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 Muscle disorders, known as myopathies, are character-
ized by muscle weakness, often due to fi brous tissue infi l-
tration ( 1 ). Although myopathies can be acquired, this 
review will focus on inherited forms of the disorder. These 
inherited myopathies are often phenotypically similar, but 
they differ in their mode of inheritance, age of onset, muscle 
cell targets, and disease progression ( 2 ). Defects/defi ciencies 
in transmembrane- and membrane-linked proteins, such 
as dystrophin, dysferlin, caveolin-3, and sarcoglycans, are 
causative of Duchenne and Becker myopathic dystrophies, 
limb-girdle (LGMD2B) myopathic dystrophy, LGMD1C, 

       Abstract   As the specifi c composition of lipids is essential 
for the maintenance of membrane integrity, enzyme func-
tion, ion channels, and membrane receptors, an alteration 
in lipid composition or metabolism may be one of the 
crucial changes occurring during skeletal and cardiac myo-
pathies. Although the inheritance (autosomal dominant, 
autosomal recessive, and X-linked traits) and underlying/
defi ning mutations causing these myopathies are known, the 
contribution of lipid homeostasis in the progression of these 
diseases needs to be established. The purpose of this review 
is to present the current knowledge relating to lipid changes 
in inherited skeletal muscle disorders, such as Duchenne/
Becker muscular dystrophy, myotonic muscular dystrophy, 
limb-girdle myopathic dystrophies, desminopathies, rostro-
caudal muscular dystrophy, and Dunnigan-type familial lip-
odystrophy. The lipid modifi cations in familial hypertrophic 
and dilated cardiomyopathies, as well as Barth syndrome 
and several other cardiac disorders associated with abnor-
mal lipid storage, are discussed.   Information on lipid al-
terations occurring in these myopathies will aid in the design 
of improved methods of screening and therapy in children 
and young adults with or without a family history of genetic 
diseases.  —Saini-Chohan, H. K., R. W. Mitchell, F. M. Vaz, T. 
Zelinski, and G. M. Hatch.  Delineating the role of altera-
tions in lipid metabolism to the pathogenesis of inherited 
skeletal and cardiac muscle disorders.  J. Lipid Res.  2012.  53:  
4–27.   
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 FATTY ACID UPTAKE AND INTRACELLULAR 
TRANSPORT 

 Cell types that undergo high levels of fatty acid metabo-
lism are able to transport fatty acids at a higher rate than 
cell types with lower lipid metabolism ( 22, 23 ). For exam-
ple, in skeletal or cardiac muscle, a specifi c and saturable 
uptake pathway for long-chain fatty acids exists ( 24, 25 ). A 
proposed mechanism for fatty acid uptake is an insulin- or 
muscle contraction-induced translocation of fatty acid 
transport proteins to the plasma membrane, resulting in a 
net uptake of circulating fatty acids ( 26 ). However, the 
precise mechanism of long-chain fatty acid uptake into 
myocytes is still rather uncertain and is split between two 
prevailing hypotheses: passive diffusion- and protein-spe-
cifi c-mediated transport ( 22, 26–31 ) (  Fig. 2  ). It has been 
proposed that long-chain fatty acid transport at the plasma 
membrane occurs by dissociation of the fatty acid from 
plasma albumin, delivery of the free fatty acid to the mem-
brane, its transfer across the membrane to the cytoplasm, 
and its intracellular metabolism ( 32 ). These steps of fatty 

and LGMD2C, 2D, 2E, and 2F (  Table 1  ,   Fig. 1  ) ( 3–7 ). 
Defects in the genes coding for calpain-3, choline kinase 
 � , AMP-dependent protein kinase, and desmin have been 
shown to cause LGMD2A, rostrocaudal MD, myotonic MD, 
and desminopathies, respectively ( Table 1 ,   Table 2  ) ( 4, 
8–12 ). The mutations that underlie these skeletal muscle 
abnormalities also commonly affect cardiac muscle, result-
ing in a deterioration of heart function ( 1, 2, 12–15 ). 

 Alterations in lipid metabolism ( 16 ) are commonly ob-
served in skeletal and cardiac muscle disorders ( Table 2 ); for 
example, changes in lipid storage are associated with hyper-
trophic or dilated cardiomyopathy (  Table 3  ) ( 17–20 ). 
Because cellular integrity ( 21 ) is dependent on the interac-
tion of various proteins with one another and with the mem-
brane lipids, any disease process disrupting one or another 
aspect of these essential functions will have serious conse-
quences. The purpose of this review is to present the current 
knowledge of fatty acid and lipid metabolism in myocytes 
and to document the pathogenesis of lipid abnormalities in 
inherited skeletal muscle disease ( Table 1 ), cardiac muscle 
disease ( Table 2 ), and lipid storage diseases ( Table 3 ). 

 TABLE 1. Lipid alterations reported in various inherited muscular dystrophies 

Muscular Dystrophy Defective Gene/Protein Lipid Alterations
Location of Initial Muscle 

Weakness Reference

Duchenne MD
Mode of 
inheritance: XR

Dystrophin Muscle biopsy:  ↓  in Phospholipid/TG ratio 
and PI;  ↑  TG, PC, SM, and cholesterol; no 
change in CL, PS;  ↑  monounsaturated fatty 
acids and  ↓  in C18:2 fatty acids. Mdx mice:  ↑  
Caveolin-3 expression, PC changes

In lower extremities with 
involvement of respiratory 
muscles

 100 ,  103–105 , 
 129 ,  130 

Becker MD
Mode of 
inheritance: XR

Dystrophin No gross abnormalities observed in muscle and 
adipose tissue;  ↓  [carnitine] in muscle

Symmetric in body and 
lower extremities

 99 ,  101 ,  102 

Myotonic MD
Mode of 
inheritance: AD

DMPK RBC: no change in phospholipid composition, 
fatty acid composition, altered fatty acids in 
plasmalogens

In feet, hands, lower legs 
and forearms

 3 ,  121 ,  131 ,  150 

Desminopathies
Mode of 
inheritance: 80% 
AD / 20% AR

Desmin Cytoplasmic caveolin-3 deposits Distal leg muscles with early 
respiratory and cardiac 
muscle involvement

 101 ,  102 , 
 111–113 

Limb-girdle 
myopathic 
dystrophies 
(LGMD) type 1
Mode of 
inheritance: AD

Lamin A/C (LGMD 
1B), caveolin-3 
(LGMD 1C)

Decreased caveolin-3 in lipid rafts (LGMD 1C) Overlap with DMD and 
BMD; involvement of 
shoulder and pelvic 
girdle muscles

 158 

Limb-Girdle 
myopathic 
dystrophies 
(LGMD) type 2
Mode of 
inheritance: AR

Calpain 3 (LGMD 2A), 
Dysferlin (LGMD 2B), 
 � -Sarcoglycan (LGMD-
2D),  �  -Sarcoglycan 
(LGMD-2C),  � -
Sarcoglycan (LGMD-
2E),  � -Sarcoglycan 
(LGMD-2F)

No alteration in fatty acid and lipid composition, 
decrease in VLCAD in the mitochondrial 
fractions (LGMD 2A). BIO 14.6 hamster: 
Age-dependent changes in phospholipid 
composition;  ↑  saturated and  ↓  unsaturated fatty 
acids,  ↓  PI and PE (LGMD 2D-E)

Overlap with DMD and 
BMD; involvement of 
shoulder and pelvic 
girdle muscles

 8 ,  154–157 ,  159 

Dunnigan-type 
familial partial 
lipodystrophy 
(FPLD)Mode of 
inheritance: AD

Lamin A/C Inhibition of adipocyte differentiation leads to  ↑  
lipid accumulation,  ↑  TG and  ↓  lipoprotein levels. 
Mouse fi broblasts:  ↑  lipid accumulation and TG 
synthesis Myocytes:  ↑  fatty acid infl ux

Wasting of fat in the 
extremities and gluteal 
area

 166–168 

Rostrocaudal 
muscular dystrophy 
( rmd )  a  Mode of 
inheritance: AR

Choline kinase  �  ↓  in PC content; affects PC biosynthesis 
and distribution

Rostral to caudal gradient 
of severity

 10 ,  174–176 

AD, autosomal dominant; AR, autosomal recessive; CL; cardiolipin; DMPK, myotonic dystrophy protein kinase gene; MD, muscular dystrophy; 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; RBC, red blood cell; SM, sphingomyelin; 
TG, triglyceride; XR, X-linked recessive.

  a   Only described in animal model. However, a congenital form has been recently described in humans (117).
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and insulin, which promote its translocation from intracel-
lular depots to the plasma membrane ( 50–52 ). H-FABP 
(heart) is primarily expressed in the heart but is also ex-
pressed in the brain, intestine, and adipose tissues ( 53 ). 
High expression of one or more FABP is directly corre-
lated with the specifi c tissue’s high rate of fatty acid uptake 
and metabolism ( 54 ). In H-FABP null mice, isolated car-
diac myocytes displayed decreased fatty acid uptake and 
metabolism compared with wild-type mice ( 55 ). 

 The three isoforms of the structural protein that consti-
tute caveolae are caveolin-1, caveolin-2, and caveolin-3 
( 56 ). Each caveolin is a hairpin-like 22 kDa integral mem-
brane protein that faces the cytosol ( 56 ). Caveolin-1 and 
caveolin-2 are coexpressed in various cell types, whereas 
caveolin-3 is muscle specifi c ( 57, 58 ). Caveolin-1 and ca-
veolin-3 are capable of forming caveolae on their own; 
however, caveolin-2 can only form caveolae in the pres-
ence of caveolin-1 ( 57 ). 

 FATTY ACID OXIDATION, ACCUMULATION, 
AND REMODELING 

 When long-chain fatty acids enter cells, they are 
esterifi ed to fatty acyl-CoA, transported to the mito-
chondria to undergo  � -oxidation, incorporated into 

acid transport and transmembrane movement may be car-
ried out by a protein-independent transport mechanism, 
with no net expenditure of cellular energy ( 33–35 ). In-
deed, unilammelar phosphatidylcholine (PC) membrane 
vesicle studies support this fl ip-fl op mechanism for non-
ionized long-chain fatty acid transport ( 36 ), and the addi-
tion of free long-chain fatty acids to these vesicles resulted 
in a very rapid fl ip-fl op of the fatty acids ( 36, 37 ). 

