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Dysferlin deficiency alters lipid metabolism and remodels
the skeletal muscle lipidome in mice”

Vanessa R. Haynes,* Stacey N. Keenan,* Jackie Bayliss,* Erin M. Lloyd,Jr Peter J. Meikle,’
Miranda D. Grounds,"' and Matthew J. Watt"*

Department of Physiology,* Faculty of Medicine, Dentistry and Health Sciences, University of Melbourne,
Melbourne, Australia; School of Human Sciences,f University of Western Australia, Perth, Australia; and
Metabolomics Laboratory,§ Baker Heart Institute, Melbourne, Australia

Abstract Defects in the gene coding for dysferlin, a mem-
brane-associated protein, affect many tissues, including skel-
etalmuscles, with aresultant myopathy called dysferlinopathy.
Dysferlinopathy manifests postgrowth with a progressive
loss of skeletal muscle function, early intramyocellular lipid
accumulation, and a striking later replacement of selective
muscles by adipocytes. To better understand the changes un-
derpinning this disease, we assessed whole-body energy ho-
meostasis, skeletal muscle fatty acid metabolism, lipolysis in
adipose tissue, and the skeletal muscle lipidome using young
adult dysferlin-deficient male BLAJ mice and age-matched
C57B1/6] WT mice. BLAJ mice had increased lean mass and
reduced fat mass associated with increased physical activity
and increased adipose tissue lipolysis. Skeletal muscle fatty
acid metabolism was remodeled in BLAJ mice, characterized
by a partitioning of fatty acids toward storage rather than
oxidation. Lipidomic analysis identified marked changes in
almost all lipid classes examined in the skeletal muscle of
BLAJ mice, including sphingolipids, phospholipids, choles-
terol, and most glycerolipids but, surprisingly, not triacyl-
glycerol. Bl These observations indicate that an early
manifestation of dysferlin deficiency is the reprogramming
of skeletal muscle and adipose tissue lipid metabolism,
which is likely to contribute to the progressive adverse histo-
pathology in dysferlinopathies.—Haynes, V. R., S. N. Keenan,
J. Bayliss, E. M. Lloyd, P. J. Meikle, M. D. Grounds, and M. J.
Watt. Dysferlin deficiency alters lipid metabolism and re-
models the skeletal muscle lipidome in mice. J. Lipid Res.
2019. 60: 1350-1364.

Supplementary key words lipolysis ® fatty acid metabolism ® insulin
resistance ® adipose tissue ® lipidomics ® BLA] mice ® dysferlin

Dysferlinopathies are a group of autosomal recessive
rare muscular dystrophies that result from mutations in the
dysferlin gene, first described in 1998 (1), and character-
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ized by the onset of muscle weakness and loss of function
usually in the late teens and with slow progression (2). Dys-
ferlinopathies include limb-girdle muscular dystrophy type
2B and Miyoshi myopathy, with the proximal and distal
limb-girdle muscles being the main muscles affected (2—4).
Mouse models of dysferlinopathy harboring dysferlin defi-
ciency or deletion (5-8) consistently have a late onset of
dystropathology, by about 8 months of age, with pro-
nounced replacement of myofibers by adipocytes (9).

Dysferlin is a member of a large ferlin family of trans-
membrane proteins that are involved in protein vesicle
trafficking and fusion (10), with dysferlin initially attract-
ing attention due to its role in the resealing of experimen-
tally damaged sarcolemma (11-13). Dysferlin is localized
in intracellular membranes of skeletal muscles such as T-
tubules and sarcoplasmic reticulum (14), plays a role in T-
tubule formation (15), and appears to be involved in
calcium homeostasis related to excitation-contraction cou-
pling (16-18). Dysferlin is highly expressed in skeletal myo-
fibers but is also present in many other tissues (19) and
cells, including adipocytes (20), macrophages (21), and
endothelium (22).

Two striking features of human and mouse dysferlin-de-
ficient muscles are the accumulation of many lipid droplets
within myofibers and, at a later age, the apparent replace-
ment of myofibers with extramyocellular adipocytes (9,
15). Histopathology is not evident in young mice aged ~3
months but is pronounced by 8-12 months in some mus-
cles, including psoas and quadriceps, with increasing sever-
ity by 19 months (23). Indeed, in older Dysfdeficient A/]
mice, 20% to 40% of the myofibers in quadriceps and psoas
muscles are replaced by adipocytes (15, 23). In humans,
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MRI analysis shows extensive muscle replacement by adipo-
cytes and that the soleus, which is a slow postural muscle in
the lower leg, is one of the earliest muscles to undergo this
extensive remodeling (4). While a relatively very low level
of myonecrosis is seen in dysferlin human and mouse mus-
cles (9, 24), the striking features are myofiber atrophy (25),
associated with degeneration, loss of myofilaments, and
some form of autolysis/proteolysis (9, 26), that may ac-
count for the later major myofiber loss associated with re-
placement by adipocytes.

To date, there is little understanding of the factors con-
tributing to the marked intramyocellular lipid accumula-
tion in the muscles of young mice and their possible
contribution to the later progressive replacement of mus-
cles by adipocytes in dysferlinopathic muscles (3). This
study focuses on systemic and local changes that might con-
tribute to the intramyocellular lipid accumulation in Dysf
deficient BLAJ mice by investigating whole-body energy
homeostasis, adipose tissue lipolysis, skeletal muscle lipid
metabolism, and the skeletal muscle lipidome. Studies
were performed in young adult male BLAJ and WT mice to
ascertain whether changes in lipid metabolism within BLA]
myofibers are present before the later onset of marked
changes in histopathology and complications of adipocyte
accumulation.

