproteins and liver enzymes from LGMD2B patients and dysferlin-null (Dysf) mice were
analyzed. Simvastatin, which exhibits anti-muscle wasting effects in mouse models of DMD and corrects aberrant
expression of key markers of lipid metabolism and endogenous cholesterol synthesis, was tested in Dysf mice. Muscle
damage and fibrosis were assessed by immunohistochemistry and cholesterol signalling pathways via Western blot.
LGMD2B patients show reduced serum high-density lipoprotein cholesterol (HDL-C) levels compared to healthy con-
trols and exhibit a greater prevalence of abnormal total cholesterol (CHOL)/HDL-C ratios despite an absence of liver
dysfunction. While Dysf mice presented with reduced CHOL and associated HDL-C and LDL-C-associated fractions,
simvastatin treatment did not prevent muscle wasting in quadriceps and triceps muscle groups or correct aberrant
low-density lipoprotein receptor (LDLR) and 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) protein
expression. LGMD28B patients present with reduced serum concentrations of HDL-C, a major metabolic comorbid-

ity, and as a result, statin therapy is unlikely to prevent muscle wasting in this population. We propose that like DMD,
LGMD2B should be considered as a new type of genetic dyslipidemia.
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Introduction

Muscular dystrophies (MD) are a heterogeneous group
of muscle wasting disorders. Limb-girdle muscular dys-
trophy (MD) type 2B (LGMD2B) is caused by mutations
to the Dysferlin gene, whereas the more common and
severe Duchenne MD (DMD) is caused by mutations to
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trafficking of surface-bound proteins [3]. Loss of normal
dysferlin expression or activity causes muscle wasting
around early adulthood (10-30 years), ultimately result-
ing in complete ambulatory dysfunction approximately
10-20 years after diagnosis [2]. In contrast, DMD leads
to wheelchair dependency by 12 years of age, due to
profound skeletal muscle wasting and associated cardi-
orespiratory failure [4—6]. Unlike DMD where advances
in pharmacological approaches have helped improve
life expectancy [7-9], there are currently no treatment
options for LGMD2B patients.

Our group has shown using phenotypically mild dys-
ferlin-deficient (Dysf) and dystrophin-deficient (mdx)
mouse models of LGMD2B and DMD that raising
plasma cholesterol via apolipoprotein E (ApoE) inacti-
vation, a key gene involved in lipid metabolism, leads to
the drastic exacerbation of muscle disease severity [10];
indeed, Dysf/ApoE double-knockout (DKO) and mdx/
ApoE double-knockout (DKO) mice display humanized
lipid- or fibrosis-rich muscle infiltrates, severe muscle
wasting, and clinical ambulatory dysfunction, especially
when fed a high-fat diet (HFD) [10], therefore suggest-
ing that dysregulated plasma lipoprotein metabolism
likely plays an exacerbating role in MD-associated muscle
wasting. We further went on to demonstrate in Dysf and
mdx mice that muscle disease severity can be titrated to
plasma lipoprotein content and more importantly miti-
gated in both models using cholesterol blocking agents,
like ezetimibe [11]. From a clinical perspective, we also
reported primary dyslipidemia, including elevated total
cholesterol (CHOL) and triglyceride (TG) levels in
dystrophin-deficient DMD patients [12-14], unmedi-
cated DMD dogs, and heterozygous female carriers [12].
Recent miRNA profiling of plasma from pediatric DMD
patients has also highlighted the dysregulation of genes
that govern lipid metabolism and endogenous choles-
terol synthesis, including sterol-regulatory binding pro-
teins (SREBP) and downstream mevalonate pathway
mediators, such as HMGCR [15]. Two independent lab-
oratories have also reported that the HMGCR inhibitor
simvastatin can effectively prevent adverse cardiac, skel-
etal and diaphragm muscle histopathologies in mdx mice
[15-17]. While this likely occurs in a pleiotropic fashion,
others have stressed that statins are of little therapeutic
value in dystrophin-deficient mdx mice [18-20], which
casted doubts about the true role of endogenous choles-
terol synthesis and statin pleiotropism in MD.

To better understand the clinical relevance of abnormal
lipid handling in settings of dysferlin deficiency, the pre-
sent study compared lipid content of LGMD2B patients
and observed that, in contrast to DMD, both male and
female LGMD2B patients displayed significant reduc-
tions in HDL-C levels when compared to controls. While
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Dysf mice exhibited lower CHOL and associated LDL-C
and HDL-C fractions compared to WT mice, their mus-
cle tissues show heightened HMGCR and LDLR protein
expression. Despite lowering CHOL, statin pleiotropism
had no beneficial effects on histological markers of mus-
cle wasting in Dysf-deficient mice. DMD and LGMD2B
may be considered a new heterogenous family of primary
genetic dyslipidemias.

Materials and methods

Human samples and serology

Serum samples from LGMD2B and age-matched controls
were obtained from the MRC Biobank for Rare and Neu-
romuscular Diseases curated at Newcastle University.
The National Research Ethics Service (NRES) Committee
Newcastle and North Tyneside 1 approved prior collec-
tion of samples from all patients with informed consent
for research use (REC number: 19/NE/0028). Age, sex,
medication use, and 10-m timed walk test data sets for
the LGMD2B patients included in this study were retro-
spectively obtained from the clinical outcome study for
dysferlinopathy (COS) study records. Sera from patients
taking cholesterol-lowering drugs (including statins and
ezetimibe) or steroids were excluded from selection. Of
note, lipoprotein levels are shown to change minimally
in response to food intake (triglycerides show the most
variation although at maximum 20% or + 0.3 mmol/L)
[21, 22]. Whole blood was centrifuged at 2850 g for 10
min, the supernatant plasma removed, stored at —80 °C
pending use and later processed at UBC-affiliated St.
Paul’s Hospital (Human Ethics no. H19-01573) on a Sie-
mens Advia 1800 system for CHOL, HDL-C, and triglyc-
erides (TG) [10, 23]. Low-density lipoprotein (LDL-C)
cholesterol was calculated using the formula: TC-HDL-
C-(TG/2.2). Murine plasma was collected in heparin-
ized tubes via cardiac puncture of anesthetised mice,
spun down at 4000 RPM for 10 min at 4 °C, and stored
at —80 °C. Samples were processed as mentioned above
with minor modifications. Normal plasma lipid levels in
adult men and women > 20 years were described as fol-
lows: TC (< 5.2 mmol/L), LDL-C (< 3.4 mmol/L), HDL-C
(> 1.03 mmol/L in men and >1.3 mmol/L in women), and
nonHDL-C (< 4.1 mmol/L) [21, 22, 24]. Given the post-
prandial effects on circulating TG levels, normal ranges
were capped at < 1.7 mmol/L for men and 1.46 mmol/L
for women based on comparative studies characterizing
fasting and non-fasting plasma TGs in adults [21, 22, 24].