 Other studies indicate that transport of fatty acids is fa-
cilitated by several classes of specifi c transporters ( Fig. 2 ) 
expressed on the cell membrane ( 22, 35, 38–41 ). These 
include fatty acid transport proteins 1-6 (FATP1-6), fatty 
acid translocase/CD36 (FAT/CD36), fatty acid binding 
proteins (FABP), plasma membrane fatty acid binding 
protein (FABPpm), cytosolic fatty acid binding proteins 
(FABP c ) and caveolin ( 22, 35, 42–45 ). mRNA expression 
of these transporters is tissue specifi c and dependent on 
the metabolic fatty acid requirements of the cell/tissue 
( 46 ). For example, FATP-6 is predominantly expressed in 
the heart ( 47 ), whereas FATP-1 is predominantly expressed 
in adipose tissue ( 44 ) but is also signifi cantly expressed in 
brain tissue and skeletal and cardiac muscles ( 46–48 ). Adi-
pose, muscle, and intestinal tissues highly express FAT/
CD36, whereas the liver has low expression ( 49 ). Regula-
tion of FAT/CD36 is mediated by long-chain fatty acids 

  Fig.   1.  Representation of dystrophic-glycoprotein complex (DGC) showing dystroglycan and sarcoglycan as well as other major proteins 
involved in the development of various skeletal and cardiac muscle disorders. Purple arrow indicates calpain-3 interaction with titin. Refer 
to  Table 1  for the specifi c skeletal and cardiac muscle disorders and the resulting lipid alterations. DG, dystroglycan; IFAP, intermediate fi la-
ment accessory protein (desmoplakin, calponin, B-crystallin, and C-fl ip); SG, sarcoglycan.   
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acyl-CoAs, the outer membrane enzyme CPT1 cata-
lyzes the conversion of long-chain fatty acyl-CoAs to 
acylcarnitines, which then translocate across the inner 
mitochondrial membrane through the action of carni-
tine-acylcarnitine translocase ( 61–63 ). In the fi nal step, 
acylcarnitines are converted back to their correspond-
ing acyl-CoAs by CPT2, allowing for  � -oxidation to pro-
ceed ( 61–63 ). The three isoforms of CPT1 are expressed 

phospholipids, or stored as triacylglycerol (TG) (  Fig. 3  ) 
(reviewed in Ref.  59 ). The carnitine-palmitoyl trans-
ferase (CPT) system facilitates the oxidation of long-
chain fatty acids in the mitochondria (  Fig. 4  ) ( 60, 61 ). 
This system consists of carnitine-palmitoyl transferase-1 
(CPT1), carnitine-acylcarnitine translocase (CACT), and 
carnitine-palmitoyl transferase-2 (CPT2) ( 60 ). Because 
the inner mitochondrial membrane is impermeable to 

 TABLE 2. Primary cardiac muscle disorders with inherited defects and presenting symptoms 

Muscular Dystrophy
Mode of 

Inheritance Defective Gene/Protein Lipid Alterations Major Symptoms Reference

Primary (systemic) 
carnitine defi ciency

AR OCTN2/SLC22A5  ↓  intracellular and 
plasma carnitine;  ↑  
lipid accumulation 
in muscle

Hypertrophic cardiomyopathy, 
skeletal muscle weakness and 
hepatic encephalopathy

 181–188 

Secondary carnitine 
defi ciency

AR MCAD  ↑  carnitine esters;  ↓  
carnitine

Myopathy and hepatomegaly  189–194 

Carnitine 
palmitoyltransferase 
defi ciency

AR CPT1 Carnitine defi ciencies Cardiomyopathy  196–197 

Carnitine 
palmitoyltransferase 
defi ciency

AR CPT2 Carnitine defi ciencies Cardiomyopathy, encephalopathy 
and hepatomegaly

 198–203 

Very long-chain; medium-
chain and short-chain 
acyl-CoA dehydrogenase 
defi ciency

AR VLCAD, EFTA/
EFTB and SCAD

 ↓  oxidation of long-
chain fatty acid;  ↑  
butyrylcarnitine and 
ethylmalonic acid

Hypertrophic cardiomyopathy, 
rhabdomyolysis; hypotonia, 
hepatomegaly; hypertonia, 
myopathy

 204–216 

Rhabdomyolysis AD Mitochondrial 
trifunctional protein

 ↓  oxidation of long-chain 
fatty acid

Progressive cardiomyopathy; 
skeletal myopathy

 212 

Familial hypertrophic 
cardiomyopathy (FHC) 
and inherited dilated 
cardiomyopathy (DCM)

FHC: AD; DCM: 
AD, AR, XR

Contractile proteins 
ActinCAV3

 ↓  Cardiolipin Hypertrophic cardiomyopathy, 
idiopathic dilated 
cardiomyopathy

 217–232 

Barth syndrome AR Tafazzin, Xq28.12  ↓  Cardiolipin Hypertrophic cardiomyopathy 
with proximal and distal skeletal 
muscle weakness and fatigue

 247–252 

AMP activated protein 
kinase  � 2 defi ciency

AD AMPK � 2  ↓  Cardiolipin Hypertrophic cardiomyopathy  250 ,  264–266 

AR, autosomal recessive; AD, autosomal dominant; XR, X-linked recessive.

 TABLE 3. Primary cardiac muscle and lipid storage disorders with inherited defects and presenting symptoms 

Muscular Dystrophy
Mode of 

Inheritance

Defective Gene/
Protein and Gene 

Location Type of Lipids Involved Age and Cause of Death Major Symptoms Reference

Fabry disease XR GLA, Xq22 Glycosphingolipid 58.2 years for males and 
75.4 years for females; 
heart and renal failure

LV hypertrophy, valvular defects, 
AV conduction defects and 
arrhythmias

 272–274 

Gangliosidoses AR GLB1, 3p21.33 Ganglioside Child-adulthood; 
Cardiopulmonary 
failure

LV hypertrophy, Atria septal 
defects and valvular defects

 275 ,  276 

Mucolipidosis AR GNPTAB, 12q23.2 Phospholipid-
bound vacuole

First decade of life; 
pneumonia or heart 
failure

Valvular defects  270 ,  277 

Gaucher disease AR GBA, 1q21 Glucocerebroside Child-adulthood; massive 
hepatosplenomegaly, 
cardiovascular, and 
cerebrovascular 
complications

Restrictive fi lling and reduced 
diastolic volume

 271 ,  279 

Neutral lipid 
storage disease 
with myopathy

AR ATGL
11p15.5

TG Variable, cardiomyopathy Intimal thickening of coronary 
arteries and atheromatous 
lesions

 283 ,  285 

Neutral lipid 
storage disease 
with ichthyosis

AR ABHD5, 3p21 TG Variable, hepatomegaly Mild myopathy and 
hepatomegaly

 290 

ABHD, abhydrolase domain-containing gene; AR, autosomal recessive; ATGL, adipose TG deposition lipase gene; GBA, glucosidase  �  acid; 
GLA, galactosidase  � ; GLB, lysosomal galactosidase  � ; GNPTAB,  N -acetylglucosamine-1-phosphate transferase  � - and  � -subunits; TG, triglyceride; 
XR, X-linked recessive.
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vides a signal to the cell on the availability of lipids for 
energy needs ( 60 ). 

 Regulation of CPT1 alone cannot explain the observed 
changes in mitochondrial fatty acid import when there is 

in different tissues: CPT1A in liver, CPT1B in muscle, 
and CPT1C in brain ( 64–66 ). The heart is unique as 
both the liver and muscle forms are expressed ( 67 ). The 
entire pathway is regulated by malonyl-CoA, which pro-

  Fig.   2.  Proposed overview of the cellular uptake of 
free fatty acids. Free fatty acids enter cells either by 
diffusion or through interaction with one or more 
fatty acid transport proteins. CoA is added to the free 
fatty acid via acyl-CoA synthetase once the fatty acid 
enters into the cell in preparation for  � -oxidation, 
TG synthesis, or phospholipid biosynthesis. FATP 
couples free fatty acid transport with acyl-CoA synthe-
sis. Predicted protein structures are based on litera-
ture and previous representations. FABP curved lines 
represents  � -helices; multicolored arrows   represent 
 � -pleated sheets. FABP PM/C , fatty acid binding protein 
plasma membrane/cytosolic; FATP, fatty acid trans-
port protein; FAT/CD36, fatty acid translocase/
CD36; FFA, free fatty acid.   

  Fig.   3.  Fatty acid  � -oxidation, TG synthesis, and phospholipid biosynthesis pathways. In the de novo biosyn-
thesis of phospholipids and TG, esterifi ed fatty acid is condensed with  sn -glycerol-3-phosphate to form 1-acyl-
 sn -glycerol-3-phosphate catalyzed by glycerol-3-phosphate acyltransferase, followed by formation of phosphatic 
acid (PA) catalyzed by 1-acylglycerolphosphate acyltransferase. Duchenne muscular dystrophy (DMD) pa-
tients have reduced channeling of fatty acids toward  � -oxidation, leading to reduced phospholipid ratio ( Ta-
ble 1 ). Increased TG accumulation is observed in familial partial lipodystrophy (FPLD) patients. DMD, FPLD, 
and rostrocaudal muscular dystrophy ( rmd ) are described in the section  Lipid Abnormalities in Inherited Skeletal 
Muscle Diseases . Description of the skeletal and cardiac manifestations of multiple acyl-CoA dehydrogenase 
defi ciency (MADD), very long chain acyl-CoA dehydrogenase (VLCAD), medium chain acyl-CoA (MCAD), 
and short-chain acyl-CoA dehydrogenase (SCAD) are described in the section  Inherited Cardiac Muscle Diseases . 
Neutral lipid storage disease (NLSD) is described in the section  Lipid Storage Disorders . A red “X” indicates a 
defect in the gene and the associated abnormality caused by the defect; a red arrow indicates the biosynthetic 
pathway affected by the abnormality. AGPAT, 1-acyl- sn -glycerol-3-phosphate acyltransferase; ChK, choline ki-
nase; CPT, choline phosphotransferase; CT, cholinephosphate cytidylyltransferase; EPT, ethanolaminephos-
phate cytidylyltransferase; DGAT, 1,2-diacylglycerol-acyltransferase; G-3-P, glycerol-3-phosphate; GPAT, 
glycerol-3-phosphate acyltransferase; Lipin-1, phophatidate phosphohydrolase; PEMT, phosphatidyletha-
nolamine  N -methyltransferase; PSD, phosphatidylserine decarboxylase; PSS, phosphatidylserine synthase.   
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glycerol-3-phosphate acyltransferase (GPAT) and several 
isoforms of 1-acylglycerolphosphate acyltransferase (AG-
PAT); these are reviewed elsewhere ( 73 ). In both skeletal 
and cardiac myocytes, over 90% of GPAT activity is attrib-
uted to GPAT1 ( 74 ). Similarly, AGPAT1 is the most highly 
expressed AGPAT isoform in skeletal and cardiac muscles 
( 75 ). Phosphatidic acid (PA) lies at a branch point where 
it may be converted by PA phosphohydrolase (lipin-1) to 
form 1,2-diacyl- sn -  glycerol for the formation of TG ( 76 ), a 
reaction catalyzed by 1,2-diacyl- sn -glycerol acyltransferase. 
There are two isoforms of 1,2-diacyl- sn -glycerol acyltrans-
ferase ( 77 ). 1,2-diacyl- sn -glycerol acyltransferase-1 is widely 
expressed in all tissues, with high expression levels in adi-
pose tissue, skeletal muscle, and intestine, whereas 1,2-dia-
cyl- sn -glycerol acyltransferase-2 is solely expressed in the 
liver and adipose tissue ( 78, 79 ). 1,2-diacyl- sn -glycerol acyl-
transferase-1 exhibits similar activity in both skeletal mus-
cle and adipose tissue in rats ( 80 ). 