MATERIALS AND METHODS

Dysferlin-deficient mouse model

BLAJ mice (B6.A—dysf[" iy Gene]) were obtained from the Ani-
mal Resources Centre (Murdoch, Australia). Control C57Bl/6]
mice were obtained from Monash Animal Research Platform
(MARP; Melbourne, Australia). Mice were housed on a 12-h
light/dark cycle with free access to a standard rodent chow diet
(9% total digestible energy from lipids, 12.8 M]J/kg; Barastoc ir-
radiated mice cubes; Ridley Agri Products, Melbourne, Australia)
and drinking water. Experimental protocols were approved by the
MARP Animal Ethics Committee (MARP/2017/012) and con-
formed to the National Health and Medical Research Council of
Australia code of practice. Whole-body metabolic phenotyping as-
sessments were conducted in male mice aged 12-16 weeks. Tis-
sues were dissected from 18-week-old mice for ex vivo metabolic
assessments and lipidomic analysis.

Body composition

An MRI (EchoMRI 3-in-1) was used to assess lean and fat mass
in conscious mice. Mouse tissues were weighed at the time of kill-
ing in mice aged 18 weeks. To measure the liver wet to dry ratio,
~100 mg fresh liver tissue was weighed, dehydrated overnight un-
der vacuum at 30°C, and then weighed again. Tissue triacylglyc-
erol (TG) content was assessed after Folch lipid extraction and
biochemical assessment (Roche Diagnostics, Basel, Switzerland).

Liver glycogen content

Approximately 20 mg liver was digested in 200 pl 1 M KOH at
70°C. The glycogen was precipitated by the addition of 75 .l satu-
rated Na,SO, and 1.725 ml 95% ethanol. Samples were mixed
and centrifuged at 1,500 g for 10 min to pellet the glycogen.
The pellet was resuspended in 200 pl ddH,O, and the glycogen
was again pelleted by adding 1.8 ml 95% ethanol, mixed, and
spun at 1,500 gfor 10 min. The pellet was dried and resuspended

in 300 pl 0.3 mg/ml amyloglucosidase in 0.25 M acetate buffer,
pH 4.75, and incubated overnight at 37°C to ensure the full diges-
tion of glycogen into glycosyl units. The glucose concentrations
were determined using a glucose oxidase kit (Thermo Fisher Sci-
entific, Waltham, MA).

Respiration, energy expenditure, physical activity, and
food intake

Gas-exchange indirect calorimetry uses measurements of an
animal’s oxygen consumption (VO,) and carbon dioxide produc-
tion (VCOy) to calculate energy expenditure. Mice were housed
individually for 3 days in airtight calorimetry chambers connected
to a multiplexed gas sensor unit to assess VO, and VCO, (Prome-
thion; Sable Systems International, North Las Vegas, NV). The
respiratory exchange ratio (RER) was calculated as VCOy/VO,.
Energy expenditure was calculated from VO, and RER using Weir
constants and normalized to lean mass. Food and water intake
were recorded every 15 min. Physical activity was recorded via
beam breaks (BXYZ Beambreak Activity Monitor; Sable Systems
International).

Food intake and plasma lipids

Mice were fasted overnight from 4:00 PM to 8:00 AM. Food was
placed in the cage, and ad libitum food intake was assessed for 90
min. In separate experiments, mice were fasted for 6 h (7:00 AM
to 1:00 PM), and then blood was collected from the tail tip before
and after a 60 min period of ad libitum refeeding. Plasma NEFAs
(Wako, Osaka, Japan), glycerol (Sigma-Aldrich, St. Louis, MO),
and TGs (Roche Diagnostics) were measured biochemically. To
measure TG secretion, mice were fasted for 4 h (7:00 AM to 11:00
AM), and a plasma sample was collected. Mice were injected intra-
peritoneally with 1 mg poloxamer 407 (LPL inhibitor; Sigma-
Aldrich) per gram of body mass in saline. Plasma was collected at
60 and 120 min, and TG was measured biochemically.

Glucose metabolism and blood chemistry

An oral glucose tolerance test was used to assess glucose toler-
ance in mice. Mice were fasted for 4 h from 7:00 AM to 11:00 AM.
Blood glucose was measured before and after a bolus of glucose
was administered via oral gavage [200 wl 25% p-glucose (w/v) dis-
solved in water]. Blood was collected at 0, 15, and 30 min, and
plasma insulin levels were assessed using ELISA (Crystal Chem;
Downers Grove, IL). To assess whole-body insulin sensitivity, mice
were fasted for 4 h from 7:00 AM to 11:00 AM and subjected to an
intraperitoneal insulin tolerance test. Blood glucose was mea-
sured before and after an intraperitoneal injection of 0.75 insulin
units/kg body mass.

To determine the phosphorylation of specific insulin-signaling
proteins, liver was collected from mice under insulin-stimulated
conditions (0.75 units/kg body weight; intraperitoneal injection
10 min before being culled). Tissue was homogenized in ice-cold
RIPA buffer [65 mM Tris HCl, 150 mM NaCl, 1% NP-40 (v/v),
0.5% sodium deoxycholate (v/v), 0.1% SDS (v/v), and 1% glyc-
erol (v/v)] with 1 mM DTT, protease (Complete Protease Inhibi-
tor Cocktail; Roche Diagnostics), and phosphatase (PhosSTOP
Phosphatase Inhibitor Cocktail; Roche Diagnostics) inhibitors us-
ing a tissue lyser (TissueLyser LT; Qiagen, Hilden, Germany).
The samples were centrifuged, and 15 pg liver protein was dena-
tured and resolved by SDS-PAGE. Stain-free images were collected
after the transfer to confirm equal protein loading (ChemiDoc
MP and ImageLab version 4.1; Bio-Rad Laboratories, Gladesville,
Australia). Membranes were blocked with 5% BSA in TBS-T for 1
h to reduce nonspecific binding and incubated with primary anti-
bodies (1:1,000) overnight at 4°C. Primary antibodies used were
phospho Akt (Ser473), total Akt, and total IRS (Cell Signaling,
Danvers, MA) and phospho IRS (Tyr 612; Sigma-Aldrich).
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Membranes were washed in TBS-T and incubated with their cor-
responding horseradish peroxidase-conjugated secondary anti-
bodies for 2 h. The membranes were washed again, visualized,
and imaged using Clarity Western ECL substrate (Bio-Rad Labo-
ratories) and the ChemiDoc MP system. Protein density was quan-
tified using ImageLab version 4.1.