Animal models and husbandry

All animals were housed in a 12-h/12-h light/dark cycle,
temperature-regulated facility. All animal procedures
were approved by the UBC Animal Care and Ethics Com-
mittees, and all experimental procedures conformed
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to the Declaration of Helsinki. Experimental male and
female Dysf-deficient (Dysf; B6.129-Dysf™ ™) and
wild-type (WT) C57BL/6 mice were obtained by in-
house breeding and genotyped [10, 23, 25]. Dysf and
C57BL/6 mice were supplemented ad libitum with either
a regular chow (CHOW; LabDiet 5001) or a high-fat diet
(HED; Envigo, TD.88137; 0.2% total cholesterol, 21% total
fat, and 34% sucrose by weight) in order to replicate both
normolipidemic and hyperlipidemic conditions. Dietary
interventions were started at 2 months of age. Simvasta-
tin (JAMP Pharma) was formulated and administered in
drinking water as previously described [16, 17]. Briefly,
50 mg of simvastatin was dissolved in 1 ml EtoH to acti-
vate and solubilize the active (hydroxyl acid) form of sim-
vastatin before adding to 1 L of alkaline drinking water
(pH~10) [16, 17]. Mice were treated simvastatin (start-
ing at 2 months of age), and drinking water was changed
twice weekly. Untreated mice received normal alkaline
drinking water.

Gait tracking

Analysis of gait was completed from ink imprint of hind
paws recorded on paper from mice traversing a 1.5-m
distance. Step length was defined as the distance between
two consecutive imprints from the same foot. Areas in
which a mouse paused were not included, and overall
step length per mouse was averaged from two to three
replicates. Zeros were given to any animal with loss of
function leading to a complete inability to ambulate.

Tissue processing and immunohistochemistry

Quadriceps, gastrocnemius, tibialis anterior and tri-
ceps muscles, and the liver and epididymal fat pads were
excised and weighed upon sacrifice. Transverse paraffin
sections of quadriceps and triceps muscles were cut (5
pum) and stained with Masson’s trichrome as previously
published [10, 23]. Slides were scanned using an Aperio
digital slide scanner. Fat was quantified by manually
tracing adipocyte containing regions (previously con-
firmed by perilipin staining [10]), and data is expressed
as a percentage of the total muscle area (fat %). Dam-
age was quantified by manually tracing non-myofiber
containing areas (e.g., necrosis and bulk inflammation)
[10], and data is expressed as a percentage of total mus-
cle area (damage %). Quantified areas of fat and damage
were further subtracted from total muscle area and used
to determine the percentage of muscle area occupied by
healthy myofibers (healthy %). The percentage of intra-
muscular collagen deposition or fibrosis was measured
using a positive pixel count algorithm in Aperio Image-
Scope software (hue value of 0.66 and hue width of 0.25)
[10]. Collagen-positive pixel area was calculated by mul-
tiplying the number of positive pixels by pixel area. Pixel
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ratios were individually normalized to the average pixel
ratio of WT Chow muscles to normalize for detection
efficiencies across tissue sections and are thus expressed
as a % of WT Chow values (% normalized).

To quantify intramuscular cholesterol levels, transverse
frozen sections (5 pm) of quadriceps muscles were also
cut and stained with either Filipin (no. SAE0088; SIGMA;
5 mg in 1 ml DMSO) or anti-HMGCR (Invitrogen; no.
PA5-37367). Briefly, muscle sections were cut trans-
versely across the mid-belly, mounted onto tragacanth
gum (no. G1128; SIGMA) and frozen in liquid nitrogen
cooled isopentane. For Filipin, sections were washed in
1X PBS, fixed in 4% PFA in PBS for 15 min, washed in 1X
PBS, and then stained for 45 min in working Filipin solu-
tion (0.2 ml stock solution in 10 ml PBS). Samples were
subsequently washed in 1X PBS, incubated in the nuclei
marker DRAQ7 (no. ab109202; Abcam) for 5 min (1:400
in 1x PBS), and then cover slipped using fluorescent
mounting media (no. $3023; DAKO). Images were taken
on a Zeiss Axio Observer.Z1 microscope and images ana-
lyzed using Image] software. For HMGCR, sections were
washed in 1XPBS, fixed in 4% PFA in PBS for 15 min, and
then washed 3 x 5 min in PBS. Sections were blocked for
1 h at RT in 5% normal goat serum (NGS) in PBS, prior to
incubation with anti-HMGCR (1:200; Thermo Fisher; no.
PA5-37367) overnight at 4 °C. Slides were then washed
with 1x PBS and incubated in block solution containing
secondary antibody (Thermo Fisher no. A-21245) for 1
h at RT. Following antibody incubation, 3 x 5 min PBS
washes were performed, and sections were mounted with
VECTASHIELD Mounting Medium with DAPI (Vec-
tor Laboratories). Images were taken on a Zeiss AXIO
Observer.Z1 microscope and images analyzed using
Zeiss imaging software. Quantification was performed by
taking the mean fluorescence intensity over 4-5 random
images. Sections without incubation in Filipin solution or
HMGCR antibodies were used as a negative control and
are shown as insets where applicable.