 The 1,2-diacyl- sn -glycerol formed from PA may be uti-
lized in the de novo biosynthesis of PC or phosphati-
dylethanolamine (PE) ( 81, 82 ). In addition, PA can be 
converted by CDP-DG synthetase to CDP-1,2-diacyl- sn -glyc-
erol and used in the synthesis of phosphatidylinositol (PI) 
and the polyglycerophospholipids, phospatidylglycerol and 
cardiolipin (CL) ( 83 ). Newly formed phospholipids may be 
remodeled by a phospholipase A 2 -mediated deacylation, 

an increased cellular energy demand ( 68, 69 ). FAT/CD36 
was shown to colocalize with CPT1 on the outer mitochon-
drial membrane and may play a role in fatty acid import 
( 62 ). The exact mechanism of action of FAT/CD36 on the 
mitochondrial membrane is not well established, but it 
may be acting as an acceptor of long-chain fatty acids, pre-
senting them for activation by long-chain acyl-CoA syn-
thetase, which in turn are converted to acylcarnitines by 
CPT1 ( 62 ). Although FAT/CD36 knockout mice exhib-
ited normal fatty acid oxidation ( 70 ), several studies im-
plicate FAT/CD36 as a crucial mitochondrial fatty acid 
importer, especially during exercise or muscle contraction 
( 22, 71, 72 ). FATP-1 has been shown to be localized in the 
mitochondria of skeletal muscle cells and thus may play a 
role in fatty acid import ( 63 ). Overexpression of both 
FATP-1 and CPT1 in mitochondrial fractions resulted in 
an additive effect on fatty acid oxidation, suggesting that 
FATP-1 cooperates with CPT1 in fatty acid import to the 
mitochondria ( 63 ). FATP-1 and CPT1 physically interact 
in the mitochondria, as both proteins coimmunoprecipi-
tate in mitochondrial fractions of L6E9 myotubes and rat 
skeletal muscle in vivo ( 63 ). The mechanistic process de-
fi ning this interaction and cooperation between FATP-1 
and CPT1 remains unknown. 

  Fig. 3  depicts a brief summary of the de novo biosynthe-
sis of phospholipids and TG. There are two isoforms of 

  Fig.   4.  Overview of carnitine transport across the plasma and mitochondrial membranes. Carnitine is trans-
ported across the plasma membrane via the OCTN2/SLC22A5 transporter. CPT1 catalyzes the conversion of 
long-chain fatty acyl-CoAs to acylcarnitines, which then translocate across the inner mitochondrial membrane 
through the action of CACT. Acylcarnitines are converted back to their corresponding acyl-CoAs by CPT2, 
allowing for  � -oxidation to proceed. The released carnitine can leave the mitochondria via CACT and may 
exit the cell via volume-sensitive anion channels. Carnitine acetyltransferase (CAT) converts short- and me-
dium-chain acyl-CoAs into acetylcarnitines and then leaves the mitochondrial matix via CACT. A mutation in 
the OCTN2 transporter results in decreased accumulation of intracellualr carnitine. Carnitine and carnitine 
palmitoyl transferase defi ciencies are described in the section  Inherited Cardiac Muscle Diseases . A red “X” indi-
cates a defect in the gene and the associated abnormality caused by this defect. CACT, carnitine-acylcarnitine 
translocase; CPT1, carnitine-palmitoyl transferase-1; CPT2, carnitine-palmitoyl transferase-2.   
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 Becker muscular dystrophy (BMD; OMIM no. 300376) 
is a milder form of DMD with a decrease in dystrophin 
content as opposed to the complete absence in DMD ( Table 
1 ). The incidence of BMD is 1 in 18,450 male births. Most 
patients with BMD develop musculoskeletal symptoms at a 
slower rate compared with DMD patients and remain am-
bulatory up to the third or fourth decade of life ( 99 ). As 
shown in  Table 1 , no gross lipid abnormalities in BMD pa-
tients’ muscles have been identifi ed; however, reduced 
carnitine concentrations have been observed. The per-
centage of sphingomyelin (SM) was unaltered in the 
gastrocnemius muscle of BMD patients compared with 
controls ( 100 ). In addition, no change was observed in the 
fatty acid composition of muscle phospholipids in patients 
with BMD ( 101 ). Finally, no alterations in the activities of 
selected enzymes involved in phospholipid metabolism, 
including CDP-choline:diglyceride- P -cholinetransferase 
( Fig. 3 ), CDP-choline:ceramide- P -cholinetransferase, and 
those involved in the degradation of PC, were observed in 
the biopsies of quadriceps femoris muscle   obtained from 
BMD patients ( 102 ). 

 Lipid mapping analysis of human striated muscle sam-
ples from male control and DMD-affected children re-
vealed accumulation of intact PC, cholesterol (CH), SM, 
TG, and an abundance of monounsaturated fatty acid spe-
cies within the most-damaged areas of the dystrophic mus-
cles ( 103 ) ( Table 1 ,  Fig. 3 ). Conversely, a decrease in 
phosphatiylinositol (PI) was observed in the most-dam-
aged regions. An increase in [ 3 H]glycerol incorporation 
into PC, phosphatidylserine (PS), PI, and TG was observed 
in skeletal muscles of DMD patients ( 104 ). Additionally, 
the phospholipid-to-TG ratio was decreased in DMD pa-
tients, indicating a perturbation in the lipid bilayer ( 104 ). 
An increase in the C18:1 fatty acid (oleate) in PC of hu-
man dystrophic muscle was associated with a decrease in 
C18:2 fatty acid (linoleate) ( 7, 100 ). In biopsies of rectus 
abdominus and gastrocnemius muscle in 3- to 5-year-old 
males diagnosed with DMD, an increase in SM and choles-
terol content was coupled with a decrease in PC and choline 
plasmalogen ( 105 ). However, PS, monophosphoinositide, 
CL, and total phospholipid content were not altered in 
biopsies from DMD patients ( 105 ). These results suggest 
interference in the muscle maturation of PC in DMD pa-
tients at different stages of disease development. 

 In dystrophic mouse muscle, changes in whole-tissue 
phospholipid composition (with less PC but more PE, SM, 
and cholesterol) was directly linked with changes in the 
muscle microsomal fraction in contrast to myofi brillar and 
mitochondrial fractions ( 106 ). Similar alterations in phos-
pholipid and cholesterol content have been observed in 
the dystrophic skeletal muscles of the dystrophin-defi cient 
 mdx  mouse (a model for hereditary muscular dystrophy), 
indicating a common pathological mechanism. Matrix-as-
sisted laser desorption/ionization time-of-fl ight mass spec-
trometry and tandem mass spectrometry analysis of the 
phospholipid composition in skeletal muscle of  mdx  mice 
indicated that an inversion of intensity ratio of  m/z  758.6 
(hexadecanoyl, [ cis -9,12]octadecadienoyl-glycero-3-phos-
phocholine, PC (C16:0/C18:2) over  m/z  760.6 (hexadecanoyl, 

followed by a lysophospholipid acyltransferase-mediated 
reacylation ( 84 ). This remodeling is required to allow for 
the incorporation of unsaturated fatty acids into the  sn -2 
position of the phospholipid and thus allows for the differ-
ing enzymatic functions determined by the different  sn -1 
and  sn -2 acyl chain substrates ( 84 ). This remodeling is es-
sential for cell viability. For example, in mutant  E. coli  
strains capable of synthesizing only saturated fatty acids, a 
termination in DNA replication and cell division occurred 
as a result of the unsaturated fatty acids being diluted from 
membrane phospholipids ( 84 ). Similarly, in rats fed a high 
trans  -acyl fatty acid diet, liver and heart cell membrane as-
sembly became compromised and resulted in cell death, 
demonstrating the importance of acyl-chain availability to 
the synthesizing enzymes ( 84 ). 

 Newly formed as well as stored TG may be hydrolyzed to 
release fatty acid for energy production via the hierarchi-
cal action of adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) ( 85 ). The accumulation of 
fatty acids in the heart has been documented in obese in-
dividuals, type II diabetic patients, and in those who suffer 
from metabolic syndrome ( 86 ). This accumulation of fatty 
acids may arise by increased hydrolysis of endogenous 
muscle TG stores ( Fig. 3 ), by uptake from exogenous 
sources, such as nonesterifi ed fatty acid bound to albumin 
in the blood ( Fig. 2 ), or by TG in lipoproteins. The net 
result is an increased cardiac lipid content that is associ-
ated with a lipotoxic cardiomyopathy that contributes to 
cardiac dysfunction ( 86 ). The mechanism for the cardiac 
dysfunction may be related to a fatty acid-mediated in-
crease in expression of lipogenic transcription factors, 
such as the sterol response element binding protein-1c 
(SREBP-1c) and peroxisome proliferator-activated recep-
tor  �  (PPAR � ), both of which promote lipogenesis during 
episodes of excess nutrition ( 87 ). Finally, imbalance be-
tween fatty acid uptake and  � -oxidation has the potential 
to contribute to insulin resistance in muscle ( 88 ). 

 LIPID   ABNORMALITIES IN INHERITED SKELETAL 
MUSCLE DISEASES 

 Muscular dystrophies 
 Duchenne muscular dystrophy (DMD; OMIM no. 

301200), is the most common type of inherited skeletal 
muscle disorder, affecting 1 in 3,500 young males ( 89–91 ) 
( Table 1 ). Progressive muscle weakness is evident at 3–5 
years of age, followed by the inability to walk by 10–12 
years of age, and culminating in death in early adulthood, 
with life expectancy rarely beyond 20–30 years of age ( 92, 
93 ). Genetic studies have indicated that mutations of DMD 
lead to complete defi ciency of the full-length 3685 amino 
acid dystrophin protein ( 3, 94, 95 ). Dystroglycan and 
sarcoglycans are the major proteins of DGC, and they link 
the cortical cytoskeleton to the extracellular matrix ( 2, 
96–98 ) ( Fig. 1 ). Therefore, the lack of dystrophin causes 
structural disorganization of the sarcolemma, necrosis of 
myofi brils, fi brosis, infl ammation, and vascular dysfunc-
tion in DMD patients ( 4 ). 
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downregulation of dystrophin, necrosis, and regeneration 
of skeletal muscle fi bers with central nuceli ( 123 ). Overex-
pression of caveolin-1 resulted in no discernable pheno-
type, suggesting the DMD phenotype is caveolin-3 specifi c 
( 123 ). 

 To investigate cardiac involvement in DMD, studies 
have utilized the UM-X7.1 and BIO 14.6 strains of ham-
ster, well-known animal models of DMD with congestive 
cardiomyopathy ( 124, 125 ). In UM-X7.1 animals, total phos-
pholipid content was signifi cantly decreased in cardiac mus-
cle without any alteration in skeletal muscle phospholipids. 
However, PC content and the cholesterol-to-phospholipid 
ratio were increased in both cardiac and skeletal muscle of 
UM-X7.1 myopathic hamsters ( 126 ). These animals exhib-
ited lower activity and expression of fatty acid synthase and 
stearoyl-CoA desaturase activities in the liver, as well as 
lowered plasma insulin levels compared with age-matched 
control animals fed the same diet ( 127 ). The insulin defi -
ciency may in part lead to the observed altered muscle 
fatty acid metabolism. BIO 14.6 animals also exhibited an 
increase in cholesterol-to-phospholipid ratio in cardiac 
tissue similar to that observed in UM-X7.1 animals ( 128 ). 
This increase in cholesterol-to-phospholipid ratio seems to 
be a common feature of DMD lesions ( 105, 129, 130 ). It 
has been proposed that the decrease in phospholipids may 
be due to the release of phospholipids during the degen-
eration of muscle as well as the increased activity of phos-
pholipase A in DMD tissue. During muscle regeneration, 
increased cholesterol synthesis is required, which may be 
responsible for the elevated cholesterol levels in DMD 
patients ( 130 ). 