Tissue metabolism ex vivo

To assess fatty acid metabolism in tissues ex vivo, 18-week-old
mice were anesthetized by isoflurane inhalation (1.5%; Baxter
Healthcare, Toongabbie, Australia). The soleus muscle and a liver
slice (~20 mg) were dissected, and tissues were weighed and then
incubated at 37°C for 2.5 h in pregassed (95% O,, 5% CO,)
DMEM containing 5 mM glucose and 0.5 mM oleic acid and 1
rCi/ml [l—MC]oleic acid conjugated to 1% (w/v) BSA. Released
CO,y was captured and radioactivity determined by liquid scintilla-
tion counting (LS6500; Beckman Coulter, Indianapolis, IN) to
assess complete fatty acid oxidation. Tissues were washed in PBS
(Thermo Fisher Scientific), homogenized manually in 2:1 chloro-
form-methanol, and centrifuged at 1,000 g for 10 min to separate
the organic and aqueous phases. "C within the aqueous phase
was measured to assess the acid-soluble metabolites, which repre-
sents incomplete fatty acid oxidation (S6500; Beckman Coulter).
The organic phase was transferred to a 12 x 75 mm glass tube and
dried under nitrogen gas at 40°C. The dried lipids were reconsti-
tuted in 50 pl chloroform-methanol (2:1) containing 1.75 mg/ml
glyceryl tripalmitate (TG; TS5888; Sigma-Aldrich) to facilitate the
visualization of lipid bands. Samples were spotted onto 250 wm
glass-backed silica gel plates (20 x 20 cm; Analtech, Newark, DE)
using a 100 wl TLC syringe (1710SN; Hamilton, Bonaduz, Switzer-
land). A three-step TLC method was used to separate the polar
and nonpolar lipids. The plate was first developed in chloroform-
methanol-water (65:25:4) until the solvent reached 50% of the
plate length. The plate was then developed in hexane-diethyl
ether-acetic acid (75:35:1) until the solvent reached 90% of the
plate height, and this second solvent step was repeated. Plates
were air dried and sprayed with 2’,7"-dichlorofluorescein dye
(0.02% w/v in ethanol; Sigma-Aldrich), lipid bands were visual-
ized under UV light and scraped into scintillation vials with 5 ml
scintillation cocktail (Ultima Gold; Perkin Elmer, Akron, OH),
and "'C was counted. The incorporation of "Clabeled fatty acid
into TGs and the remainder of the plate were then measured.

To measure lipolysis, ~40 mg pieces of epididymal white adi-
pose tissue and inguinal white adipose tissue were dissected from
anesthetized mice and incubated at 37°C for 2 h in Krebs buffer
containing 2% BSA and 5 mM glucose (spontaneous) or with the
addition of 1 pM isoproterenol (stimulated), which is a pan -
adrenergic agonist. Free fatty acid release into the medium (i.e.,
lipolysis) was determined biochemically (Wako).

Lipidomic analysis

Snap-frozen samples of quadriceps (~30 mg) were homoge-
nized in 900 ul soap-free RIPA buffer, and total protein was deter-
mined by BSA assay (Pierce 660 nm Protein Assay; Thermo Fisher
Scientific). A 50 pl aliquot of muscle homogenate was combined
with 15 pl internal standard mix and 1,000 pl chloroform-metha-
nol (2:1) and then mixed. A water blank, an internal standards
blank, and an unextracted blank were also included. Samples
were mixed with a rotary mixer for 10 min, sonicated at room
temperature (RT) for 30 min, and then allowed to stand at RT for
20 min. Samples were centrifuged at 16,000 g for 10 min at RT.
The supernatant was transferred to wells of a 96-well plate (0.5 ml
polypropylene) and dried under nitrogen stream at 40°C. Sam-
ples were reconstituted in 50 pl water-saturated butanol and soni-
cated for 10 min at RT, and then 50 pl 10 mM ammonium formate
in methanol was added to each sample. Extracts were centrifuged
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at 3,000 g for 5 min. The supernatant was transferred into 0.2 ml
microinserts in 32 x 11.6 mm glass vials with Teflon insert caps.
Analysis was performed by electrospray ionization-tandem mass
spectrometry. An Agilent 1200 liquid chromatography system was
used with a Zorbax C18, 1.8 wm, 50 x 2.1 mm column (Agilent
Technologies, Santa Clara, CA). The columns were heated to
50°C; the autosampler was heated to 25°C. Solvents A and B
were composed of tetrahydrofuran-methanol-water in the ratio
30:20:50 and 75:20:5, respectively, both containing 10 mM
NH,COOH. To determine TG and diacylglycerol (DG) species, 1
Wl of injection was separated using isocratic flow (100 wl/min) of
85% solvent B over 6 min. For all other lipid species analysis, 5 pl
of injection was separated under gradient conditions (300 wl/
min) 0% to 100% solvent B over 8 min, 2.5 min at 100% B, a re-
turn to 0% B over 0.5 min, and then 10.5 min at 0%. The mass
spectrometer used was an Applied Biosystems API 4000 Q/TRAP
with a turbo ionspray source (350°C) and Analyst 1.5 data system.
Quantification of individual lipid species was performed using
scheduled multiple reaction monitoring in positive ion mode and
Multiquant version 1.2. Lipid concentrations were calculated by
relating the peak area of each species to the peak area of the cor-
responding internal standard. The total lipid concentration of
each class was calculated by summing the individual lipid species.
Data presented have been normalized to total protein concentra-
tion, but results were similar when data were normalized to initial
tissue weight or to total phosphatidylcholine (PC).

Analysis of gene expression

Mixed quadriceps muscle was homogenized in TRI reagent (1 ml
per 50 mg tissue; Sigma-Aldrich). Total RNA was extracted, and
1 pg mRNA was reverse transcribed (iScript cDNA Synthesis Kit;
Bio-Rad Laboratories). Gene products were measured by quanti-
tative real-time PCR (CFX Connect Real-Time PCR Detection Sys-
tem; Bio-Rad Laboratories) using the QuantiNova SYBR Green
PCR Kit (Qiagen). Skeletal actin (Actal) was used as a reference
gene and did not vary between groups. The relative quantification
was calculated using the AACt method, and values were normal-
ized to WT. Primer sequences are listed in Table 1.