Immunoblotting

Briefly, frozen gastrocnemius muscles and liver were
ground in liquid nitrogen, and the powder was homog-
enized in ice-cold PBS, 1% NP40, and 1mM EDTA buffer,
supplemented with complete EDTA-free protease inhibi-
tor and PhosSTOP phosphatase inhibitor tablets (Roche,
Manheim, Germany), and centrifuged at 13,000 g for 20
min at 4 °C and stored at —80 °C until required. Samples
were resolved on 10% SDS-PAGE TGX gels (Bio-Rad)
and transferred onto nitrocellulose membranes using the
Trans Turbo Blot system (Bio-Rad). A total of 30 pg of
protein was loaded for liver and skeletal muscle for both
LDLR and HMGCR Western blots, respectively. For skel-
etal muscle concentrations of total and phosphorylated
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AMPK and rpS6, 50 pg of protein was loaded. Immuno-
blotting was performed with antibodies to LDLR (Pro-
teintech; no. 66414-1-Ig) and HMGCR (Invitrogen; no.
PA5-37367). Antibodies to phosphorylated ribosomal
protein S6(Ser235/236; p-rpS6) (no. 4858), total ribo-
somal protein S6 (no. 2217; t-rpS6), phosphorylated
AMP-activated protein kinase a (Thrl72) (no. 50081;
p-AMPKa) and total AMPKa (no. 5832; t-AMPKa), and
the loading control GAPDH (no. 2118S) were from cell
signaling. After blocking in Tris-buffered saline with 1%
casein (Bio-Rad), primary antibodies incubated in the
same medium with the addition of 0.1% Tween20 each
diluted 1:1000, except GAPDH (1:2500), and detected
using either goat anti-rabbit DyLight680 and anti-mouse
DyLight800 (both from Rockland Immunochemicals, no.
611-144-122 and no. 611-145-121; 1:1500-2500) and LI-
COR Odyssey scanner. A common sample was loaded
onto each gel to normalize for detection efficiencies
across membranes.

Statistical analyses

Statistical analyses are described in the figure legends.
Data were analyzed using GraphPad Prism v6. Data are
mean + SEM. Results with p-values of less than 0.05
were considered statistically significant.

Results

Baseline control and LGMD2B patient characteristics

To assess whether LGMD2B causes lipoprotein abnor-
malities, biobanked serum samples were selected from
LGMD2B and control patients. Population characteris-
tics, age and sex distributions, velocity/speed (m/s) meas-
ures for the time to run/walk 10-m test (TTRW), and
overall ambulatory status (expressed as a %) are listed in
Table 1. As functional TTRW scores were only obtained
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from ambulant patients, and reduced rates of ambulation
were observed in LGMD2B cohorts > 30 years of age,
any patient listed as nonambulatory or unable to walk 10
m with usual orthotics and walking aids was assigned a
velocity or speed value of “0” and included in the analy-
sis, where a reduced walking speed (m/s) is indicative of
poorer ambulatory ability.

Ages of LGMD2B patients with biobanked samples
were between 22-30 years (young) and 41-51 years (old),
with N =42 and N = 33 samples available in each respec-
tive group. Biobanked control serum was also sourced
from N = 14 patients aged between 20 and 39 years
(young) and N = 16 patients aged between 40 and 55
years (old). The mean ages of patients with available sam-
ples were significantly higher in the young control group
than the young LGMD2B patients group for both sexes
(P < 0.05) but was similar among old cohorts (Table 1).
Walking/running speeds in old male and female
LGMD2B patients were 54% and 81% lower than that of
young patients and were associated with an increased
percentage of non-ambulation (Table 1).

LGMD2B patients present with serum HDL-C abnormalities
When serum lipoprotein levels were stratified by sex,
both male and female LGMD2B patients displayed sta-
tistically similar levels of CHOL, LDL-C, and nonHDL-
C compared to their respective controls (Fig. 1A-C).
Interestingly, we observed a 21% and 19% reduction in
LGMD2B serum HDL-C levels in both male and female
LGMD2B patients, respectively (Fig. 1D; P < 0.01). Anal-
ysis of CHOL/HDL-C ratios, a typical indicator of car-
diovascular disease, demonstrated that 73% of male and
50% of female LGMD2B patients had abnormal CHOL/
HDL-C ratios (Fig. 1E). CHOL/HDL-C ratios were also
12% higher in males (ns) and 25% higher in females than

Table 1 Patient characteristics for serum samples of control and LGMD2B patients

Control LGMD2B
Male N Female N Male N Female N
Age (yrs)
Young 324425 323+17 273+ 05% 22 269 £ 0.6% 20
old 48.0 £ 2. 2#i##H# 7 45.8 £ 1.6#### 9 46.3 £ O.8#### 15 47.1 £ O.8##i## 18
TTRW (m/s)
Young N/A N/A 1.1+£02 20 14+£02 20
old 0.6 £ 04# 15 03£0.2# 13
Ambulatory (%)
Young N/A N/A 86% 90%
old 47% 53%

Data are mean =+ SEM. m Meters, sec seconds, % percentage, TTRW time to run/walk 10 m, yrs years. The number of patients (N) who completed each test/assessment
are listed in brackets. Mean values are provided for age and timed tests. Patients listed as nonambulatory were given zeros for TTRW velocity measures. Hash (#)
significantly different from young LGMD2B; P < 0.0001####. Asterisk (*) significantly different from young control (gender matched); P < 0.05%, P < 0.01**
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Fig. 1 Serum lipoprotein and triglyceride distribution in adult control and LGMD2B patients aged > 20 years and stratified by sex. A-F Scatter
plots of control and LGMD2B lipoprotein serum lipoprotein (CHOL, LDL-C, nonHDL-C, HDL-C, and CHOL/HDL-C ratio) and TGs showing values that
fall within and outside of normal adult levels. Two-way ANOVA with Sidak’s post hoc tests were used for direct comparisons between control and
LGMD2B means; *P < 0.05; *P < 0.01; ***P < 0.001. Two-way ANOVA with Sidak's post hoc tests were used for direct comparisons between male and
female means; #P < 0.05; ##P < 0.01; ###P < 0.001. Gray zone denotes normal adult range for each specific parameter. The number of patients falling
outside of normal range (abnormal values) is listed as a percentage. Mean % SEM. Male control (N = 15). female control (N = 15). Male LGMD2B (N

