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REVIEW ARTICLE

Muscular dystrophies are inherited myogenic diseases and considered by progressive muscle 
wasting and weakness with variable distribution and severity. The essential characteristics of 
muscular dystrophies are selective involvement, signifi cant wasting and weakness of muscles. 
The most common and frequent types of muscular dystrophies are Duchenne Muscular Dystrophy 
(DMD), Becker Muscular Dystrophy (BMD), Facioscapulohumeral Dystrophy (FSHD) and Limb Girdle 
Muscular Dystrophy (LGMD). Metabolic disturbance is observed in muscular dystrophy patients 
(DMD, BMD, FSHD and LGMD-2B). Alteration in the level of metabolites (BCAA, Glu/ Gln, Ace, alanine, 
glucose, histidine, propionate, tyrosine and fumarate) in dystrophic muscle refl ects the alteration in 
the activity of enzymes. Collectively, these observations propose that there is alteration in the rate 
of glycolysis, TCA cycle, fatty acid oxidation, gluconeogenesis pathway and protein metabolism 
(catabolism & anabolism) in the muscular dystrophy patients. Metabolic disturbance, further 
provide the explanation about the pathophysiology of muscular dystrophy.
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ABBREVIATIONS 
BCA: Branched Chain Amino Acids; Lac: Lactate; Gln/Glu: Glutamine/Glutamate; 

Ala: Alanine; Ace: Acetate; Suc: Succinate; Cr/Pcr: Creatine/Phosphocreatine; 
GPC/Car: Glycerophosphocholine/ Carnitine; Fum: Fumarate; His: Histidine; 
Tyr: Tyrosine; Prop: Propionate; TSP: 3-(trimethylsilyl) propionic-2, 2, 3, 3-d4 
acid, sodium salt; DMD: Duchenne Muscular Dystrophy; BMD: Becker Muscular 
Dystrophy); FSHD: Facioscapulohumeral Dystrophy; LGMD-2B: Limb Girdle 
Muscular Dystrophy; PCA: Perchloric Acid.

MUSCULAR DYSTROPHY
Muscular dystrophies are inherited myogenic diseases and considered by 

progressive muscle wasting and weakness with variable distribution and severity. 
The essential characteristics of muscular dystrophies are selective involvement, 
signifi cant wasting and weakness of muscles. The wasted muscle is replaced by 
adipose and connective tissue. Numerous types of muscular dystrophies have been 
described on the basis of the age, progress, site of involvement and the inheritance 
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pattern. The genes and their protein products, which are 
responsible to produce most of these disorders, have now 
been well-established and recognized. A broad classifi cation 
is still founded on clinical signs and symptoms, but 
immunohistochemical and molecular genetic analysis 
are useful for sub typing. The most common and frequent 
types of muscular dystrophies are Duchenne Muscular 
Dystrophy (DMD), Becker Muscular Dystrophy (BMD), 
Facioscapulohumeral Dystrophy (FSHD) and Limb Girdle 
Muscular Dystrophy (LGMD) [1-4].

Duchenne Muscular Dystrophy (DMD)

DMD, the most quickly progressive and deadly form 
of dystrophy, is also the most common variety, having 
an incidence of 1 in 3500 live male births and a reported 
prevalence of about 50-70 x 10-6 total male population in 
most surveys. The most trustworthy estimates of the DMD 
range from 18 to 30 per 1, 00000 live born males, and of its 
prevalence in the population as a whole from 1.9 to 4.8 per 
100 000. The mutation rate is about 7-10 x 10-5 per gene per 
generation [1-5]. 