Statistical analyses

Data are reported as means = SEMs. To examine differences
between BLAJ and WT mice, data were analyzed with unpaired
two-tailed #tests or two-way ANOVA with Bonferroni post hoc test-
ing where appropriate. Statistical significance was determined a
priori at P< 0.05.

RESULTS

Body composition

The total body mass of 16-week-old Dysfdeficient BLAJ
mice was not significantly different from age-matched WT
control mice (Fig. 1A), whereas the body composition was
strikingly different. MRI showed that lean mass was
increased by 8% and total fat mass was decreased by 69% in
BLAJ compared with WT mice (Fig. 1B, C). Consistent with
the MRI data, the epididymal and subcutaneous adipose
depots weighed 71% and 61% less in BLAJ mice compared
with WT mice (Table 2). There was no significant differ-
ence between genotypes for the soleus muscle, extensor
digitorum longus muscle, mixed quadriceps muscle, or
heart mass (Table 2), whereas liver mass was increased by
27% in BLAJ mice (Table 2). The increase in liver mass was



TABLE 1.

List of genes quantified by PCR

Gene Encoding Protein

Sequence

Abhd5
(also known as CGI-58)

Arsb Arylsulfatase B

Asahl N-Acylsphingosine amidohydrolase 1

Cd36 Cluster of differentiation 36 (also known as fatty
acid translocase, FAT/CD36)

Cerk Ceramide kinase

Cpt-1b Carnitine palmitoyltransferase 1B

Dgat2 Acyl-CoA:diacylglycerol acyltransferase 2

Glb1 Galactosidase, B1

Gpam Glycerol-3-phosphate acyltransferase 1,
mitochondrial (also known as GPAT1)

Hexb Hexosaminidase B

Lipe Hormone-sensitive lipase

Pdk4 Pyruvate dehydrogenase kinase isozyme 4,
mitochondrial

Pisd Phosphatidylserine decarboxylase

Plin2 Perilipin 2 (also known as adipose
differentiation-related protein, ADRP)

Plin5 Perilipin 5 (also known as lipid storage droplet
protein 5, LSDP5)

Pnpla2 Patatin-like phospholipase domain containing 2
(also known as adipose ATGL)

Ppargcla PPARG coactivator la

Prdss1 Phosphatidylserine synthase 1

Sgpll Sphingosine phosphate lyase 1

Actal Skeletal actin

1-Acylglycerol-3-phosphate O-acyltransferase

Forward: 5" TTGGGTTAAGTCTAGTGCAG
Reverse: 5-TTTTTGAAAGCTGTCTCACC
Forward: 5-ACACGCCGAGGATTCGATAC
Reverse: 5-CAAAGACTAATCGGCGCAC
Forward: 5-AGGACGTACTGAGACCCGAA
Reverse: 5-GACAAGAGGCCTTGAGCCTT
Forward: 5-CATTTGCAGGTCTATCTACG
Reverse: 5-CAATGTCTAGCACACCATAAG
Forward: 5-TGGTCTTGCTGGCTTCAAGATT
Reverse: 5-ATGAGGGGAGGCCATAGTCTG
Forward 5-ACTAACTATGTGAGTGACTGG
Reverse: 5-TGGCATAATAGTTGCTGTTC
Forward 5-GTGGCAATGCTATCATCATC
Reverse: 5-CTGCTTGTATACCTCATTCTC
Forward 5-TTCCGGATACCCCGCTTCTA
Reverse: 5-GAAGTTCAAGGGCACGTACA
Forward 5-CATTCAGATTCACAAGGGTC
Reverse: 5-GTGAATCAAGGTACTGAAGAC
Forward 5-GGTTGGTCCAAAGACTGCCT
Reverse: 5-GACACTAGCGACACCAGCG
Forward 5-AACTCCTTCCTGCAACTAAG
Reverse: 5-CTTCTTCAAGGTATCTGTGC
Forward 5-ACAATCAAGATTTCTGACCG
Reverse: 5-TCTCCTTGAAAATACTTGGC
Forward 5-TGTAACACATGCCAACAAGG
Reverse: 5-ATCTTATAAGGTCAGCCCCG
Forward 5-ATAAGCTCTATGTCTCGTGG
Reverse: 5-GCCTGATCTTGAATGTTCTG
Forward 5-TGTAGTGTGACTACCTGTG
Reverse: 5-ATGTCACCACCATGTCTG
Forward 5-CAACCTTCGCAATCTCTAC
Reverse: 5-TTCAGTAGGCCATTCCTC
Forward 5-TCCTCTTCAAGATCCTGTTAC
Reverse: 5-CACATACAAGGGAGAATTGC
Forward 5-ATTCTCCCTGTCTACCCTGG
Reverse: 5-TGCATACACTTCCATTCCCT
Forward 5-ATGTGGATGCTTGTCTGGGG
Reverse: 5-GTCACACCTTTCACCCGGAA
Forward 5-TATTCCTTCGTGACCACAGCT
Reverse: 5-CGCGAACGCAGACGCGAGTG

not explained by changes in liver glycogen or TG contents,
which were actually lower in BLA] mice (Table 2). Because
dysferlinopathies are associated with the development of
edema in skeletal muscle (3), we assessed the wet to dry
ratio in livers from mice, but there was no difference be-
tween genotypes (WT =3.31 + 0.09; BLA] = 3.11 + 0.22; P=
0.39; n=8/group).