their respective controls (P < 0.05; Fig. 1E). TG levels in
LGMD2B patients of both sexes were not statistically
different from controls (Fig. 1F). When stratified for age
(young vs old), LGMD2B patients displayed similar lev-
els of serum CHOL, LDL-C, and nonHDL-C compared
to age-matched control samples (Fig. 2A—C). Signifi-
cant decreases in mean serum HDL-C, however, were
observed in young LGMD2B females (by 27%), as well as
in older LGMD2B patients regardless of sex (27% male
and 15% female, respectively; Fig. 2D). Similarly, CHOL/
HDL-C ratios were significantly increased in old (21%;
P < 0.05) LGMD2B patients compared to controls, yet
both young and old LGMD2B patients showed an unu-
sually high prevalence of ratio abnormalities (55% young

and 70% old) (Fig. 2E). TG levels were similar across all
cohorts (Fig. 2F).

LGMD2B causes subclinical liver enzyme elevations

To eliminate liver damage as the source of low-serum
HDL-C levels in LGMD2B patients, analyses of serum
gamma-glutamyl transferase (GGT), the most sensitive
enzymatic indicator of liver disease, were performed
in the abovementioned samples (Fig. 3). In the context
of MD, regular markers of liver abnormality including
alanine and aspartate transaminases (ALT and AST)
are typically deemed inappropriate, as transaminases
are also released by muscle cells in response to damage
[26]. When stratified for both age and sex, GGT levels
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Fig.2 Serum lipoprotein and triglyceride distribution in adult control and LGMD2B patients aged > 20 years and stratified by age. A-F Scatter
plots of control and LGMD2B lipoprotein serum lipoprotein (CHOL, LDL-C, nonHDL-C, HDL-C, and CHOL/HDL-C ratio) and TGs showing values
that fall within and outside of normal adult levels. A, B, C, and E Two-way ANOVA with Sidak’s post hoc tests were used for direct comparisons
between control and LGMD2B means; *P < 0.05; **P < 0.01; ***P < 0.001. D and F Two-way ANOVA with Sidak’s post hoc tests were used for direct
comparisons between control and LGMD2B means; #P < 0.05; ##P < 0.01; ###P < 0.001. Gray zone denotes normal adult range for each specific
parameter. The number of patients falling outside of normal range (abnormal values) is listed as a percentage. Mean 4 SEM. A, B, C, and E Young
control (N = 14); old control (N = 16); young LGMD2B (N = 42); old LGMD2B (N = 33). D and F Young male control (N = 8); young female control (N
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15); old female LGMD2B (N = 18)

were increased in young male (by 110%; #ns), young
female (by 122%; ns), old male (by 44%; ns), and old
female (123%; P < 0.05) LGMD2B cohorts compared
to healthy controls (Fig. 3A). Overall, GGT levels in
LGMD2B patients were 59% higher than that of healthy
controls (P < 0.05), although only 13% of all LGMD2B
patients exhibited values that were considered to be
clinically abnormal (Fig. 3B). Moreover, no significant
correlation between serum GGT and HDL-C levels was
observed (Fig. 3C).

Simvastatin did not attenuate murine LGMD2B-associated
disease pathology despite showing biological activity
Since statin inhibition of muscle wasting in dystrophin-
deficient mdx models of DMD remains controversial

[15, 16], we tested simvastatin in the Dysf-null model
of LGMD2B between 2 and 11 months, under both
normolipidemic chow and hyperlipidemic HFD con-
ditions. In Dysf mice, oral administration of simvas-
tatin prevented HFD-induced weight gain (Fig. 4A),
owing to both a reduction in epidydimal fat accumu-
lation and liver enlargement (Supp. Fig. 2), yet simv-
astatin had no effect on ambulatory function and step
length readouts (Fig. 4B). Notably, simvastatin did not
change CHOL, HDL-C, or LDL-C levels in chow-fed
mice and had a minor effect on TGs (Fig. 4C-F). In
HFD-fed animals, Dysf mice showed lower levels of
CHOL, HDL-C, LDL-C, and TGs than their WT con-
trols (Fig. 4C-F), and simvastatin induced a 46% and
43% reduction in plasma CHOL and HDL-C but left
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control (N = 7); young female control (N = 5); old male control (N = 7); old female control (N = 8); young male LGMD2B (N = 20); young female
LGMD2B (N = 19); old male LGMD2B (N = 13); old female LGMD2B (N = 18). B-C Control (N = 27); LGMD2B (N = 70)

TG levels unaffected (Fig. 4C—E). Direct comparisons
between vehicle treated WT and Dysf-null lipid levels
have been included in Supp. Fig. 2A—F. No discernable
effects of simvastatin were observed on body, fat pad, or
liver weights in chow-fed mice or WT controls on either
diet (Supp. Fig. 3A-B).

Despite profoundly affecting body composition and
key metabolic parameters, which confirmed biologi-
cal activity, simvastatin failed to prevent LGMD2B-
associated muscle wasting in quadriceps and triceps
muscles under either dietary condition (Table 2).
Moreover, in quadriceps and triceps muscle sections
stained with Masson’s trichrome, simvastatin was
unable to mitigate LGMD2B-associated fat infiltra-
tion, muscle damage, and collagen deposition in chow
and HFD-fed Dysf mice (Figs. 5A-B and 6A-B). No
detrimental effects of simvastatin on muscle pathol-
ogy were observed in age- and diet-matched WT mice
(Figs. 5A-B and 6A-B).