 Myotonic muscular dystrophy (dystrophia myotonica, 
Steinert’s disease; OMIM no. 160900) is a systemic genetic 
disorder inherited as an autosomal-dominant trait with an 
expansion mutation of an unstable trinucleotide repeat 
(CTG) at the 3 ′  UTR of the myotonic dystrophy protein 
kinase (DMPK) gene ( 11, 131 ) ( Table 1 ). This variable re-
peat results in a 50% reduction of the DMPK protein in 
skeletal muscle and is associated with the inability to relax 
muscles, cardiac arrhythmias, and insulin resistance ( 132 ). 
It is the most common form of adult onset muscular dys-
trophy, with a prevalence of 1 in 8,000 and an average life 
expectancy of 53.2 years in male patients ( 108, 133 ). It has 
been suggested that a primary enzyme abnormality in 3 � -
hydroxysterol  �  24 -reductase, which converts desmosterol 
to cholesterol, may be one of the underlying mechanisms 
involved in the development of the disease. An early study 
observed a signifi cant amount of sterol accumulation in 
skeletal muscle of myotonic patients ( 134 ). This, however, 
seems unlikely as defects in this enzyme result in des-
mosterolosis (OMIM no. 602398), a very serious auto-
somal-recessive disorder of cholesterol biosynthesis ( 135 ). 
Subsequent studies utilizing more sensitive techniques re-
vealed no alteration in desmosterol levels in experimental 
animal models ( 136 ), myotonic muscular dystrophy pa-
tients ( 137 ), or cultured skin fi broblasts ( 138 ). In addi-
tion, no alteration in [ 3 H]glycerol incorporation into PC, 
PS, PI, or TG were observed in skeletal muscles of myo-
tonic muscular dystrophy patients compared with control 

[ cis -9]octadecadienoyl-glycero-3-phosphocholine, PC (C16:0/
C18:1) in  mdx  mice structured and destructured areas, 
suggests that PC alteration is an early event in the muscle 
degeneration-regeneration process ( 107 ). Similar changes 
have been observed in dystrophic muscle tissue sections 
isolated from 12- to 14-year-old children ( 103 ). In destruc-
tured areas of muscle, the less unsaturated PC species 
(C16:0/C18:1) were more abundant than the unsaturated 
PC species (C16:0/C18:2) compared with the control re-
gions, which indicates a reduction in membrane fl exibility 
in DMD muscle ( 108 ). 

 Muscle degeneration (reduced muscle weight and 
tension output) occurring in  mdx  mice is thought to be a 
result, in part, of increased calcium entry through sar-
colemmal cationic channels. A recent study showed that 
iPLA 2  localized in the vicinity of the sarcolemma hydro-
lyzed PC and that the resultant lysophosphatidylcholine 
increased calcium entry through sarcolemmal channels 
( 109 ). These data implicate iPLA 2  as a possible mediator of 
the alteration in PC composition in DMD. Introduction of 
an exogenous nitric oxide donor into  mdx  mice led to res-
toration of membrane lipid composition to levels very simi-
lar to those of wild-type mice ( 110 ). Nitric oxide synthase 
null mice exhibited a 4.1-fold increased expression of per-
oxiredoxin-6 ( 111 ), a protein that exhibits a second func-
tion as an iPLA 2  ( 112 ). These studies suggest that inhibition 
of iPLA 2  could serve as a potential therapeutic target in 
dystrophic muscle. Nonetheless, the alterations in PC fatty 
acid composition need further investigation in the devel-
opmental and later stages of the disease. 

 As previously stated, production of energy in muscle 
from long-chain fatty acid oxidation is dependent upon 
the presence of carnitine ( 113 ). Carnitine levels in mus-
cle biopsies from patients with DMD, BMD, limb-girdle 
dystrophy, and polymyositis/dermatomyositis are low/
reduced compared with histologically normal muscle 
( 114–116 ). The low values of carnitine seen in these dys-
trophic patients may be a nonspecifi c effect, possibly re-
lated to the severe muscle damage. Proton NMR analysis 
in biopsied skeletal muscle from DMD patients demon-
strated, in addition to reduced levels of choline-containing 
lipids indicative of membrane abnormalities, a decrease in 
acetate-containing lipids that is indicative of reduced 
transport of fatty acids into mitochondria due to decreased 
carnitine concentrations (115  ). Indeed, in approximately 
50% of DMD patients examined, a reduction in myocar-
dial fatty acid metabolism was indicated by reduced uptake 
and metabolism of a radioiodinated branched fatty acid 
( 118 ). As depicted in  Fig. 2 , caveolae may participate in 
uptake of fatty acids. Increased caveolin-3, an important 
component of the lipid rafts in cardiac, skeletal, and 
smooth muscle and a modulator of DGC function ( Fig. 1 ) 
( 119, 120 ), has been observed in skeletal muscle of DMD 
patients ( 121 ). The increase in caveolin-3 expression may 
be a compensatory mechanism to increase fatty acid up-
take into cells in DMD. Similar changes in caveolin-3 ex-
pression in skeletal muscle in  mdx  mice have been observed 
( 122, 123 ). Transgenic mice overexpressing caveolin-3 re-
vealed a similar phenotype to human DMD, exhibiting 
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information regarding the phospholipid composition 
is available in the literature in the case of primary 
desminopathies. 

 Limb-girdle myopathic dystrophies 
 Limb-girdle myopathic dystrophies (LGMD), which 

constitute a heterogeneous group of muscular dystrophies 
characterized by progressive muscle weakness, are respon-
sible for up to one third of all muscular dystrophy cases 
( 153 ) ( Table 1 ). LGMD has been split into two different 
types based upon mode of inheritance. Typically, type 1 
LGMD has autosomal-dominant inheritance and onset oc-
curs in early adulthood; type 2 LGMD has autosomal-re-
cessive inheritance and onset occurs during childhood. 
Due to the presence of a diverse number of mutations rep-
resenting the autosomal-dominant and autosomal-reces-
sive forms of LGMDs ( 9 ), direct measurements of different 
phospholipids and fatty acid composition in both experi-
mental animal models and patients is an immense chal-
lenge. Further work is needed to understand how mutations 
in these diverse genes result in membrane lipid altera-
tions. Because of the overlap between the development of 
dystrophinopathies and sarcoglycanopathies (LGMD-2D-
E), the BIO 14.6 hamster with a specifi c mutation in the 
 � -sarcoglycan gene has been used as a model of sarcinopa-
thy ( 154, 155 ). Isolated heart membranes of BIO 14.6 
hamsters of different age groups exhibited an age-depen-
dent effect on phospholipid composition ( 156 ). Although 
no difference in lipid composition and microdynamics was 
observed between 4-week-old BIO 14.6 and control F1b 
hamsters, a signifi cant decrease in 20:0, 20:2, and 32:4 fatty 
acids and an increase in saturated fatty acids 18:0 and 22:0 
were observed at 18 weeks of age. In addition, at 31 weeks 
of age, a decrease in the content of unsaturated fatty acids 
20:4 and 22:6 was observed compared with controls ( 156 ). 
A signifi cant decrease in membrane phospholipids, such 
as PI and PE, was observed in the later stages of life in BIO 
14.6 hamsters compared with controls. In addition, an in-
crease in the PI-specifi c phospholipase C activity in hearts 
of these cardiomyopathic hamsters was observed ( 157 ). 

 Interestingly, a specifi c deletion of a tripeptide [ � TFT 
( 63–65 )] in the caveolin-3 gene (within the region that af-
fects the oligomerization and scaffolding of caveolin-3) in 
primary myoblasts of neonatal C57Bl/6 mice mimicked 
the autosomal-dominant LGMD1C (OMIM no. 607801) 
form of the disease ( 158 ). This mutation in the caveolin-3 
gene has also been described previously in humans ( 152 ). 
The tripeptide deletion results in caveolin-3 being main-
tained in the Golgi complex, and the reduced localization 
of caveolin-3 to the sarcolemmal lipid rafts may result in 
the perinuclear accumulation of the proto-oncogene Src, 
which may lead to increased apoptosis and muscle degen-
eration in LGMD1C patients ( 158 ). 

 A signifi cant decrease in very long-chain acyl-CoA de-
hydrogenase (VLCAD) activity in the mitochondrial 
fractions of skeletal muscle of calpain-3 knockout mice, 
which represent an autosomal-recessive form of LGMD2A 
(OMIM no. 253600), has been observed and points to a 
secondary defect in fatty acid oxidation in this type of 

subjects ( 103 ). Fatty acid analysis of plasmalogens revealed 
reduced unsaturation levels of PE in myotonic muscular 
dystrophy erythrocyte membranes compared with controls 
( 139 ).  Dmpk  � / �    mice exhibited decreased insulin sensitiv-
ity in cardiac and skeletal muscle, resulting in increased 
circulating glucose and lipid levels ( 140 ). Recently, it was 
suggested that the CUG-binding protein 1 may play a ma-
jor role in myotonic muscular dystrophy pathogenesis, as 
overexpression of CUG-binding protein 1 lead to severe 
muscle wasting in transgenic mice ( 141 ). 

 Desminopathies 
 Desminopathies are a heterogeneous group of inher-

ited disorders caused by mutations in the desmin gene 
( Table 1 ), as well as by mutations in  � -B-crystallin and syn-
emin ( 142, 143 ). As reviewed in Ref.  12 , 80% of patients 
with desminopathies exhibit autosomal-dominant inheri-
tance, whereas the remainder displays autosomal-recessive 
inheritance. Desmin is the major intermediate fi lament 
protein surrounding the Z-disc of myofi brils that interact 
with other cytoskeletal proteins, including intermediate 
fi lament-associated proteins, to maintain the intracellular 
integrity and mediate force transmission and mechano-
chemical signaling ( 141 ) ( Fig. 1 ). 

 Wang et al. ( 142 ) provided the fi rst functional link be-
tween the human p.Arg173_Glu179del desmin (D7-des) 
mutation and desminopathy in a transgenic mice model in 
which they observed an accumulation of chimeric intracel-
lular aggregates containing desmin and other cytoskeleton 
proteins in isolated cardiomyocytes. A mutation in desmin 
at p.L345P has been observed in mice, which resulted in 
abnormal Ca 2+  handling by the mitochondria, leading to a 
signifi cant defect in mitochondrial function associated 
with left ventricular hypertrophy ( 144 ). Transfection of 
mutant desmin into a human epithelial cell line that does 
not express type III intermediate fi laments, SW13(vim-) 
cells, as well as in mouse myoblasts that express muscle-
specifi c endogenous type III intermediate fi laments, C 2 C 12  
cells, demonstrated the importance of desmin in fi lament 
assembly and revealed that any mutation in desmin will 
lead to a signifi cant alteration in the preexisting endoge-
nous intrafi lamenous network, resulting in myopathy ( 145, 
146 ). A number of mitochondrial protein differences have 
been identifi ed between control and desmin null mice 
( 147 ), including an increase in  � -oxidation, acetate, and 
ketone body metabolizing enzymes in desmin null mice 
reminiscent of changes that occur in the diabetic heart 
( 147, 148 ). 