Energy homeostasis

Whole-body energy homeostasis was assessed using the
Promethion metabolic phenotyping system. Whole-body
substrate oxidation was different between genotypes, as
shown by a significant increase in the RER in BLAJ mice
(Fig. 1D). This demonstrates a preference for carbohy-
drate oxidation in the BLAJ mice. Daily energy expendi-
ture was not different between genotypes when normalized
to lean body mass (Fig. 1E). Daily physical activity was
increased in BLAJ mice (Fig. 1F), and daily food intake
tended to increase in BLAJ] mice, but this did not reach
statistical significance (Fig. 1G; P = 0.052 by two-way
ANOVA; WT = 1.99 + 0.25 g; BLAJ = 2.81 + 0.30 g). Consis-
tent with this notion, BLA] mice consumed ~2.1 times
more food than WT mice in the 90 min refeeding period
after a 16 h fast (Fig. 1H).

Glucose metabolism and blood chemistry

Reductions in fat mass are often associated with improved
glycemic control; however, fasting blood glucose and glu-
cose clearance in response to an oral glucose load were not
different between the genotypes (Fig. 2A). Notably, plasma
insulin levels were increased in BLAJ mice with fasting and
glucose administration, indicating the possibility of insulin
resistance in this genotype (Fig. 2B). This was not borne out
during an insulin tolerance test, which demonstrated no
difference in whole-body insulin sensitivity between geno-
types (Fig. 2C). In support of these findings, insulin-stimu-
lated phosphorylation of liver IRS-1 T612 and Akt S473 was
not different between WT and BLAJ mice (Fig. 2D), and
liver glycogen contents were also similar between genotypes
(Table 2). Plasma NEFAs, glycerol, and TGs were not differ-
ent between genotypes under fed or fasted conditions (Fig.
2E, G). Consistent with this latter finding, TG secretion was
similar in WT and BLAJ mice (Fig. 2H).

Fatty acid metabolism and lipolysis assessed ex vivo

Dysferlinopathies are characterized by an accumulation
of lipid droplets within myofibers, and we hypothesized
that this may result from defective skeletal muscle fatty acid
metabolism. Accordingly, radiolabeled tracers were used to
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Fig. 1. Body composition and whole-body energy homeostasis. Measurements made in WT and Dysfdeficient BLAJ male mice aged 16
weeks. Body mass (A), lean mass (B), and fat mass (C) assessed by MRI. D: RER averaged over 24 h. Energy expenditure (E), physical activity
(F), and food intake (G) assessed over 24 h, n =12 WT and n = 8 BLA] mice. H: Food intake in the 90 min after an overnight fast, n =6 WT
and n =4 BLAJ mice. Data are means + SEMs. *P< 0.05 versus WT as assessed by two-tailed unpaired ttest (A-D, H). P< 0.05 genotype effect
as assessed by two-way repeated-measures ANOVA (F).

assess fatty acid uptake, oxidation, and storage into various 0.09), and this was associated with no significant difference
lipid pools in soleus muscles isolated from young adult in fatty acid oxidation (Fig. 3B), but fatty acid storage into
mice. Fatty acid uptake tended to be increased in BLA]  TGs increased markedly in BLA] compared with WT mice
compared with WT mice (Fig. 3A; 28% difference; P = (Fig. 3C). Gene expression analysis was conducted in the
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TABLE 2. Tissue mass and muscle TG content in WT and
dysferlin-deficient BLA] mice

Tissue WT (mg) BLAJ (mg)
Quadriceps muscle 237+ 10 244+ 6
Soleus muscle 13.2+0.5 13.8£0.7
Extensor digitorum longus muscle 14.0+ 0.5 13.6 + 1.0
Heart 155 +7 167 + 2
Epididymal adipose tissue 1,320 + 169 383 + 37
Inguinal adipose tissue 900 + 124 349 + 44*
Liver 1,370 + 43 1,550 + 57*
Quadriceps TG (pmol/g) 52+ 16 31+8
Liver TG (pmol/g) 48.7+9.2 10.3 + 2.5%
Liver glycogen (pmol/g) 27.3+2.4 321+3.7

Data were obtained from mice aged 18 weeks that had been fasted
for 6 h; n =12 WT and 8 BLAJ mice for all analyses except liver mass,
where n =24 WT and »n = 18 BLAJ mice, and liver glycogen, where n=8
WT and n = 7 BLAJ mice. Data are means + SEMs. *P < 0.05 genotype
effect as assessed by two-tailed unpaired ttest.

mixed quadriceps muscle of the same mice but not the so-
leus due to a lack of tissue for analysis. Surprisingly, Cd36,
the gene encoding the key protein that regulates fatty acid
uptake, was reduced in BLAJ compared with WT mice,
while genes encoding the key proteins that regulate fatty
acid oxidation were not different between genotypes (e.g.,
Ppargcla, Cpt1b, Pdk4) (Fig. 4D). Dgat2, which encodes acyl-
CoA:diacylglycerol acyltransferase, the enzyme that cata-
lyzes the final reaction of TG by covalently joining a fatty
acyl-CoA and DG, was increased ~4-fold in BLA]J mice. The
expression of genes encoding proteins of TG breakdown
were generally unchanged, with the exception in BLA]J
mice being a marked decrease in Afgl, which encodes the
rate-limiting TG lipase adipose triglyceride lipase (ATGL),
and an increase in Plin5, which encodes an important pro-
tein regulating TG metabolism (Fig. 3D). In contrast to
skeletal muscle, there was a reduction in liver fatty acid up-
take and storage in BLAJ] compared with WT mice (Fig.
3E-G; Table 2), supporting the notion that the skeletal
muscle defects that occur in dysferlinopathies are not nec-
essarily uniform in all tissues.

Aside from changes in skeletal muscle metabolism, it is
possible that the accumulation of lipids previously observed
within skeletal muscle could be mediated by increased fatty
acid delivery. This would not be evident with measures of
plasma NEFAs (Fig. 2D) or plasma glycerol (Fig. 2F), which
do not directly assess the rate of fatty acid appearance. Ac-
cordingly, we assessed lipolysis in various adipose tissue de-
pots isolated from BLAJ and WT mice. Spontaneous
lipolysis was increased by 64% and B-adrenergic-stimulated
lipolysis was increased by 77% in the subcutaneous ingui-
nal adipose tissue of BLA] compared with WT mice (Fig.
3H; main effect for genotype by two-way ANOVA, P<0.05).
Similar trends were observed in visceral epididymal adi-
pose tissue, with spontaneous and -adrenergic-stimulated
lipolysis increased by 88% and 27% in BLAJ compared with
WT mice, although this did not reach statistical signifi-
cance when assessed by two-way ANOVA (P=0.14; Fig. 3I).