Dysf deficiency causes overexpression of cholesterol
metabolism regulators in skeletal muscle but not the liver
To further investigate the role of cholesterol in
LGMD2B muscle pathology, we measured muscle pro-
tein levels of HMGCR and LDLR, the main regulators of
nonHDL-C cholesterol metabolism and effectors of sta-
tin bioactivity. Western blot analysis demonstrated that

HMGCR and LDLR protein expression was increased in
gastrocnemius muscles of chow and HFD-fed Dysf mice
compared to diet-matched WT controls, and simvasta-
tin treatment failed to normalize intramuscular levels
of either protein (Fig. 7B). These data were further cor-
roborated using immunofluorescence tissue staining for
both HMGCR and Filipin, the latter of which detects
cholesterol-rich domains as well as intracellular levels
of unesterified-free cholesterol [15]. Filipin staining was
significantly elevated in Dysf-null quadriceps muscle
sections compared to WT under both chow (by 380%;
P < 0.001) and HFD-fed conditions (by 775%; P < 0.001)
(Fig. 8A-B). Similarly, levels of HMGCR were elevated
by 87% (P < 0.05) and 94% (us) in the quadriceps mus-
cles of Chow and HFD-fed Dysf-null mice compared
to WT controls, respectively (Fig. 8A-B). Intramuscu-
lar levels of either protein were again not significantly
reduced following simvastatin treatment (Fig. 8A-B). In
the liver, the main site of whole-body cholesterol regu-
lation, we observed that in contrast to skeletal muscle,
neither HMGCR nor LDLR were affected by genotype,
diet, or simvastatin treatment (Fig. 9A-B). Combined,
these data suggest that loss of dysferlin interferes with
normal muscle expression of mevalonate/ HMGCR and
LDLR, two key regulators of cholesterol metabolism
previously shown to be both elevated in mdx muscle tis-
sues and reduced with simvastatin [15].
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Simvastatin treatment had no effect on mTORC1 or AMPK can promote protein synthesis by phosphorylating
pathway activation in muscle lysates two major targets: S6K1 and 4E-BP1, which can also
mTORCI signalling is a key regulator of protein syn- be assessed downstream by rpS6(Ser235/236) expres-
thesis in skeletal muscle. The activation of mTORCI1, sion [27]. Since simvastatin has been shown to inhibit
either downstream of AKT or directly by nutrients, the phosphorylation of rpS6 (Ser235/236; p-rpS6)
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Table 2 Effect of HFD-feeding and simvastatin treatment on relative muscle weights in C57BL/6 and Dysf-null mice aged 11 months

Vehicle Simvastatin
wr Dysf wr Dysf
Chow
Quadriceps 124+ 04 106+ 04 124+£0.7 102+ 0.8
Gastrocnemius 87 04 94406 87+ 04 82 +0.7
Tibialis anterior 31402 304+02 29+0.1 28£0.1
Triceps brachii 66+£03 71+£03 66£05 64+£04
HFD
Quad 126 +£0.3 93 +0.5* 126 £ 06 9.0+ 0.8*
Gastrocnemius 9.0+£0.2 8.2+ 04* 96+03 7.5+ 04%
Tibialis anterior 27401 28401 30+02 29401
Triceps brachii 6.7+£03 63106 69+03 59+03

Muscle weights (mg) were weighed and quantified relative to tibia length (mm). Data are mean + SEM. Asterisk (*) indicates significantly different compared to
C57BL/6 (WT) cohorts for each listed parameter (¥) P < 0.5; two-way ANOVA with Tukey'’s post hoc tests. No significant differences between Chow and HFD cohorts

were detected; two-way ANOVA with Sidak’s post hoc tests

and mTORCI1 signalling in skeletal muscle and con-
tribute to statin-induced myopathy [28], we therefore
measured rates of p-rpS6 activation in skeletal muscle
lysates of WT and Dysf-null mice treated with simv-
astatin. Western blot analysis demonstrated that sim-
vastatin had no effect on levels of p-rpS6(Ser235/236)
levels when standardized to total rpS6 (t-rpS6) (Supp.
Fig. 4A and B). Levels of total rpS6 levels (t-rpS6)
standardized to GAPDH in Dysf-null tissues were also
unaffected by simvastatin treatment, despite display-
ing increased t-rpS6 protein standardized to GAPDH
when compared to WT muscle (Supp. Fig. 4A and B).
While AMPK phosphorylation is an inhibitory regu-
lator of the mTORC1 pathway [29], in other tissues
(e.g., liver), the phosphorylation of AMPKa(Thr172)
can also directly downregulate HMGCR activity and
thus inhibit intracellular rates of cholesterol synthesis
[30], although it should be noted that studies describ-
ing AMPK-mediated inhibition of cholesterol synthe-
sis are limited. Similarly to mTORCI1 activation, levels
of p-AMPKa(Thr172) standardized to t-AMPKa were
not significantly affected by simvastatin treatment
in WT and Dysf-null mice fed either a chow or HFD
(Supp. Fig. 4A and C). While total amounts of AMPKa
standardized to the loading control GAPDH were sig-
nificantly elevated in both chow and HFD-fed Dysf-null
muscles compared to WT (by 113% and 200%, respec-
tively), expression levels were not sufficient to antago-
nize intramuscular cholesterol synthesis (nor affect
mTORCI basal activation) (Supp. Fig. 4A and C). Fur-
thermore, levels of t-AMPKa were not affected by sim-
vastatin treatment (Supp. Fig. 4A and C).

Discussion

The current study is the first to comparatively ana-
lyze serum lipid profiles from both LGMD2B and
control individuals using routine clinical approaches
and report that LGMD2B patients display significant
reductions in protective HDL-C, regardless of age or
sex differences. Importantly, the comparative assess-
ment of plasma lipid profiles isolated from mice
studied both herein and as previously reported con-
firmed Dysf-associated lipoprotein abnormalities at a
late disease stage [31], providing evidence of a major
metabolic component to LGMD2B. The absence of
clinically elevated GGT in LGMD2B samples argues
against liver damage as its primary cause, and while
transaminases have been reported to be elevated in
LGMD2B, it is typically in response to muscle rather
than liver damage [26]. However, despite significant
genetic heterogeneity between types of MD, we have
also described clinically significant lipoprotein abnor-
malities in human and canine DMD, which together
with the current study support the novel theory that
MDs represent a new class of genetic dyslipidemias.
Indeed, hypercholesterolemia and elevated TG have
also been reported in LGMD type 1C [32] (caveolin-3
mutations) and myotonic dystrophies types 1 and 2
(DMPK and CNBP mutations, respectively) [33, 34] —
although often in the absence of control conditions or
using experimental approaches.