 As intermediate fi laments provide the mechanochemi-
cal links between the contractile apparatus and mitochon-
dria, nucleus, and the sarcolemma and coordinate effi  cient 
protein and lipid traffi cking ( 149 ), a defect in desmin may 
affect all of these processes. Deposits of caveolin-3 have 
been observed in muscle cytoplasm of patients with pri-
mary desminopathy ( 150 ). Caveolin-3 is normally present 
in sarcolemmal lipid rafts; however, its presence in the 
muscle cytoplasm of these patients may be a result of 
reduced caveolar traffi cking ( 151 ). Although lipid rafts 
are known to be enriched in SM and gangiosides ( 152 ), no 
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concluded that lamin A acts as an inhibitor of adipocyte 
differentiation and that mutations in lamin A leads to lipid 
accumulation as observed in FPLD ( 172 ) ( Fig. 3 ). In-
creased fatty acid fl ux from adipose tissue to skeletal and 
cardiac myocytes and impaired lipid oxidation may con-
tribute to the hypertriglyceridemia seen in these patients 
( 20 ). Although treatment of FPLD patients with low-dose 
recombinant methionyl human leptin has shown some 
promise in decreasing the levels of TG and total choles-
terol with improvement in fasting glucose and insulin sen-
sitivity in a small group of FPLD patients ( 173 ), further 
studies targeting a larger number of patients are needed 
to establish the therapeutic role of leptin in dyslipidemia 
and adipocyte differentiation in FPLD. 

 Rostrocaudal muscular dystrophy 
 A spontaneous mouse mutation which leads to progres-

sive muscular dystrophy with rostral   to caudal gradient of 
severity starting from day 6 to 2–3 months of age was iden-
tifi ed ( 10 ) ( Table 1 ). It was observed that degenerated fi -
bers were in the hindlimb along with variation in fi ber size 
with progressive muscle wasting and extreme fatty acid in-
fi ltration in the hindlimb compared with the forelimbs of 
rostrocaudal muscular dystrophy ( rmd ) /    rmd  mice. An in-
tragenic 1.6 kb deletion within the  Chkb  gene is responsi-
ble for the lipid defect in these mutant mice.  Chk  enzyme 
exists in two isoforms ( �  and  � ), and  Chkb  catalyses the 
phosphorylation of choline to phosphocholine for the 
biosynthesis of PC ( Fig. 3 ). Both phosphocholine and PC 
play important roles in cell growth, signaling, and prolif-
eration, and they are essential for cell survival ( 174–176 ). 
A decrease in the content of PC in  rmd/rmd  mice skeletal 
muscle or alterations in the lipid composition, represented 
by changes in the PC/PE ratio, may lead to muscular dys-
trophy in this mouse model ( 10 ). This spontaneous re-
cessive mutation in  Chkb  in  rmd/rmd  mice shares several 
phenotypic characteristics with the dysferlin null mouse, 
which is a model for limb-girdle dystrophy type 2B myopa-
thy ( 177 ). Dysferlin is a sarcolemma-associated protein 
that is important in skeletal membrane repair using a Ca 2+ -
dependent resealing mechanism ( 178 ). However, the 
membrane disruptions are milder than dysferlinopathies 
( 179 ), as determined by the lowered increase in serum 
creatine kinase levels, lack of signifi cant uptake of Evans 
blue dye by skeletal muscle, and unaltered levels of pro-
teins, such as dystrophin,  � -dystroglycan,  � -dystrogylcan, 
emerin, dysferlin,  � -sarcoglycan, and  � -sarcoglycan in the 
DGC ( Fig. 1 ). These minor membrane changes suggest 
membrane fusion defects as an underlying mechanism of 
this type of muscular dystrophy ( 10 ). Although a shift in 
mitochondrial fi ssion and fusion toward the formation of 
megamitochondria was observed in the hindlimbs of  rmd/
rmd  mice, no direct link between apoptosis and muscle de-
generation was observed. 

 Wu et al. ( 180 ) observed a larger percentage of total 
muscle PC in mitochondria of  Chkb  � / �    mice. They sug-
gested that the redistribution of PC in affected hindlimb 
muscle is due to PC channeling into mitochondria in-
stead of into the sarcolemma; thus, PC is diverted away from 

LGMD ( 8 ). Because VLCAD plays an important role in 
maintaining phospholipid homeostasis and reesterifi ca-
tion in the membrane ( 159 ), the above study ( 8 ) provides 
only indirect evidence for phospholipid alterations in 
LGMD2A. 

 Dunnigan-type familial partial lipodystrophy 
 Novel missense mutations in lamin A and C proteins, 

which are encoded by the LMNA gene, have been identi-
fi ed in individuals with Dunnigan-type familial partial lip-
odystrophy (FPLD; OMIM no. 151660) ( 160–163 ) ( Table 
1 ). These missense mutations, R28W and R62G, affect the 
two different domains of the lamin A/C gene, the N-termi-
nal head domain and the  � -helical rod domain ( 163 ). 
Lamin A and C mRNA are primarily expressed in heart, 
skeletal muscle, and the placenta, as well as in a variety of 
other tissues, including lung, kidney, and pancreas ( 164 ). 
 LMNA   � / �   mice exhibit dilated cardiomyopathy due to the 
disruption of the desmin cytoskeleton network in cardio-
myocytes, resulting in altered nuclear function, such as 
reduced PPAR �  expression and decreased SREBP1 import 
( 165 ). Typical FPLD has autosomal-dominant laminopa-
thy, which is characterized by wasting of fat in the extremi-
ties and gluteal area starting around puberty and 
accompanied by excess fat deposition in the face, neck, 
back, and labia majora ( 166, 167 ). In addition, females 
have hirsutism, menstrual abnormalities, and polycystic 
ovarian disease ( 166–168 ). 

 The biochemical hallmark in affected individuals is de-
velopment of metabolic syndrome with diabetes mellitus; 
dyslipidemia associated with hypertriglyceridemia and de-
pressed high density lipoprotein levels; hypertension; and 
early coronary artery disease ( 166, 168, 169 ). FPLD indi-
viduals may not develop the typical biochemical profi le 
described above; these nondiabetic carriers of FPLD de-
velop metabolic changes that include high levels of insu-
lin, nonesterifi ed free fatty acids, C-reactive protein, and 
mean TG levels with lower HDL cholesterol, adiponectin, 
and leptin ( 170 ). Hepatic steatosis with elevated levels of 
liver enzymes are included as part of the FLPD clinical 
phenotype ( 171 ). 

 FPLD patients do not present with muscle disorders un-
til after puberty, when these patients display hypertrophy 
of skeletal muscle fi bers ( 20 ). Recent studies have demon-
strated an excessive skeletal muscle fatty acid  � -oxidation 
both in vitro and in vivo due to a defect in lamin A/C ( 20 ). 
However, this fatty acid oxidation is largely incomplete 
due to a reduction in glucose oxidation, which results in 
an imbalance in skeletal muscle energy substrate metabo-
lism ( 20 ). Studies in mouse 3T3-L1 preadipocytes, which 
differentiate in vitro to adipocytes, have demonstrated 
that the overexpression of mutant lamin A inhibited lipid 
accumulation, TG synthesis, and overexpression of adipo-
genic markers. These changes were associated with inhibi-
tion of overexpression of PPAR � 2 and GLUT-4. On the 
other hand, mouse embryonic fi broblasts lacking lamin A 
accumulated intracellular lipids rapidly and exhibited in-
creased de novo TG synthesis with elevated basal phospho-
rylation of the insulin signaling molecule AKT1. This study 
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in fatty acid oxidation occurs in skeletal and cardiac myo-
cytes and results in myopathy and hepatomegaly ( 189 ). 
Excretion of carnitine esters due to the accumulation of 
nonmetabolized acyl-CoA intermediates and followed by 
subsequent transesterifi cation of the fatty acyl moiety to 
carnitine is a major cause of the carnitine defi ciency ( 190, 
191 ). In addition, homocysteineuria due to methylenetet-
rahydrofolate reductase defi ciency, 3-hydroxy-3-methylgl-
utaryl-CoA defi ciency, and cytochome C oxidase defi ciency 
are associated with low carnitine levels. Acquired disor-
ders, such as alcoholic cirrhosis, renal failure as a result of 
chronic hemodialysis, and epilepsy treated with valproic 
acid, also have been associated with secondary carnitine 
defi ciency ( 192–194 ). However, the exact mechanism for 
carnitine defi ciency and the possible benefi ts of carnitine 
replacement under these conditions need further study 
( 183, 189, 190, 195 ). 

 Carnitine palmitoyltransferase defi ciency 
 In addition to carnitine itself, defi ciencies of carnitine 

palmitoyltranferases 1 (CPT1; OMIM no. 255120) and 2 
(CPT2; OMIM no. 255110) and carnitine-acylcarnitine trans-
locase (CACT; OMIM no. 212138) have been described ( Fig. 
4 ,  Table 2 ). CPT1 defi ciency is a rare disease, and thus far 
only  CPT1A  (liver-type CPT1) gene mutations have been 
identifi ed ( 196, 197 ). CPT1-B enzyme function is crucial for 
normal heart function, and its loss may be incompatible with 
life ( 197 ). Interestingly, only a few cases of liver-type CPT1 
defi ciency without muscle involvement have been reported 
( 197 ). On the other hand, in CPT2 defi ciency, at least 15 
unique autosomal recessively inherited mutations ( 198, 199 ) 
have been shown to be responsible for systemic neonatal, in-
fantile/childhood, and adult myopathic forms of this pheno-
typically heterogeneous disease ( 196, 199 ). 

 Neonatal CPT2 defi ciency presents with cardiomyopa-
thy, encephalopathy, and hepatomegaly. Death usually oc-
curs during the fi rst few months of life ( 200 ). The infantile 
or childhood type occurs after the fi rst month of life and 
is triggered by fasting. It has a rigorous presentation with 
attacks of hypoketotic hypoglycemia with cardiomegaly, 
hepatomegaly, and sudden death before the age of 1 year 
( 201, 202 ). The adult (classic or benign form) myopathic 
type is characterized by recurrent episodes of rhabdomy-
olysis triggered by physical stresses, with the fi rst episode 
occurring between 1 and 12 years of age or sometimes dur-
ing adolescence ( 203 ). Avoidance of precipitating factors, 
such as prolonged fasting or exercise for more than 30 min, 
and introduction of a high-carbohydrate/low-fat diet, as 
well as regular monitoring of renal function during the 
attacks of myoglobinuria, have been suggested as the main 
treatment ( 196 ). Due to the heterogeneous presentation 
of the disease and large number of mutations in the CPT2 
gene, systematic large clinical trials are needed to check 
the validity of these treatment options. 

 Other inherited fatty acid oxidation disorders resulting in 
cardiac myopathy 

 Other frequently noted inherited cardiac myopathies 
occur due to very long-chain acyl-CoA dehydrogenase 

sarcolemmal repair. In addition, the authors indicated 
that elimination of  Chkb  signifi cantly causes impairment of 
PC biosynthesis in hindlimb muscle that is coupled with 
increased PC catabolism. This conclusion was supported 
by the observation that administration of CDP-choline to 
 Chkb  � / �    mice decreased the plasma level of creatine kinase 
and increased the PC content of skeletal muscle. However, 
the occurrence of muscular dystrophy due to a defect in 
 Chkb  needs to be further investigated in humans, especially 
those with idiopathic muscular dystrophy. The therapeutic 
value of CDP-choline administration in some forms of 
muscular dystrophy with impaired sarcolemmal integrity 
needs to be established ( 180 ). A human congenital muscu-
lar dystrophy with choline kinase β defi ciency was recently 
identifi ed in 15 patients (117). 