Skeletal muscle lipidome

While lipid accumulation is a defining feature of dysfer-
linopathies, this broad description does not provide infor-

mation on the diverse and complex range of lipids that
serve a wide array of structural and signaling roles in skel-
etal muscle. Hence, we next assessed the lipidome of quad-
riceps muscles from BLA] and WT mice using electrospray
ionization-tandem mass spectrometry to uncover potential
relationships between lipid changes and dysferlinopathies.
The abundance of each lipid class was expressed as abso-
lute units relative to protein mass (Fig. 4A-D) and the rela-
tive differences between genotypes as a percentage change
in BLA]J relative to WT (Fig. 4F). Surprisingly, TG levels
were not significantly different between genotypes in these
young adult mice (Fig. 4C), and this was confirmed by in-
dependent analysis using a Folch extraction and TG assess-
ment by biochemical enzymatic spectrophotometric assay
(Table 2). This finding differs from previous observations
of increased Oil Red O staining of neutral lipids in Dysf
deficient skeletal muscle from older mice and humans (9,
15). In contrast with TG, total levels of sphingolipids (94%),
cholesterol (80%), cholesteryl esters (183%), and DG
(93%) were increased in BLAJ quadriceps, while there were
no differences between genotypes for PC, phosphatidyleth-
anolamine (PE), or phosphatidylinositol (Fig. 4A-F; supple-
mental Tables S1-S4). The PC-PE ratio was similar between
genotypes (Fig. 4E). In the sphingolipid class, several sub-
types were increased in BLA] muscles, including sphingo-
myelin (82%),dihexosylceramide (230%), trihexosylceramide
(295%), and GM3 gangliosides (111%) (Fig. 4A, F).

Consistent with the analysis of total lipid content, there
were numerous lipid species within each lipid class that were
significantly more abundant in the BLAJ skeletal muscle. The
complete list is summarized in supplemental Table S1. Of
note, individual sphingolipid species with C16:0 side
chains were significantly increased (including ceramide, di-
hydroceramide, monohexosylceramide, dihexosylceramide,
trihexoceramide, ganglioside, and sphingomyelin), and in-
terestingly, there was also accumulation of various sphingo-
lipid species with C24:0 and C24:1 fatty acids (Fig. 5A-F).

An examination of the fatty acid composition of TG, DG,
and PC lipid classes revealed subtle differences between
WT and BLAJ quadriceps (Fig. 6A-E). Most notable was
the general decrease in very-long-chain polyunsaturated
fatty acids in PC with concomitant increases in all C18 fatty
acids (i.e., stearate, oleate, and linoleate).

Evidence of molecular remodeling of lipidome

In light of the marked changes in the muscle lipidome,
we asked whether there was molecular remodeling of lipid
metabolism genes in BLAJ mice. Genes that encode regula-
tory proteins of sphingolipid metabolism were prioritized.
There was a marked (>3-fold) increase in mRNA expres-
sion of Glb1, Hexb, Cerk, Arsb, Asahl, and Sgpll genes that
encode proteins that catalyze various and diverse reactions
of sphingolipid metabolism (Fig. 7A, B). We also examined
the expression of Ptdssl, which encodes the protein that
catalyzes the formation of phosphatidylserine from either
PC or PE, and Pisd, which catalyzes the conversion of phos-
phatidylserine to PE: PidssI tended (P = 0.10) to increase,
and Pisd was significantly increased in BLAJ (~3-fold) com-
pared with WT mice (Fig. 7A).
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DISCUSSION solved. In this detailed metabolic and lipidomic study of
young adult Dysf-deficient BLA] mice, we investigated
Dysf-deficient skeletal muscle before the onset of conspic-
uous histopathological complications. With this model,

we showed that dysferlin deficiency increases fatty acid

Dysferlinopathies are characterized by pronounced
lipid droplet accumulation within myofibers; however,
the processes mediating this pathology remain unre-
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uptake and storage in skeletal muscle, increases lipolysis terminants of the complex remodeling of the skeletal
in white adipose tissue, and alters the expression of genes muscle lipidome that is highlighted by the accumulation
encoding proteins regulating lipid metabolism. Together, of many phospholipid, sphingolipid, and cholesterol
these results implicate these processes as important de- species.
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Fatty acid metabolism in Dysf-deficient myofibers and
adipocytes

The accumulation of lipids within ectopic tissues such as
skeletal muscle is often associated with increases in fatty
acid sarcolemmal transport, reduced fatty acid oxidation,
enhanced incorporation of fatty acids into complex lipids,
or a combination of these factors (27, 28). Our study inves-
tigated skeletal muscle fatty acid metabolism in dysfer-
linopathies and found that fatty acid uptake tended to
increase (P=0.09) and esterification into TG was increased
by ~2-fold in the soleus muscle of BLA] mice. The changes
in TG synthesis were accompanied by a marked increase in
Dgat2, the terminal rate-limiting enzyme for TG synthesis.
There was also a significant reduction in Pnpla2, which en-
codes ATGL, the rate-limiting enzyme for TG breakdown
(29), and an increase in Plin5 in BLA] compared with WT
mice, which would predict increased TG storage in myofi-
bers (30). Together, these changes in gene expression are
consistent with the increased 4C—faltty acid tracer-deter-
mined rate of fatty acid incorporation into muscle TG of
BLAJ mice, which reflects the balance between storage and
breakdown. Because the lipid droplets within Dysf-deficient
myofibers seem to be a pronounced feature of slow oxida-
tive myofibers rather than fast glycolytic myofibers (9), the
soleus of mice that is composed predominantly of slow type
1 and Ila myofibers is of particular relevance because this is
the most like human skeletal muscle (31). Our recent func-
tional studies of muscles from older BLAJ compared with
WT mice (aged 10 months) show a greater impact of dys-
ferlin deficiency on soleus (slow) compared with extensor
digitorum longus (fast) muscles, emphasizing the impor-

tance of myofiber type-specific responses in disease mani-
festation (32). Thus, our findings have strong implications
for understanding the human dysferlinopathy condition.
Indeed, MRI studies show that the soleus is one of the first
muscles manifesting pathological changes (4).