Our analyses paired with that of recent studies sug-
gest that MD correlates with perturbed lipid metabo-
lism regulators, although whether this occurs in
primary or secondary fashion to muscle wasting is
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unknown. Recent miRNA profiling of DMD samples
has highlighted the dysregulation of sterol-regulatory
binding proteins (SREBPs) and downstream mevalonate
pathway mediators, and these findings are further sup-
ported by our current analyzes of HMGCR, LDLR,

and Filipin in LGMD2B muscle. Of note, patients
that display elevated anti-HMGCR antibodies exhibit
prominent LGMD-like myopathy [35]. Increased dep-
osition of ApoB-containing lipoproteins in muscle,
such as LDL-C, can also increase inflammatory cell
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recruitment, which was a key observation in our dys-
lipidemic models of DMD and LGMD2B [11, 23], and
potentially rationalizes the misdiagnosis of LGMD2B
for polymyositis. As HDL-C plays a critical role in
reverse cholesterol transport (RCT) and exerts its

protective effects by shuttling excess cholesterol from
peripheral tissues to the liver for biliary disposal [36],
an HDL-C deficiency may lead to deleterious mus-
cle cholesterol accumulation, although HDL-C can
also mediate intracellular glucose and mitochondrial
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homeostatic processes in skeletal muscle independently
of its role in lipid transport [37]. Such lipometabolic
abnormalities may therefore act to synergistically affect
intracellular cholesterol mechanisms, as the cholesterol
content of myofibers appears to be tightly regulated.
Indeed, skeletal muscle-specific deletion of HMGCR
induces severe and early skeletal muscle atrophy [38],
despite muscle having considerably little de novo cho-
lesterol synthesis [39]. The accumulation of multi-
ple lipid species, including cholesterol, sphingolipids,
phospholipids, and the overexpression of the genes that
regulate their metabolism, however has been exten-
sively reported in dysferlin-deficient rodent [40] and
LGMD2B patient muscle biopsies [41].

The possibility of treating MD with lipid-lowering
medications is an interesting concept that deserves

greater consideration. In severe mdx and Dysf mice
lacking ApoE, we showed that the cholesterol absorp-
tion blocker ezetimibe can be targeted to attenuate dis-
ease severity [42]. In mild mdx mice, simvastatin can
block intramuscular inflammation and fibrosis [15]
and improve functional skeletal muscle, diaphragm,
and cardiac parameters via anti-inflammatory and
anti-oxidative pleiotropism [15-17], although oth-
ers have failed to replicate these therapeutic proper-
ties with either simvastatin [19, 20] or rosuvastatin
[18]. In our study, we demonstrate that simvastatin
does not reduce CHOL levels in chow fed Dysf mice
yet does reduce HDL-C levels in HFD groups as well as
muscle-specific HMGCR and LDLR protein expression
which may rationalize its lack of therapeutic proper-
ties in our model of LGMD2B. As mice have very
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different cholesterol and lipoprotein metabolism than
humans, whether this is due to an absence of therapeu-
tic pleiotropism or abnormal cholesterol-dependent
responses is unknown; humans carry most of their
serum cholesterol in LDL-C, whereas mice are typi-
cally rich in HDL-C [43]. In patients, statins mainly
reduce LDL-C and have mild HDL-C potentiating

effects, in stark contrast to what we report herein. It
is likely, however, that Dysf likely affects HMGCR and
LDLR homeostasis, which may result in an abnormal
response to statin therapy. Whether statins remain a
viable treatment option in MD patients is debatable
in light of reported risk factors, including myopathy,
myositis, and rhabdomyolysis (reviewed in [44]). Yet,
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Fig. 9 No effect of simvastatin on the liver expression of HMGCR or LDLR. A Representative images and immunoblot quantification of HMGCR
and LDLR in the livers of Chow-fed, WT and Dysf mice treated with either vehicle or simvastatin. Two-way ANOVA with Sidak's post hoc tests were
used for direct mean comparisons; no significance. B Representative images and immunoblot quantification of HMGCR and LDLR in the livers of
Chow-fed, WT, and Dysf mice treated with either vehicle or simvastatin. Two-way ANOVA with Sidak’s post hoc tests were used for direct mean

were imaged separately and thus have differing exposures. A common sample was loading onto each gel to normalize for detection efficiencies

HMGCR LDLR

the loading control GAPDH. Y-axes represent arbitrary units (AU). Full blots

we observed no further deleterious effects of sim-

vastatin in the muscles of either WT or Dysf mice, distribution in Chow and HFD-fed WT and Dysf-null mice, aged 11m.
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Additional file 2: Supp. Figure 2. Plasma lipoprotein and triglyceride

between; (»+) P < 0.0001, and within; (**) P < 0.01; and (***) P < 0.001.
Mean=+SEM. N = 7-9 for each cohort.

Additional file 4: Supp. Figure 4. Simvastatin treatment had no effect
on mTORC1 or AMPK pathway activation in Dysf-null muscle lysates:

A: Representative immunoblot images for p-rpS6(Ser235/236), t-rpS6,
p-AMPKa(Thr172), t-~AMPKa and GAPDH in quadriceps muscles of Chow-

Additional file 1: Supp. Figure 1. Correlations between serum HDL-C
and functional TTRW scores in LGMD2B patients >20 years of age. A:
Correlative scatter plots stratified for sex, and B: age. Pearson correlation R?
and P values are listed were applicable. A: LGMD2B Male N = 35, LGMD2B
Female N = 32; B: young LGMD2B N = 39; old LGMD2B N = 28.

fed, WT and Dysf mice treated with either Vehicle or Simvastatin. B: Immu-
noblot quantification of p-rpS6(Ser235/236) / t-rpS6 and t-rpS6 / GAPDH.
Two way ANOVA with Sidak’s post hoc tests were used for direct mean
comparisons; (*) P < 0.05; (**) P < 0.01; and (****) P < 0.0001. B: Immunob-
lot quantification of p-AMPKa(Thr172), / t-AMPKa and t-AMPKa / GAPDH.
Two way ANOVA with Sidak’s post hoc tests were used for direct mean
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comparisons; (**¥) P < 0.01; (***) P < 0.001; and (****) P < 0.0001. Y-axes
represent arbitrary units (A.U). Full blots were imaged separately and thus
have differing exposures. A common sample was loading onto each gel to
normalize for detection efficiencies across membranes. Mean+SEM. N =
4 for each cohort.