Duchenne Muscular Dystrophy (DMD) is distinguished 
by reducing muscle mass and progressive loss of muscle 
function in male children. This disease is observed by a 
mutation in a specifi c gene within the X chromosome (Gene 
map locus 12q21, Xp21.2) that aff ords directions for the 
production of the dystrophin protein, an essential structural 
constituent of muscle cell [2-4,6]. The clinical symptoms 
are characterized by: (a) onset of symptoms usually before 
the fourth year, rarely as late as the seventh; (b) symmetrical 
and at fi rst selective involvement of the muscles of the 
pelvic and pectoral girdles; (c) hypertrophy of the calves 
and certain other muscles at some stage of the disease in 
almost every case; (d) relentlessly progressive weakness 
in every case, leading to inability to walk within 10 years of 
the onset and later to contracture and thoracic deformity; 
(e) invariable cardiac involvement; (f) frequent, but not 
invariable, intellectual impairment; (g) death by second or 
third decade caused by respiratory or less frequently, cardiac 
failure, often associated with inanition and respiratory 
infection; (h) very high activity of certain muscle enzymes, 
notably CK in serum in the early stages of the disease; and 
(i) certain characteristics histological features in muscle [1-
5,7-9].

Becker Muscular Dystrophy (BMD)

Becker Muscular Dystrophy (BMD) infl uences 
approximately 1 in 8000-10,000 males. Becker eponym is 
similar to Duchenne muscular dystrophy, which is caused 
by mutation in dystrophin gene and it is a milder form of 
dystrophinopathies, in the distribution of muscle wasting 
and weakness, which is mainly proximal, but the course 
is more benign, with age of onset around 12 years; some 
patients have no symptoms until much later in life. Loss 
of ambulation also varies from adolescence onward, with 

death usually in the fourth or fi fth decade. In some cases, 
as in Duchenne muscular dystrophy, a degree of mental 
impairment is present [1-4].

Selective muscle involvement in BMD is virtually identical 
to that in DMD. Most patients present the symptoms between 
the ages of 5 and 15 years but the onset may not be until the 
3rd or the 4th decade of life in some cases. There is selective 
bilateral and symmetrical wasting & weakness of the costal 
origin of pectoralis major, latissimus dorsi, brachioradialis, 
hip fl exors and extensors and medial vastus of quadriceps. 
Later the supinator, biceps, triceps, serratus anterior and 
neck fl exors become weak [1-9]. 

Facioscapulohumeral Dystrophy (FSHD)

Facioscapulohumeral Muscular Dystrophy (FSHD) is an 
autosomal dominant disorder and the third most common 
inherited form of muscular dystrophy. Approximately 1 in 
8000 to 22,000 individuals is suff ered with FSHD worldwide. 
FSHD is originated by the anomalous production of the 
double homeobox protein 4 (DUX4) transcription factor in 
skeletal muscle. In normal condition, DUX4 is expressed 
throughout near the beginning of embryonic development, 
and is then effi  ciently silenced in all tissues apart from the 
testis and thymus. Their reactivations in skeletal muscle 
interrupt several signaling pathways that frequently 
congregate on cell death [10-13].

FSHD has a characteristic pattern of skeletal muscle 
weakness and a broad range of disease severity. The clinical 
symptoms started from infancy to middle age, but the most 
of patients develop signs and symptoms in their late teens 
to the early 20s. Muscle weakness and atrophy begin in the 
face and shoulder muscles, moving ahead to the upper arms, 
trunk muscles and lower extremities, classically evident fi rst 
in the anterior leg muscles go behind by the thigh and pelvic 
girdle muscles. Unlike the majority of other dystrophies, 
asymmetric association is distinctive and more prominent in 
FSHD, and contractures are lacking or negligible [10,14,15].

Limb Girdle Muscular Dystrophy (LGMD)