 INHERITED CARDIAC MUSCLE DISEASES 

 Carnitine defi ciency 
 One of the major inherited cardiomyopathies is associ-

ated with carnitine, which plays an important role in the 
transport of long-chain fatty acids through the inner mito-
chondrial membrane ( 113 ). Primary (systemic) carnitine 
defi ciency (OMIM no. 212140) is an inherited metabolic 
disorder that gives rise to cardiomyopathy and lipid accu-
mulation in the muscle ( 181 ) ( Table 2 ). Primary carnitine 
defi ciency is an autosomal-recessive disorder due to the lack 
of the functional organic cationic/carnitine transporter 2 
(OCTN2/SLC22A5) ( Fig. 4 ). Mutations in OCTN2 affect 
carnitine transport by impairing the maturation of the trans-
porters to the plasma membrane ( 182 ). This results in low 
carnitine plasma levels due to decreased intracellular carni-
tine accumulation and increased carnitine excreted in the 
urine. Homozygous deletion of 17081C of the SLC22A5 
gene results in a frameshift mutation at R282D, which leads 
to a premature stop codon in the OCTN2 carnitine trans-
porter, as observed in Hungarian Roma (Gypsy) infants who 
present with cardiomyopathy and decreased plasma carni-
tine levels ( 183 ). The affected children present with feeding 
diffi culties, upper respiratory tract infections, hepatomegaly 
with abnormal liver function tests, hypoglycemia, and mildly 
elevated creatine kinase ( 170 ). A residual carnitine transport 
activity has been observed in some OCTN2 mutations, and 
in such situations, life-long replacement of L-carnitine and 
decreased intake of dietary fat are considered the major 
treatment options for primary carnitine defi ciency ( 182–
184 ). In untreated patients, the defi ciency of carnitine can 
progress to hypertrophic cardiomyopathy and weakness of 
skeletal muscles ( 185 ). Acute episodes of hepatic encephal-
opathy are the major reasons of sudden infant death ( 186 ). 
Hypertrophic cardiomyopathy is common in older patients 
with myofi brillar deorganization and mitochondrial abnor-
malities ( 187 ); however, in adolescence, OCTN2 mutation 
can present with ventricular fi brillation without overt cardio-
myopathy ( 188 ). 

 Secondary carnitine defi ciency can occur due to fatty 
acid oxidation defects, including medium chain acyl-CoA 
dehydrogenase defi ciency ( 189 ) ( Fig. 3 ,  Table 2 ). This defect 
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thy, displaying characteristic fatty infi ltration of the heart, 
kidneys, and liver. The third presentation is late onset, 
which is a milder form with variable symptoms, including 
lipid storage myopathy ( 215 ). 

 Another disorder of mitochondrial fatty acid oxidation 
is due to a defi ciency of short-chain acyl-CoA dehydroge-
nase (OMIM no. 201470), which has autosomal-recessive 
inheritance and leads to the accumulation of butyrylcarni-
tine and ethylmalonic acid in blood and urine ( 216 ) ( Fig. 3 , 
 Table 2 ). The clinical phenotype of short-chain acyl-CoA 
dehydrogenase defi ciency includes developmental delay, 
feeding diffi culties, metabolic acidosis, seizures, myopa-
thy, and hypertonia ( 216 ). However, no consistent rela-
tionship between a defi nable clinical phenotype and 
mutations in the short-chain acyl-CoA dehydrogenase 
gene has been established, and in recent years, it has been 
suggested that this disorder may be a nondisorder ( 216 ). 

 Familial hypertrophic cardiomyopathy and inherited 
dilated cardiomyopathy 

 The prevalence of familial hypertrophic cardiomyopa-
thy (FHC; OMIM no. 115197) is approximately 1 in 500 
with autosomal-dominant transmission and a heteroge-
neous clinical presentation ( 217–220 ). More than 100 
mutations have been documented, with most of these oc-
curring in the genes encoding contractile proteins ( 217–
220 ) ( Table 2 ). A separate set of mutations in the actin 
gene at R312H and E361G have been associated with in-
herited dilated cardiomyopathy (DCM; OMIM no. 115200) 
( 221 ) ( Table 2 ). The prevalence of DCM is 1 in 2,500 with 
autosomal-dominant, autosomal-recessive, and X-linked 
modes of inheritance ( 222 ). About one half of the patients 
with DCM have idiopathic dilated cardiomyopathy ( 223 ). 
Patients with FHC undergo transition from hypertrophy to 
heart failure. However, the alterations in membrane phos-
pholipids during this transition are not completely under-
stood in human FHC and DCM. 

 On the basis of similarities between fi ndings in humans 
with respect to the mutations in different functional do-
mains of the actin gene, which can lead to either FHC or 
idiopathic dilated cardiomyopathy ( 223 ), and fi ndings in 
the mouse model that exhibit features of both diseases 
( 224 ), it has been suggested that the underlying pathophys-
iological mechanism in both of these diseases appears to 
be the same ( 223 ). The spontaneously hypertensive heart 
failure (SHHF) rat model presents all of the signs of inher-
ited DCM and has shown some promise in this area. Spar-
agna et al. ( 225 ) have observed that progressive changes in 
cardiac CL molecular acyl composition occur in the mito-
chondria during the pathogenesis of heart failure in these 
rats. These changes are characterized by a marked loss of 
the (C18:2) 4 -CL species and an increase in minor species 
containing highly unsaturated acyl chains (e.g., 20:4 and 
22:6), with a concurrent loss of CL mass ( 225 ). Decreases 
in (C18:2) 4 -CL preceded the development of heart failure 
in the SHHF rats by several months and correlated with a 
loss of mitochondrial cytochrome oxidase activity ( 226 ). 
Recently, we showed that these alterations in CL content 
are linked with differential alterations in various enzymes 

defi ciency (OMIM no. 201475) ( 204 ), multiple acyl-CoA 
dehydrogenase defi ciency (OMIM no. 231680), mitochon-
drial myopathies, and abnormalities of myocardial pro-
teins ( 205, 206 ) ( Fig. 3 ,  Table 2 ). Defi ciency of very long 
chain acyl-CoA dehydrogenase, which catalyses the fi rst 
step in  � -oxidation of long-chain fatty acids, has been di-
vided into three phenotypes with infantile, childhood, and 
adolescent/adult onset ( 207–209 ). The infantile onset 
form has cardiac defects with hypertrophic cardiomyopa-
thy, the childhood onset form has repeated episodes of 
hypoglycemia, and the adolescent/adult onset has inter-
mittent rhabdomyolysis ( 207–209 ). The mutational spec-
trum of VLCAD defi ciency is very wide, with over 80 
mutations identifi ed in the VLCAD gene and none of 
them being prevalent ( 210, 211 ). To fi nd a possible geno-
type-phenotype relationship, these mutations have been 
grouped into two categories: null mutations and missense 
mutations ( 210 ). Null mutations that result in no residual 
VLCAD enzyme activity have generally been associated 
with the infantile phenotype, whereas missense mutations 
that result in a residual enzyme activity have been associ-
ated with the childhood and early adulthood phenotypes 
( 210, 211 ). However, recently an overlap between these 
phenotypes was observed as a novel compound-heterozy-
gote missense mutation of exons 9 and 10 in VLCAD that 
has been associated with the perinatal-onset form and re-
peated episodes of rhabdomyolysis during infancy and 
early childhood. 

 In addition, rhabdomyolysis has been shown with a rare 
defi ciency of mitochondrial trifunctional protein with a 
mutation at R235W in the  � -subunit, which was observed 
in cultured skin fi broblasts of the affected patient ( 212 ) 
( Table 2 ). 

 Multiple acyl-CoA dehydrogenase defi ciency (MADD; 
OMIM no. 231680), also known as glutaric acidemia type 
II, is associated with defi ciency of several mitochondrial 
dehydrogenases that utilize fl avin adenine dinucleotide 
as a cofactor and includes the aforementioned acyl-CoA 
dehydrogenases involved in mitochondrial fatty acid 
oxidation and enzymes that degrade glutaric acid (glu-
taryl-CoA dehydrogenase); isovaleric acid; and a precur-
sor to glycine, sarcosine ( Fig. 3 ). MADD is caused by 
mutations in the electron transfer fl avoprotein (encoded 
by two genes, ETFA and ETFB) or in the electron transfer 
fl avoprotein dehydrogenase gene (ETFDH) ( 213 ). ETF is 
a dimeric mitochondrial matrix protein composed of  � - 
and  � -subunits, and a mutation in either subunit or in 
ETFDH will result in MADD ( 213 ). Null mutations in ei-
ther ETFB or ETFDH appear to be associated with the 
neonatal onset (type 1) of the disease ( 213, 214 ). Its mode 
of inheritance follows an autosomal-recessive pattern. 
Two different newborn presentations are seen: one with 
congenital abnormalities; including dysmorphic facial 
features and dysplastic, cystic kidneys; and one without 
these congenital abnormalities. Both have a broad clini-
cal phentotype displaying hypotonia, hepatomegaly, se-
vere nonketotic hypoglycemia, and metabolic acidosis. If 
newborns survive the fi rst weeks, they frequently die dur-
ing the following month from hypertrophic cardiomyopa-
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 Alterations in cardiolipin homeostasis 
 Barth syndrome.   Barth syndrome (BTHS; OMIM no. 

302060) is a rare X-linked recessive disease caused by mu-
tations in the tafazzin gene ( TAZ ), which presents at birth 
or early in life ( 233, 234 ) ( Table 2 ). Over 100 mutations 
have been described, including frameshifts, nonsense, 
splice-site, and missense mutations. To date, no correla-
tion between genotype and disease severity in BTHS has 
been observed ( 235–238 ). In some patients, symptoms 
seem to partially resolve for a defi ned period of time ( 236 ), 
known as the “honeymoon period,” which occurs between 
the ages of 5 and 12 years ( 239 ). The incidence of the dis-
ease is currently unknown but may be as high as 1 in 
300,000. BTHS is a multisystem disorder characterized by 
hypertrophic cardiomyopathy associated with proximal 
and distal skeletal muscle weakness and fatigue, growth re-
tardation, cognitive defects, cyclic neutropenia, mild hy-
pocholesterolemia, and an elevated urinary excretion of 
3-methyglutaconic acid ( 234, 240 ). 

 BTHS is the fi rst known inborn error that affects CL, a 
polyglycerophospholipid essential for the function of the 
mitochondrial respiratory chain. CL is synthesized and re-
modeled in the inner mitochondrial membrane in a highly 
organized manner, as previously described ( 241–243 ) 
(  Fig. 5  ). On the basis of the sequence homology of the 
 TAZ  gene with acyltransferases, Neuwald ( 244 ) suggested 
that BTHS may occur due to a defect in phospholipid me-
tabolism. Subsequent studies by several laboratories have 
supported reduced levels of tetralinoleoyl-CL [(C18:2) 4 -
CL] as the principal biochemical abnormality in BTHS 
patients. In cultured skin fi broblasts of BTHS patients, 

in CL de novo biosynthesis (CTP:PA cytidylyltransferase, 
phosphatidylglycerolphosphate synthase, and CL syn-
thase) as well as CL remodeling enzymes (MLCL AT and 
 TAZ ) ( 227 ). 