Authors’ contributions

PB and ZW contributed to the conception and design of research. PB, ZW, ES,
ZS, DP, and GD performed the experiments, interpreted the results, analyzed
data, and prepared the figures. VS and DC helped with sample acquisition. PB
and ZW wrote and prepared the manuscript. The authors read and approved
the final manuscript.

Funding

This work was supported by grants from the Jain Foundation (PB), MITACS,
Providence Health Care, the Heart & Stroke Foundation, and the Canadian
Institutes of Health Research.

Availability of data and materials
Data will be made available upon reasonable request.

Declarations

Ethics approval and consent to participate

Applicable for both human and/ or animal studies. Ethical committees, inter-
nal review boards, and guidelines followed must be named. When applicable,
additional headings with statements on consent to participate and consent to
publish are also required.

Competing interests
The authors declare that they have no competing interests.

Author details

' Department of Anesthesiology, Pharmacology & Therapeutics, University of British
Columbia (UBC), 217-2176 Health Sciences Mall, Vancouver, BC V6T 173, Canada.
2UBC Centre for Heart Lung Innovation, St. Paul's Hospital, Vancouver, Canada.
*Newcastle University Translational and Clinical Research Institute, Newcastle upon
Tyne, UK. 4Department of Medicine, UBC, Vancouver, Canada.

Received: 7 July 2022 Accepted: 11 November 2022
Published online: 29 November 2022

References

1. Ervasti JM, Campbell KP. A role for the dystrophin-glycoprotein complex
as a transmembrane linker between laminin and actin. J Cell Biol.
1993;122:809-23.

2. Ferndndez-Eulate G, et al. Deep phenotyping of an international series of
patients with late-onset dysferlinopathy. Eur J Neurol. 2021;28:2092-102.

3. Bansal D, et al. Defective membrane repair in dysferlin-deficient muscular
dystrophy. Nature. 2003;423:168-72.

4. Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular
dystrophy, part 2: respiratory, cardiac, bone health, and orthopaedic
management. Lancet Neurol. 2018;17:347-61.

5. Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular dys-
trophy, part 3: primary care, emergency management, psychosocial care,
and transitions of care across the lifespan. Lancet Neurol. 2018;17:445-55.

6. Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular
dystrophy, part 1: diagnosis, and neuromuscular, rehabilitation, endo-
crine, and gastrointestinal and nutritional management. Lancet Neurol.
2018;17:251-67.

7. Smith EC, et al. Efficacy and safety of vamorolone in Duchenne muscular
dystrophy: an 18-month interim analysis of a non-randomized open-label
extension study. PLoS Med. 2020;17:¢1003222.

8. Hoffman EP, et al. Vamorolone trial in Duchenne muscular dystrophy
shows dose-related improvement of muscle function. Neurology.
2019,93:21312-23.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 150f 16

McDonald CM, et al. Deflazacort vs prednisone treatment for Duchenne
muscular dystrophy: a meta-analysis of disease progression rates in
recent multicenter clinical trials. Muscle Nerve. 2020,61:26-35.

. Sellers SL, et al. Increased nonHDL cholesterol levels cause muscle wast-

ing and ambulatory dysfunction in the mouse model of LGMD2B. J Lipid
Res. 2018;59:261-72.

. White Z, et al. Cholesterol absorption blocker ezetimibe prevents muscle

wasting in severe dysferlin-deficient and mdx mice. J Cachexia Sarcope-
nia Muscle. 2021. https://doi.org/10.1002/jcsm.12879.

. White Z, et al. High prevalence of plasma lipid abnormalities in human

and canine Duchenne and Becker muscular dystrophies depicts a new
type of primary genetic dyslipidemia. J Clin Lipidol. 2020. https://doi.org/
10.1016/jjacl.2020.05.098.

. Saure C, Caminiti C, Weglinski J, de Castro Perez F, Monges S. Energy

expenditure, body composition, and prevalence of metabolic disorders
in patients with Duchenne muscular dystrophy. Diabetes Metab Syndr.
2018;12:81-5.

. Srivastava NK, Pradhan S, Mittal B, Gowda GAN. High resolution

NMR based analysis of serum lipids in Duchenne muscular dystro-
phy patients and its possible diagnostic significance. NMR Biomed.
2010;23:13-22.

. Amor F, et al. Cholesterol metabolism is a potential therapeutic target

in Duchenne muscular dystrophy. J Cachexia Sarcopenia Muscle. 2021.
https://doi.org/10.1002/jcsm.12708.

. Whitehead NP, Kim MJ, Bible KL, Adams ME, Froehner SC. A new

therapeutic effect of simvastatin revealed by functional improvement in
muscular dystrophy. Proc Natl Acad Sci U S A. 2015;112:12864-9.

. Kim MJ, et al. Simvastatin provides long-term improvement of left

ventricular function and prevents cardiac fibrosis in muscular dystrophy.
Physiol Rep. 2019;7:¢14018.

. Finkler JMG, de Carvalho SC, Santo Neto H, Marques MJ. Cardiac and skel-

etal muscle changes associated with rosuvastatin therapy in dystrophic
mdx mice. Anat Rec (Hoboken). 2020;303:2202-12.

. Mucha O, et al. Simvastatin does not alleviate muscle pathology in a mouse

model of Duchenne muscular dystrophy. Skelet Muscle. 2021;11:21.
Verhaart IEC, et al. Simvastatin treatment does not ameliorate muscle
pathophysiology in a mouse model for Duchenne muscular dystrophy. J
Neuromuscul Dis. 2020. https://doi.org/10.3233/JND-200524.