Limb girdle muscular dystrophy or LGMD is an extensive 
word, which includes numerous entities. In 1954, Walton 
and Nattrass was fi rst defi ned this disease. The progression 
of muscle weakness is exceedingly sluggish. In this disease, 
weakness aff ects principally the proximal limb-girdle 
musculature. In few patients the pelvic girdle is involved 
early while in others, both the pelvic and shoulder girdles 
are involved at the same time. Due to defectiveness of 15 
genes, fi fteen diff erent types have been recognized. These 
are LGMD1A,1B,1C,1D,1E (autosomal dominant) and LGMD2
A,2B,2C,2D,2E,2F,2G,2H,2I,2J (autosomal recessive).There 
is a huge clinical and genetic diversity appeared in all these 
types. Autosomal dominant types are extremely exceptional 
and usually less severe as compared to recessive types. In 
these LGMD1B, 1C, 2B, 2C, 2D, 2E, 2F are more frequent and 
common [16-18].
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In several studies, more frequent and common type of 
Limb Girdle Muscular Dystrophy is dysferlinopathy (LGMD-
2B). This is an autosomal recessive type and occurred due 
to defi ciency of the sarcolemmal protein dysferlin. This 
is secondary to DYSF gene mutation on chromosome 2p. 
Two common clinical entities are described under the label 
of dysferlinopathy: Miyoshi myopathy (distal onset) and 
LGMD 2B (proximal onset). Initially, Miyoshi and colleagues 
described the distal form with burnt on the gastrocnemius 
muscles and labeled it as Miyoshi distal myopathy. The 
genetic identifi cation of Miyoshi myopathy coincided 
with the same genetic defect being identifi ed in a set of 
proximal myopathies termed LGMD 2B. Hence, both these 
presentations are clubbed together as dysferlinopathy. 
While the condition was originally discovered in Japan, it is 
now recognized to be a common LGMD in most parts of the 
world [16-20].

Patients present in the second decade of life, earlier 
presentations are uncommon. The initial weakness is in the 
gastrocnemius muscles, which is usually discovered while 
standing on toes for sporting activities or exercise programs. 
Gradually, patients are unable to stand on toes and calf 
muscles are wasted. Hamstrings and hip fl exors become 
progressively weakened and patients develop diffi  culties in 
climbing stairs and rising from the ground. As people in India 
customarily squat to defecate, proximal muscle weakness 
comes to early attention. Upper limbs are aff ected later and 
biceps may show a “lump”. This lump is not unique to this 
condition but is frequently seen. Similarly, the quadriceps 
muscle is known to show a diamond-like confi guration of 
hypertrophy and atrophy. Ambulation is maintained for 
many years and the progress is gradual. A proportion of 
patients begins with proximal weakness and then goes on 
to have distal involvement. Clinically, the proximodistal 
weakness is of most frequent occurrence [1,4,18-20]. 

SKELETAL MUSCLE METABOLISM
All the muscular dystrophies are related to the wasting 

and weakness of skeletal muscle. In this regard, it is necessary 
to describe the normal skeletal muscle metabolism. 

Metabolism is the sum of many interconnected 
reaction sequences that interconvert cellular metabolites. 
Metabolites are the end products of cellular regulatory 
processes, and their levels can be regarded as the ultimate 
response of biological systems to genetic or environmental 
changes. The components usually considered as metabolites 
are molecules with a molecular weight less than 2000 Da. 
It could be primary metabolites such as sugars, amino 
acids, organic acids, fatty acids, bioenergetic metabolites 
(nucleotides) [21-23].

Adenosine Triphosphate (ATP) is the energy currency 
of the cell and it is directly related to the muscle energy 
metabolism. The ATP required as the constant energy 
source for the contraction-relaxation cycle of muscle can be 

generated (1) by glycolysis, using blood glucose or muscle 
glycogen, (2) by oxidative phosphorylation, (3) from creatine 
phosphate, and (4) from two molecules of ADP in a reaction 
catalyzed by adenylyl kinase .The amount of ATP in skeletal 
muscle is only suffi  cient to provide energy for contraction 
for a few seconds, so that ATP must be constantly renewed 
from one or more of the above sources, depending upon 
metabolic conditions [24].

Major features of the skeletal muscle related to its 
metabolism

Skeletal muscle metabolism is carried out in both aerobic 
(resting) and anaerobic (eg, sprinting) conditions. In this 
way, both aerobic and anaerobic glycolysis are operated for 
performing the muscle functions, which are depending on 
conditions. There are several specifi c features related to the 
skeletal muscle metabolisms, which are listed below: 

   Skeletal muscle restrains myoglobin as a pool of 
oxygen.

   Skeletal muscle encloses diverse types of fi bers 
principally suitable to anaerobic (fast twitch fi bers) 
or aerobic (slow twitch fi bers) circumstances.

   Actin, myosin, tropomyosin, troponin complex 
(TpT, Tpl, and TpC), ATP, and Ca2+ are essential 
components in the process of contraction.