It is noteworthy that there were no differences in TG
content between BLA] and WT mice in the quadriceps
muscles, yet BLAJ mice clearly display an increased capac-
ity for fatty acid esterification to TG in soleus muscles. This
may reflect differences in lipid metabolism between the
different muscles (i.e., the soleus is predominantly slow
type 1 and IIa myofibers, whereas the larger quadriceps
contains many fast myofibers) (33, 34), resulting from met-
abolic changes associated with the prevailing nutritional
and/or endocrine state in vivo or from other alterations in
lipid metabolism that could not be assessed in the model
systems used herein. This might include the dynamic traf-
ficking of fatty acids through the intramyocellular TG pool
before their eventual oxidation or storage into other com-
plex lipids (85). Indeed, an increase in DG and other lipids
(e.g., sphingolipids) is consistent with the possibility of
increased intramyocellular lipolysis in muscle.

Another major determinant of ectopic lipid deposition
is fatty acid delivery to tissues. The importance of this
mechanism is highlighted by studies in which intravenous
infusion of a TG emulsion and heparin raises circulating
NEFAs by ~3- to 4-fold, which in turn increases intramyo-
cellular lipids within 2 to 4 h (33, 34, 36). Our study dem-
onstrates that adipose tissue lipolysis is increased in BLAJ
mice under basal (i.e., spontaneous) conditions and in re-
sponse to B-adrenergic stimulation. That plasma NEFAs
and glycerol were not different between groups does not
contradict these results because we have no in vivo assess-
ment of the fatty acid rate of appearance or disappearance.
Just how dysferlin deficiency influences lipolysis is un-
known. Adipocyte lipolysis is regulated by the coordinate
actions of the lipases ATGL, hormone-sensitive lipase, and
monoglyceride lipase, which are generally located at the
surface of lipid droplets within adipocytes. The activity of
these lipases is regulated by posttranslational modifica-
tions, most notably activation by protein kinase A-mediated
phosphorylation in serine sites but also complex interac-
tions with several lipid-droplet associated effector proteins,
including CGI-58, perilipin 1, and G0S2 (37). Dysferlin was
previously identified as a lipid droplet-associated protein in
the heart of rats, and the C2 domain was required for its
lipid droplet localization (38). Hence, dysferlin may be re-
quired for orchestrating components of the molecular ma-
chinery that controls lipolysis, and this possibly will be the
subject of future detailed investigations. Fatty acids can also
be delivered to skeletal muscle via lipoprotein lipase-medi-
ated cleavage of circulating TGs, but this is unlikely to be
an additional source of excess NEFAs in BLA] mice because
TG secretion rates and plasma TG levels were similar in
BLAJ and WT mice. Collectively, our data show that lipid
accumulation associated with dysferlinopathies results
from increased fatty acid delivery via increased adipose tis-
sue lipolysis and the reprogramming of skeletal muscle
fatty acid metabolism toward lipid storage.
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Dysferlin deficiency affects the skeletal muscle lipidome

A major feature of dysferlinopathies is the marked ac-
cumulation of intramyocellular lipid droplets and appar-
ent replacement of myofibers with adipocytes later in the
pathology. By examining the skeletal muscle lipidome of
young adult BLAJ] mice, we have broadened the under-
standing of lipid changes in Dysfdeficient muscles inde-
pendent of the confounding contamination by adipocytes.
The lipidomic analysis revealed very different lipid pro-
files between BLAJ and WT mice, with significant increases
in a broad array of lipids, including sphingolipids, phos-
pholipids, lysophospholipids, cholesterol, and cholesteryl
esters. It is well recognized that disturbances of sarco-
lemma properties and resealing are striking features of
Dysf-deficient muscles (39), and experiments in Dysf-defi-
cient mouse models indicate that high levels of cholesterol
are deleterious to dysferlinopathic muscles (40). Of the
extensive changes described in our lipidomic analysis, per-
haps the most important findings are those that might af-
fect the biophysical characteristics of the cell membrane.
Phospholipids, sphingolipids, and cholesterol lipid spe-
cies are all major components of the sarcolemma (41),
and we report marked changes in many of these lipids in
BLAJ mice, effects that were associated with altered ex-
pression of genes encoding regulatory proteins of sphin-
golipid and phospholipid metabolism. Decreases in the
PC-PE ratio are associated with loss of membrane integrity
in some cell types (42); however, this was not different be-
tween BLAJ and WT mice. Such altered lipid composition
will affect many membrane properties, including biophysi-
cal properties such as fluidity that can influence vesicle
trafficking and transmembrane transport (43, 44). Signifi-
cantly, altered vesicle trafficking associated with sarco-
lemma resealing after experimental injury is a striking
classic feature of Dysfdeficient muscles (11-13). Dysfdefi-
cient muscles also show greater susceptibility to osmotic
shock injury (45), with slower recovery to glycerol-induced
osmotic shock (15), indicating altered sarcolemmal prop-
erties. There is good evidence that a primary defect in
skeletal myofibers per se initiates the resultant pathology
of dysferlinopathies (46). The consequences of altered
lipid composition of membranes and metabolism are of
wide interest to many skeletal and cardiac muscle disor-
ders (43), and the current study should stimulate further
investigation of dysferlinopathies.