 Studies have shown that a mutation in human caveolin-3 
is present in patients with familial FHC ( 228 ). The mis-
sense T63S mutation in the  CAV3  gene resulted in decreased 
cell surface expression of caveolin-3 ( 228 ). Recently, an-
other missense T78M mutation in the  CAV3  gene has been 
identifi ed in a patient suffering from both DCM and 
LGMD-1C ( 229 ). Interestingly, these patients do not dis-
play skeletal muscle anomalies that are common in LGMD 
with underlying caveolin-3 mutations ( 228, 230 ). This dif-
ference may be explained by the severity of the functional 
changes in caveolin-3 due to the mutations. The LGMD-
associated mutation exerted a more severe dysfunction as 
the mutant caveolin-3 underwent ubiquination and pro-
teasomal degradation, further reducing the cell-surface 
expression of caveolin-3 ( 228 ). The caveolin-3 mutation 
affects cardiac muscles more than skeletal muscles. Skele-
tal muscle contracts on demand, whereas the continuous 
contraction and relaxation of cardiac muscle requires 
more caveolin-3 to deliver a larger amount of fatty acid to 
mitochondria for sustained energy production ( 228 ). 
Moreover, caveolin-3 may be regulated by different mech-
anisms in skeletal and cardiac muscles ( 229 ). Because hyper-
trophy occurs as a secondary response to other conditions, 
such as valvular disease, hypertension, and ischemic heart 
disease ( 231, 232 ), delineation of inherited FMC and DCM 
changes from other noninherited conditions has become 
quite a challenge. 

  Fig.   5.  Overview of the pathway of mitochondrial cardiolipin remodeling. Cardiolipin is hydrolyzed by 
phospholipase A 2  to produce monolysocardiolipin and then resynthesized to tetralinoleoyl-cardiolipin [Car-
diolipin-(18:2) 4 ] by monolysocardiolipin acyltransferase (MLCL AT) or by the cardiolipin transacylase 
tafazzin (TAZ  ). A red “X” indicates a mutation in the TAZ gene resulting in Barth syndrome.   
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nostic tool for BTHS ( 261 ). Nonetheless, it has been shown 
that the clinical presentation and severity of BTHS is not 
specifi cally linked to the CL defi ciency ( 249 ). Thus, cau-
tion must be exercised when correlating alterations in CL 
with the progression of the disease. 

 Spencer et al. ( 262 ) examined the serum lipid profi le in 
a cohort of BTHS males compared with their unaffected 
siblings. The cohort was small, and only 24% showed a re-
duction in total serum cholesterol below 2.84 mmol/l (110 
mg/dl). Further analysis indicated that 56% of the cohort 
exhibited a reduced LDL profi le of 1.55 mmol/l (<60 mg/dl). 
We investigated cholesterol biosynthesis in lymphoblasts 
from a normal individual and an age-matched Barth 
syndrome patient,  �  TAZ 1 ( 263 ). Although total choles-
terol levels were similar under standard culture condi-
tions,  �  TAZ 1’s lymphoblasts had a diminished capacity to 
respond to increased demand for cholesterol biosynthesis 
due to a reduced ability to increase hydroxymethylglutaryl-
CoA reductase activity. The impact of hypocholesterolemia 
in BTHS will need to be investigated in the major choles-
terol-producing cell type, the hepatocyte, and in more 
patients, particularly in response to times of increased 
cholesterol demand, especially developmental periods 
outside the “honeymoon period.” We hypothesize that 
these are the periods when defects may become apparent 
and potentially most detrimental to the patients. 

 AMP-activated protein kinase  � 2 defi ciency.   AMPK, a ubiq-
uitous serine/threonine protein kinase, is activated by 
various pathological and physiological processes ( 264 ). It 
has a catalytic  � -subunit with two isoforms,  � 1 and  � 2. 
AMP-activated protein kinase  � 2 (AMPK � 2) is expressed 
primarily in the heart and contributes 70–80% of the total 
AMPK catalytic activity ( 265 ). Athea et al. ( 266 ) have 
shown that AMPK � 2 defi ciency affects CL homeostasis 
and mitochondrial function ( Table 2 ). In AMPK � 2  � / �   
mice, a 25% decrease in mitochondrial complex I activity 
was observed. In addition, a 13% decrease in mitochon-
drial linoleic acid (18:2), the main fatty acid of cardiac CL, 
was observed in these animals. The authors suggested that 
a decrease in CL content may be associated with mRNA 
downregulation of the rate-limiting enzyme of CL biosyn-
thesis, CTP:PA cytidylyltransferase-2, and the CL remodel-
ing enzyme, acyl-CoA:lysocardiolipin acyl transferase 1. 
However, the mRNA content of  taz  remained unaltered. It 
was interesting to note that the ultrastructural changes in 
the mitochondria of AMPK � 2  � / �   mice resembled to some 
extent the abnormalities in mitochondria observed in lym-
phoblasts of BTHS patients ( 250 ). However, further stud-
ies in human subjects are needed to defi ne a direct 
relationship between AMPK � 2 and BTHS. 

 LIPID STORAGE DISORDERS 

 Cardiac disorders associated with abnormal lipid storage 
 Lipid storage disorders are often associated with hyper-

trophic or dilated cardiomyopathy ( 17, 267 ) as shown in 
 Table 3 . These include Fabry disease ( 268 ), gangliosidoses 

Vreken et al. ( 245 ) demonstrated a 75% reduction in the 
CL pool size with a reduced incorporation of [1- 14 C]lino-
leic acid (C18:2n-6) into CL and phosphatidylglycerol, de-
spite no alteration in the biosynthetic rate of these 
polyglycerophospholipids. In addition, incorporation of 
[1- 14 C]palmitate (C16:0), stearate (C18:0), oleate (C18:1n-9), 
and arachidonate (C20:4n-6) into CL did not differ be-
tween control and BTHS fi broblasts ( 245 ). Valianpour 
et al. ( 246 ) observed a signifi cant decrease in (C18:2) 4 -CL 
in cultured skin fi broblasts of BTHS patients using nor-
mal phase high-performance liquid chromatography-
electrospray mass spectrometry. A similar decrease in 
(C18:2) 4 -CL content was also observed in platelets ( 247 ) 
and in biopsies of skeletal muscle, as well as in left and 
right ventricles of hearts obtained from BTHS patients 
( 248, 249 ). In lymphoblasts, a 50% reduction and in fi -
broblasts, a 75% reduction of (C18:2) 4 -CL content was 
observed in this disease ( 249 ). In another study, the fatty 
acid composition of all major mitochondrial phospholip-
ids, including PC, PE, and CL, were altered in lympho-
blasts from BTHS patients; however, these changes were 
most prominent in CL ( 250 ). In particular, palmitoleic 
(16:1) and linoleic (18:2) acids were replaced by palmitic 
(16:0) and stearic (18:0) acids, and there was a shift from 
oleic acid (18:1 � 9) to vaccenic acid (18:1 � 7). Due to 
these alterations, vaccenic acid became the dominant acyl 
group in CL in lymphoblasts isolated from BTHS patients. 
In addition, analysis of the PC molecular species showed 
an increase in palmitoleic acid (16:0–16:1-PC) with a de-
crease in oleic acid (16:0–18:1-PC) in BTHS lymphoblasts. 
Only minor alterations in PE with a small increase in 
palmitoleic acid were observed. 

 To maintain its unique unsaturated fatty acyl composi-
tion, remodeling of CL is essential. Phospholipase A 2  and 
monolysocardiolipin acyltransferase (MLCL AT-1) play 
important roles in this process ( 251–253 ) ( Fig. 5 ). In addi-
tion, it is well documented that the human gene  TAZ  en-
codes a transacylase, tafazzin, which is involved in the 
remodeling of CL ( 254, 255 ). In this context, an increased 
accumulation of intermediates of remodeling, including 
MLCLs, were observed in heart, skeletal muscle, lympho-
cytes, and cultured lymphoblasts of BTHS patients ( 256, 
257 ). Knockdown of  taz  in zebrafi sh and mouse models of 
BTHS resulted in a cardiac phenotype that resembled hu-
man BTHS heart failure ( 258, 259 ). In the zebrafi sh 
model, injection of wild-type  taz  mRNA restored normal 
cardiac function ( 258 ).  Drosophila  melanogaster    taz  mu-
tants exhibited a BTHS-related phenotype, with the triad 
of abnormal cardiolipin, pathologic mitochondria, and 
motor weakness; this phenotype was suppressed by inacti-
vation of the gene encoding type VIA calcium-indepen-
dent phospholipase A 2  ( 260 ). We demonstrated that 
expression of MLCL AT-1 in human BTHS lymphoblasts 
resulted in increased MLCL AT protein, [1- 14 C]linoleate 
incorporation into CL, CL mass, and mitochondrial func-
tion, measured in terms of succinate dehydrogenase (mi-
tochondrial complex II) activity compared with mock-
transfected BTHS lymphoblasts ( 253 ). HPLC-MS has 
confi rmed the validity of MLCL and CL analysis as a diag-
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 Gaucher disease.   Gaucher disease (OMIM no. 230800), 
the most common of the lysosomal storage diseases (1 in 
40,000 live births), is an autosomal-recessive disorder de-
fi ned by mutations in the glucosidase  �  acid gene, which 
codes for  � -glucosidase, an enzyme involved in the hydro-
lysis of glucosylceramide ( 271, 279 ) ( Table 3 ). The result 
is an accumulation of glucocerebrosides in the lysosomes 
of reticuloendothelial cells. Infi ltration of the heart by 
nongranulomatous masses of histiocytes results in a cardi-
omyopathy characterized by a restrictive fi lling and re-
duced diastolic volume of either or both ventricles with 
normal or near-normal systolic function and wall thickness 
( 280, 281 ). Enzyme-replacement therapy is now the stan-
dard treatment for patients with type 1 (nonneuronop-
athic) Gaucher disease ( 282 ). 

 Neutral lipid storage disorders 
 Neutral lipid storage disease (triglyceride deposit cardiomyopa-

thy).   Neutral lipid storage disease (NLSD; OMIM no. 
610717) is an autosomal-recessive disorder characterized 
by accumulation of neutral lipids in multiple organs (re-
viewed in Ref.  283 ) ( Table 3 ). Mutations in adipose triglyc-
eride lipase (ATGL/PNPLA2) and comparative gene 
identifi cation-58 (CGI-58/ABHD5) result in NLSD ( Fig. 3 ). 
Although mutations in either the ATGL or the CGI-58 
gene result in TG accumulation, the resulting disease se-
verities are not identical. Mutations in ATGL result in a 
more severe myopathy (NLSDM) than do mutations in 
CGI-58. In addition, patients with CGI-58 mutations ex-
hibit ichthyosis (NLSDI). These observations indicate an 
ATGL-independent function of CGI-58. ATGL specifi cally 
hydrolyzes the fi rst fatty acid from TG, and CGI-58/ABHD5 
stimulates ATGL activity by an unknown mechanism. 

 A point mutation in exon 7 of the ATGL/PNPLA2 gene, 
which encodes an essential intracellular TG lipase, has 
been shown to be associated with TG deposit cardiomyo-
vasculopathy ( 284 ) ( Table 3 ). This mutation was identical 
to that observed in neutral lipid storage disease with myo-
pathy (NLSDM) ( 285 ). It was noted that individuals with 
NLSDM were not obese, in spite of the severe defect in TG 
degradation in fi broblasts and the marked TG storage in 
liver, muscles, and other visceral cells ( 285 ). However, in 
the explanted heart of a 41-year-old patient with TG de-
posit cardiomyovasculopathy, the TG content compared 
with cholesterol content was signifi cantly higher than that 
in control subjects ( 284 ). Levels of plasma lipids, carni-
tine, and TG were all normal. Diffuse intimal thickening 
of the coronary arteries and fi broatheromatous lesions 
were also observed. 