   The Ca2+ ATPase, the Ca2+ release channel, and 
calsequestrin are proteins implicated in a variety of 
phases of Ca2+ metabolism in muscle.

   Insulin performs the stimulation on skeletal muscle 
to enhance the uptake of glucose.

   In the nourish condition, the major amount of 
glucose is utilized in glycogen synthesis. 

   Epinephrine performs the stimulation of 
glycogenolysis in skeletal muscle, whereas glucagon 
does not because of absence of its receptors.

   Skeletal muscle cannot supply in a straight line to 
blood glucose because it does not have glucose-6-
phosphatase.

   Lactate produced by anaerobic metabolism in 
skeletal muscle and transported to liver via blood for 
the synthesis of glucose (gluconeogenesis), which 
can then return to muscle (the Cori cycle). 

   Skeletal muscle consists of phosphocreatine, which 
performs as an energy store for instant (seconds) 
demands.

   Supply of Free fatty acids in blood is a chief source 
of energy and specifi cally underneath marathon 
circumstances and in long-lasting starvation.
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   Skeletal muscle can consumes ketone bodies 
throughout starvation.

   Skeletal muscle is the major location of metabolism 
of branched-chain amino acids. These are utilized as 
an energy source. 

   Under the starvation circumstances, proteolysis of 
skeletal muscle proteins is carried out and releases 
the amino acids for gluconeogenesis. 

   The most important amino acids derives from 
proteins of skeletal muscle are alanine (intended 
mainly for gluconeogenesis in liver and forming 
part of the glucose-alanine cycle) and glutamine 
(intended mainly for the gut and kidneys) [24-29].

Large storage of glycogen in the skeletal muscle 
and its role in supply of energy 

Glycogen is stored in large amount in the sarcoplasm 
of skeletal muscle. The liberate of glucose from glycogen 
is dependent on a specifi c muscle glycogen phosphorylase, 
which can be activated by Ca2+, epinephrine and AMP. To 
produce glucose 6-phosphate for glycolysis in skeletal 
muscle, glycogen phosphorylase b must be activated to 
phosphorylase a via phosphorylation by phosphorylase b 
kinase. Ca2+ encourages the activation of phosphorylase 
b kinase, also by phosphorylation. Thus, Ca2+ both begins 
muscle contraction and stimulates a pathway to supply 
essential energy. The hormone epinephrine also stimulates 
glycogenolysis in muscle. AMP, created by breakdown of 
ADP throughout muscular exercise, can also stimulate 
phosphorylase b without causing phosphorylation 
[24,27,28]. 

Muscle generates ATP chie ly by oxidative-
phosphorylation (Under aerobic condition)

Oxidative phosphorylation performs the synthesis of 
ATP through supply of oxygen. Muscles store the myoglobin 
that have an elevated require for oxygen as a consequence 
of sustained contraction (eg, to maintain posture). In 
this way, muscle produced the ATP through oxidative-
phosphorylation. Glucose, resulting from the blood glucose 
or from endogenous glycogen, and fatty acids derived from 
the triacylglycerols of adipose tissue are the chief substrates 
used for aerobic metabolism in muscle [24,29].

Creatine phosphate constitutes a major energy 
reserve in muscle

Creatine phosphate avoids the speedy exhaustion of ATP 
by providing a readily available high-energy phosphate that 
can be used to stimulate ATP from ADP [24,25].

Skeletal muscle contains slow (red) and fast (white) 
twitch ibers

Skeletal muscle contains diff erent types of fi bers and 

subdivides them into type I (slow twitch), type IIA (fast 
twitch-oxidative) and type IIB (fast twitch-glycolytic). 
The type I fi bers are red and their metabolism is aerobic 
because they contain myoglobin and mitochondria and they 
maintain relatively sustained contractions. The type II fi bers 
are white and do not contain myoglobin. These fi bers are 
containing few mitochondria and they derive their energy 
from anaerobic glycolysis and display relatively short 
durations of contraction. The proportion of these two types 
of fi bers diff ers among the muscles of the body, depending 
on function (eg, whether or not a muscle is involved in 
sustained contraction, such as maintaining the posture). 
The proportion also varies with training; for example, the 
number of type I fi bers in certain leg muscles increases in 
athletes training for marathons, whereas the number of type 
II fi bers increases in sprinters [30,31]. 