Understanding the factors mediating skeletal muscle
lipid accumulation has major clinical implications because
both intra- and extramyocellular lipid accumulation is as-
sociated with insulin resistance (47) and other lipotoxic
outcomes such as oxidative stress, activation of proinflam-
matory signaling, and induction of apoptotic signaling (43,
48). Such effects of lipids are highly relevant to dysferlinop-
athies, for which there is evidence of increased oxidative
stress in Dysf-deficient human muscles (49) and in mouse
muscles (23), where elevated lipofuscin in mice aged 3
months indicates that irreversible oxidative damage pre-
cedes overt histopathology. Ceramides function in a to-
pographically restricted manner to regulate many cell
processes, including apoptosis, senescence, signaling from
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membrane receptors, and insulin signal transduction, and
their accumulation in skeletal muscle is associated with sev-
eral disease states, including type 2 diabetes (50). In this
regard, while total ceramide levels were not increased in
BLAJ muscles, there were significant increases in several
species, most notably ceramide C16:0, which has been im-
plicated in insulin resistance development in mice and hu-
mans (51, 52). Interestingly, this finding is inconsistent
with the dominant expression of ceramide synthase 1 in
muscles, which produces ceramide with a C18:0 acyl chain,
and other studies reporting a ceramide C18:0 signature for
insulin resistance in humans (53), but it is consistent with a
likely increase in C16:0 substrate. Other complex sphingo-
lipids such as glycosphingolipids (54) and dihydrocer-
amide are implicated in insulin resistance, as are DGs via
the activation of protein kinase Ce and inhibition of insulin
signal transduction. While these lipids were uniformly ele-
vated in the muscles of BLA] mice, there was no evidence
of insulin resistance or glucose intolerance. Such a pheno-
type may develop in later-onset disease. Finally, the in-
crease in glycosphingolipids is indicative of a lysosomal
defect in BLAJ mice that is somewhat supported by previ-
ous studies showing that dysferlin determines lysosome fu-
sion to the plasma membrane (55). In total, this lipidomic
analysis provides new insights into the changes accompany-
ing Dysf deficiency and paves the way for targeted subcel-
lular and temporal lipidomics to better define the
mechanisms underlying pathological lipid accumulation in
dysferlinopathies.

Systemic metabolic implications of Dysf deficiency

These studies also identified other metabolic features of
interest. In brief, BLAJ mice had increased physical activ-
ity, RER, and increased food intake, especially after fast-
ing, indicative of altered systemic metabolism and altered
substrate metabolism. The plasma insulin levels were
markedly decreased in BLAJ mice, both with fasting and in
response to an oral glucose load, suggesting a potential
role for dysferlin in insulin secretion by pancreatic 3-cells
or increased clearance, presumably by the liver. This line
of inquiry warrants further examination. We observed no
differences in whole-body insulin sensitivity (intraperito-
neal insulin tolerance test) or liver insulin action as deter-
mined by phosphorylation of proximal and distal proteins
involved in insulin signal transduction, suggesting no ef-
fects of dysferlin deficiency on insulin action. We cannot,
however, rule out effects in skeletal muscle or other or-
gans. We further surmise that the maintenance of whole-
body glycemic control despite reduced insulin levels may
be mediated by improved glucose effectiveness in BLA]J
mice (56).

We also analyzed livers to determine how widespread or
consistent any metabolic consequences of dysferlin defi-
ciency might be. Curiously, liver mass was increased in
BLAJ compared with WT mice. This was not due to in-
creased triglyceride or glycogen content in BLAJ mice, and
while edema has been reported in Dysfdeficient human
skeletal muscles (3) and may account for greater mass of
soleus muscles from old BLAJ mice (32), this does not



explain the increase in liver mass in BLA] mice. Thus, the
reasons for the increase in liver mass remain unexplained.
Finally, it is noted that genetic backgrounds of mice can
lead to differences in their metabolic phenotype. Hence, it
is possible that some changes observed in these studies
might be attributable to small differences in genetic back-
ground because the control WT mice were not littermate
controls of the BLAJ mice (i.e., not from heterozygous
breeding): instead, the C57BL/6] WT mice and BLAJ mice
(bred onto a pure C57BL/6] background) were main-
tained as separate colonies.

Human metabolism and dysferlinopathies

In the context of overall energy requirements, muscle
metabolism, and substrate partitioning, it is relevant to
consider how these may alter between normal growing
muscles and the mature adult state because dysferlinopa-
thy manifests in humans after puberty, usually within 1 to 2
years after the cessation of growth (24, 57). As fuel for en-
ergetic metabolism during exercise, children rely more on
fat than carbohydrates compared with adults, and the tran-
sition to an adultlike metabolic profile occurs between
middle to late puberty and is completed by the end of pu-
berty (58, 59); such a metabolic shift from lipids to carbo-
hydrates as fuels might contribute to the timing of the
onset of disease manifestation of dysferlinopathies. The
influence of gender on metabolism needs to be considered
because there are profound effects of ovarian hormones
on carbohydrate and fat metabolism and oxidative en-
zymes (58); such gender differences may contribute to the
subsequent more severe fatty replacement of many muscles
in female patients with dysferlinopathy (4). A study of nor-
mal male human myofiber type-specific development (size
and satellite cell content) over the entire life-span (0-86
years) showed that during growth (0-18 years) there was a
huge increase in myofiber size, with no major differences
between type I (slow oxidative) and II (fast glycolytic) myo-
fibers; however, postgrowth there was a selective atrophy of
fast type 2 myofibers in adults that was pronounced with
age and had metabolic implications (60). Likewise, in nor-
mal soleus and EDL muscles of adult male rats aged 3-12
months, there are substantial changes in many physiologi-
cal and biochemical characteristics during early and mid-
dle adulthood (61). Thus, the impact of metabolic changes
in dysferlinopathy on disease onset and progression also
needs to be considered in the wider context of growth/age,
gender, and myofiber type.

In conclusion, these novel results using presymptomatic
young adult BLA] mice highlight the central role for distur-
bances in skeletal muscle and adipose tissue lipid metabo-
lism as an intrinsic, early manifestation that results from
Dysf deficiency, with long-term adverse consequences for
progressive disease severity with myofibers replaced by adi-
pocytes and loss of function. This new focus on metabolism
has many clinical implications and warrants further investi-
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