Langsted A, Freiberg JJ, Nordestgaard BG. Fasting and nonfasting lipid
levels: influence of normal food intake on lipids, lipoproteins, apolipopro-
teins, and cardiovascular risk prediction. Circulation. 2008;118:2047-56.
Sidhu D, Naugler C. Fasting time and lipid levels in a community-based
population: a cross-sectional study. Arch Intern Med. 2012;172:1707-10.
Milad N, et al. Increased plasma lipid levels exacerbate muscle pathol-
ogy in the mdx mouse model of Duchenne muscular dystrophy. Skelet
Muscle. 2017,7:19.

Nantsupawat N, et al. Appropriate total cholesterol cut-offs for detec-
tion of abnormal LDL cholesterol and non-HDL cholesterol among low
cardiovascular risk population. Lipids Health Dis. 2019;18:28.

Shin J-H, Hakim CH, Zhang K, Duan D. Genotyping mdx, mdx3cv, and
mdx4cv mice by primer competition polymerase chain reaction. Muscle
Nerve. 2011;43:283-6.

Zhu, et al. Serum enzyme profiles differentiate five types of muscular
dystrophy. Dis Markers. 2015;2015:543282.

White Z, White RB, McMahon C, Grounds MD, Shavlakadze T. High
mTORC1 signaling is maintained, while protein degradation pathways
are perturbed in old murine skeletal muscles in the fasted state. Int J
Biochem Cell Biol. 2016;78:10-21.

Bonifacio A, Sanvee GM, Bouitbir J, Krdhenbthl S. The AKT/mTOR signal-
ing pathway plays a key role in statin-induced myotoxicity. Biochim
Biophys Acta. 2015;1853:1841-9.

Sanchez AMJ, et al. The role of AMP-activated protein kinase in the
coordination of skeletal muscle turnover and energy homeostasis. Am J
Physiol Cell Physiol. 2012;303:C475-85.

Motoshima H, Goldstein BJ, Igata M, Araki E. AMPK and cell proliferation-
-AMPK as a therapeutic target for atherosclerosis and cancer. J Physiol.
2006;574:63-71.

White Z, Milad N, Sellers SL, Bernatchez P. Effect of dysferlin deficiency on
atherosclerosis and plasma lipoprotein composition under normal and
hyperlipidemic conditions. Front Physiol. 2021;12:675322.


https://doi.org/10.1002/jcsm.12879
https://doi.org/10.1016/j.jacl.2020.05.098
https://doi.org/10.1016/j.jacl.2020.05.098
https://doi.org/10.1002/jcsm.12708
https://doi.org/10.3233/JND-200524

White et al. Skeletal Muscle

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 12:25

Bruno G, et al. A novel missense mutation in CAV3 gene in an Italian
family with persistent hyperCKemia, myalgia and hypercholesterolemia:
double-trouble. Clin Neurol Neurosurg. 2020;191:105687.

Spaziani M, et al. Hormonal and metabolic gender differences in a cohort
of myotonic dystrophy type 1 subjects: a retrospective, case-control
study. J Endocrinol Invest. 2020;43:663-75.

Peric S, et al. Body composition analysis in patients with myotonic
dystrophy types 1 and 2. Neurol Sci Off J Ital Neurol Soc Ital Soc Clin
Neurophysiol. 2019;40:1035-40.

Mohassel P, et al. Anti-HMGCR myopathy may resemble limb-girdle
muscular dystrophy. Neurol Neuroimmunol Neuroinflamm. 2019;6:e523.
Luo J, Yang H, Song B-L. Mechanisms and regulation of cholesterol
homeostasis. Nat Rev Mol Cell Biol. 2020;21:225-45.

Lehti M, et al. High-density lipoprotein maintains skeletal muscle function
by modulating cellular respiration in mice. Circulation. 2013;128:2364-71.
Osaki'Y, et al. Skeletal muscle-specific HMG-CoA reductase knockout mice
exhibit rhabdomyolysis: a model for statin-induced myopathy. Biochem
Biophys Res Commun. 2015;466:536-40.

Yokoyama M, et al. Effects of lipoprotein lipase and statins on cholesterol
uptake into heart and skeletal muscle. J Lipid Res. 2007;48:646-55.
Haynes VR, et al. Dysferlin deficiency alters lipid metabolism and remod-
els the skeletal muscle lipidome in mice. J Lipid Res. 2019;60:1350-64.
Srivastava NK, Yadav R, Mukherjee S, Pal L, Sinha N. Abnormal lipid
metabolism in skeletal muscle tissue of patients with muscular dystro-
phy: in vitro, high-resolution NMR spectroscopy based observation in
early phase of the disease. Magn Reson Imaging. 2017,38:163-73.

White Z, et al. Cholesterol absorption blocker ezetimibe prevents muscle
wasting in severe dysferlin-deficient and mdx mice. J Cachexia Sarcope-
nia Muscle. 2022;13:544-60.

Sari G, et al. A mouse model of humanized liver shows a human-like lipid
profile, but does not form atherosclerotic plaque after Western type diet.
Biochem Biophys Res Commun. 2020;524:510-5.

Tournadre A. Statins, myalgia, and rhabdomyolysis. Jt Bone Spine.
2020;87:37-42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Limb-girdle muscular dystrophy type 2B causes HDL-C abnormalities in patients and statin-resistant muscle wasting in dysferlin-deficient mice
	Abstract 
	Introduction
	Materials and methods
	Human samples and serology
	Animal models and husbandry
	Gait tracking
	Tissue processing and immunohistochemistry
	Immunoblotting
	Statistical analyses

	Results
	Baseline control and LGMD2B patient characteristics
	LGMD2B patients present with serum HDL-C abnormalities
	LGMD2B causes subclinical liver enzyme elevations
	Simvastatin did not attenuate murine LGMD2B-associated disease pathology despite showing biological activity
	Dysf deficiency causes overexpression of cholesterol metabolism regulators in skeletal muscle but not the liver
	Simvastatin treatment had no effect on mTORC1 or AMPK pathway activation in muscle lysates

	Discussion
	References