 In a recent study in ATGL knockout mice (ATGL  � / �  ), 
alterations in TG metabolism due to the deletion of ATGL 
severely reduced lipolysis in adipose tissue and thereby re-
duced the availability of free fatty acid in the plasma ( 286 ). 
This in turn enhanced the carbohydrate oxidation during 
fasting and resulted in depletion of muscle and liver glyco-
gen stores and reduced blood glucose. The exercise-in-
duced increase in plasma free fatty acid and glycerol was 
decreased due to ATGL deletion, indicating impair-
ment in exercise-induced lipolysis in these mice. ATGL 

( 269 ), mucolipidosis ( 270 ), mucopolysaccharidosis, and 
neuronal ceroid lipofuscinosis. Cardiomyopathy of the 
three functional types include congestive, as in Fabry dis-
ease; hypertrophic, as in glycogen storage disease, type II; 
and restrictive, as in Gaucher disease ( 271 ). Valvular and 
myocardial involvement occur predominantly in the 
glycogen storage diseases, types II–IV, mucolipidoses, 
sphingolipidoses, and neuronal ceroid lipofuscinosis 
( 267 ). 

 Fabry disease.   Fabry disease (OMIM no. 301500) is a 
rare (1 in 50,000) X-linked disorder caused by a defi ciency 
of lysosomal  � -galactosidase A, leading to accumulation of 
globotriaosylceramide and related glycosphingolipids in 
various tissues including the heart ( 268 ) ( Table 3 ). In 60% 
of males, the associated cardiac abnormalities include left 
ventricular hypertrophy, which may mimic hypertrophic 
cardiomyopathy, valvular dysfunction, various atrioventric-
ular conduction system defects, and arrhythmias. These 
cardiac abnormalities are the most common cause of death 
in affected individuals ( 272 ). Preclinical diagnosis is key 
for treatment of the disease, and the use of human recom-
binant  � -galactosidase A is highly effective ( 273, 274 ). 

 Gangliosidoses.   GM1 gangliosidosis (OMIM no. 230500) 
is an autosomal recessively inherited lysosomal storage 
disorder characterized by accumulation of GM1 gangli-
osides, oligosaccharides, and the mucopolysaccharide kera-
tan sulfate due to a defi ciency of lysosomal hydrolase 
 � -galactosidase (GLB1) ( 269, 275 ) ( Table 3 ). The human 
GLB1 gene produces two alternatively spliced transcripts 
that encode the lysosomal enzyme  � -galactosidase (GLB1) 
and the elastin binding protein ( 269, 275 ). GLB1 muta-
tions may affect both proteins or only GLB1. Elastin bind-
ing protein is essential for early elastogenesis and the 
formation of elastic fi bers in blood vessel walls by function-
ing as a molecular chaperone to tropoelastin, which cova-
lently cross-links and forms elastin ( 276 ). When elastin 
binding protein mutation is involved, it leads to the devel-
opment of a range of infantile cardiomyopathic pheno-
types, including left ventricular hypertrophy, atrial septa 
defects, and mitral, tricuspid, and arotic valvular insuffi -
ciencies linked to impaired elastogenesis ( 269 ). 

 Mucolipidosis.   Mucolipidosis II  � / �  (OMIM no. 252500) 
and III  � / �  (OMIM no. 252600) are autosomal-recessive 
diseases caused by a defi ciency of the  � - and/or  � -subunit 
of the enzyme  N -acetylglucosamine-1-phosphotrans-
ferase, which is encoded by the GNPTAB gene ( 270 ) 
( Table 3 ). The defi ciency in  N -acetylglucosamine-1-phos-
photransferase results in an inability to internalize en-
zymes into lysosomes. In mucolipidosis II (I-cell disease), 
accumulation of membrane-bound vacuoles in mesen-
chymal (foam) cells occurs in myocardial fi bers ( 277 ). In 
children with this fatal disorder, the accumulation of 
foam cells in the myocardium is associated with thick-
ened and retracted aortic, mitral, and tricuspid valves 
that may lead to aortic regurgitation and valvular col-
lapse ( 278 ). 
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 In DMD, cardiac defects cannot be diagnosed in the 
early stages of the disease, as there is no clinical evidence 
of cardiac disease, whereas in the later stages, cardiac in-
suffi ciency with pulmonary infection is the most frequent 
cause of mortality in these patients ( 205, 235 ). Dilated car-
diomyopathy seems to be a common feature in patients 
with BMD ( 296 ); however, the severity and onset of cardiac 
symptoms are not in proportion to the development of 
skeletal myopathy ( 296, 297 ). Although all three major 
forms of myotonic muscular dystrophies (congenital, clas-
sic, and minimal) have common symptoms, such as pro-
gressive muscle weakness and stiffness with diffi culty in 
relaxation after voluntary contractions, a heterogeneous 
group of defects, including insulin resistance, dyslipi-
demia, hormone dysfunction, hypogonadism, alopecia, 
reduced alertness, erectile dysfunction, and presenile cata-
ract, have been observed in myotonic muscular dystrophy 
patients at different stages of disease development ( 298, 
299 ). Depending on the rate of progression of the disease, 
fi rst-degree heart block associated with cardiac dysfunc-
tion and conduction defects has been considered as a fre-
quent cause of sudden death in myotonic muscular 
dystrophy patients ( 300 ). In addition, LGMDs predomi-
nantly affect proximal muscles around the scapular and 
the pelvic girdles. Some LGMDs are severe, some are be-
nign, and others exhibit a broad spectrum of severity; the 
appearance of symptoms can occur anytime from child-
hood to adulthood ( 97, 153 ). 

 Variables such as age, diet, coexisting illness, including 
ischemic heart disease and hypertension (in case of cardi-
omyopathies), as well as an undetermined pattern of in-
heritance make it much more diffi cult to decipher the 
primary and secondary causes of these skeletal and cardiac 
myopathies. The intricate relationship between the muscle 
membrane and subcellular organelles, such as sarcoplas-
mic reticulum, myofi brils, nucleus, and mitochondria, 
under these pathological conditions needs further investi-
gation. Additional identifi cation of genes and mutations 
will aid genetic counseling of patients and are important 
parameters to improve the management of these diseases. 
It is important to know that distribution of lipids on the 
extracellular and intracellular membrane may be crucial 
in heralding changes during various pathological condi-
tions. It can be argued that changes in lipid composition 
may be associated with alterations in different enzymes in-
volved in these processes or that lipid changes can lead to 
the underlying pathological phenomenon. 

 With the advancement of technology, better measure-
ments of various lipid species (lipidomics) in isolated cells 
and purifi ed membranes will provide more insight on dis-
ease progression. Methods, including lipid mapping, im-
aging mass spectrometry, and in particular, time-of fl ight 
secondary ion mass spectrometry imaging, have the capa-
bility of analyzing a number of lipid anomalies in a variety 
of biological samples ( 301 ). For instance, time-of fl ight 
secondary ion mass spectrometry imaging has been used 
in the study of striated muscle samples from DMD-affected 
children. Differences in fatty acid, phospholipid, diacylg-
lycerol, and TG distribution in healthy and dystrophic 

defi ciency has also been shown to alter insulin sensitivity 
by affecting intramyocellular lipids as well as serum factors 
involved in the insulin signaling pathway that are distinct 
from different insulin target tissues. The skeletal muscles 
of ATGL  � / �   mice primarily contribute to enhanced insu-
lin sensitivity in vivo despite TG accumulation, and both 
local (changes in intracellular lipid phenotype) and sys-
temic (circulating adipokines and RBP4) factors contrib-
ute to tissue-specifi c effects of total ATGL defi ciency on 
insulin action ( 287 ). 

 Chanarin-Dorfman syndrome.   Chanarin-Dorfman syn-
drome (CDS; OMIM no. 275630) is an autosomal-recessive 
disease due to mutations in the ABHD5 gene (also known 
as CGI-58) ( Table 3 ) ( 288 ). It is defi ned as a NLSD with 
congenital ichthyosis. It is a multisystem disorder with mild 
myopathy, hepatomegaly, intestinal involvement, various 
ophthalmologic symptoms, frequent deafness, mild men-
tal retardation, and growth retardation ( 288–292 ). Muscle 
involvement occurs in about 60% of cases ( 288 ) and is 
characterized by slowly progressive weakness of proximal 
limb muscles sparing axial muscles, raised muscle creatine 
kinase enzymes, and electromyographic evidence of myo-
pathy ( 293, 294 ). Due to the differential diagnosis of CDS, 
peripheral blood smears are used to detect the lipid vacu-
oles in neutrophils to diagnose patients with ischthyosi-
form erythroma ( 295 ). 

 Some individuals with NLSD present with atypical CDS-
like features with myopathy but without ichthyosis and 
without mutations in ABHD5. Thus, it remains question-
able whether ichthyosis occurs in CDS but not in NLSD 
with myopathy. Although both NLSD with myopathy and 
CDS have similar systemic storage of TG due to muta-
tions in ABHD5 and PNPLA2, the lipid accumulation in 
the epidermis is lower in NLSD with myopathy than in 
CDS ( 295 ). It is suggested that CGI-58 colocalizes with 
ATGL to the surface of cytoplasmic lipid droplets, and 
this could have an additional metabolic function re-
quired for normal skin physiology in NLSD with myopa-
thy patients ( 285 ). Additional cases and further genetic 
and functional studies are needed to better characterize 
the phenotype/genotype correlations and the patho-
genic mechanism of this disorder ( 294 ). 

 CONCLUSIONS 

 A signifi cant number of lipid composition and meta-
bolic alterations have been observed in skeletal muscle 
disorders, such as DMD, BMD, myotonic muscular dystro-
phies, desminopathies, LGMDS,  rmd , and FPLD. In addi-
tion, lipid alterations are important components of 
inherited cardiac muscle diseases, including inborn errors 
of fatty acid metabolism, Barth syndrome, FHC, and DCM, 
as well as lipid storage disorders. However, a large gap still 
exists between the molecular pathology of these muscular 
dystrophies and downstream biomechanical events reg-
ulating lipid metabolism during the progression of 
disease. 
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muscle tissue sections have been identifi ed ( 103, 302 ). The 
major advantage with this technique is its ability to resem-
ble physiological conditions, as it allows the identifi cation 
and localization of lipids directly without disturbance to 
biological tissues. This is in contrast to previous techniques 
used for lipid identifi cation, such as thin-layer chro-
matography and high-performance liquid chromatography, 
in which solvent extraction protocols had the potential to 
modify lipids ( 303 ). For example, in Fabry disease studies, 
traditional diagnostic techniques are insuffi cient and of-
ten result in false negatives. The use of matrix-assisted la-
ser desorption ionization time-of-fl ight mass spectrometry 
allowed detection of differences in glycosphingolipid com-
position in patients presenting with clinical signs of Fabry 
disease ( 304 ). As these emerging techniques become more 
mainstream, the ability to detect, identify, and character-
ize lipid changes/differences in various skeletal and car-
diac muscle disorders will enhance our understanding of 
the important role these biomarkers play in human dis-
ease.  
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