It is of interest to evaluate their participation in a 
sprint (eg, 100 meters) and in the marathon (42.2 km). The 
most important sources of energy in the 100-m sprint are 
creatine phosphate (fi rst 4–5 seconds) and then anaerobic 
glycolysis, using muscle glycogen as the source of glucose. 
The two major locations of metabolic control are at glycogen 
phosphorylase and at PFK-1 (phosphofructokinase-1). The 
previous is activated by Ca2+ (released from the sarcoplasmic 
reticulum throughout contraction), epinephrine and 
AMP. PFK-1 is activated by AMP, Pi and NH3. Demonstrate 
to the eff ectiveness of these processes, the fl ux through 
glycolysis can amplify as much as 1000-fold throughout a 
sprint. In contrast, in the marathon, aerobic metabolism is 
the major source of ATP. The chief fuel sources are blood 
glucose and free fatty acids, basically consequent from the 
breakdown of triacylglycerols in adipose tissue, stimulated 
by epinephrine. Hepatic glycogen is degraded to sustain the 
level of blood glucose. Muscle glycogen is also a fuel source, 
but it is degraded much more progressively as compared in 
a sprint. It has been calculated that the amounts of glucose 
in the blood, of glycogen in the liver, of glycogen in muscle, 
and of triacylglycerol in adipose tissue are suffi  cient to 
supply muscle with energy during a marathon for 4 minutes, 
18 minutes, 70 minutes, and approximately 4000 minutes, 
respectively. However, the rate of oxidation of fatty acids by 
muscle is slower than that of glucose, so that oxidations of 
glucose and of fatty acids are both major sources of energy in 
the marathon [27-31]. 

DISTURBANCE IN SKELETAL MUSCLE 
METABOLISM OR METABOLIC DISTUR-
BANCE IN MUSCULAR DYSTROPHY 

In the muscular dystrophies, the biochemicals 
amendments may primarily be restricted and restrained 
but afterward happen to extensive and connected with the 
steady deterioration of the muscle tissue. It is rational to 
assume the straight analysis of aff ected muscle, its chemical 
composition and enzyme activities, is the majority probable 
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to lead to understanding of the causes and progression of the 
muscular dystrophies [31].

All biochemical studies or analysis must acquire 
into explanation the thoughtful histological transforms 
happening in the aff ected muscles, particularly the 
proliferation of connective tissue and structural changes 
in the fi bers. It is obvious that noticeable variations may 
happen in the overall chemical and enzymatic composition 
of the muscle tissue simply as a result of these changes 
[32,33].

Altered enzyme activities in muscular dystrophies

Several studies or analysis have accounted the 
biochemical profi le in the dystrophic muscle tissue. There 
are various methods available such as chromatographic, 
biochemical techniques and NMR (Nuclear Magnetic 
Resonance) spectroscopy for the estimation of the 
metabolites [34]. Dreyfus, et al. [35] reported that the 
rate of glycolysis in dystrophic muscle is much less as 
compared to normal and the rate is decreases with the 
progression of the disease. Reduced activity is observed in 
individual glycolytic enzymes (i.e. -glucan phosphorylase, 
phosphoglucomutase and aldolase). In contrast the activity 
of a number of other enzymes, such as cytochrome oxidase, 
succinate dehydrogenase, aconitase, fumarase and the 
aminotransferase is not signifi cantly diff erent as compared 
to normal. DiMaoro, et al. [36] also mentioned that as 
compared to other glycolytic enzymes, such as muscle 
phosphorylase showed an earlier and more marked loss in 
progressive muscular dystrophies as compared to neurogenic 
diseases. Research and analysis outcomes of Vignos & 
Lefkowitz [37] showed that the rate of glycolysis is low in 
the juvenile forms, but is essentially normal in the adult 
forms of muscular dystrophy. After this, the researchers also 
found a low activity of creatine kinase in juvenile muscular 
dystrophy and neurogenic atrophy of muscle, but solitary 
marginals’ changes in adult muscular dystrophy [38]. 
Heyck, et al. [39], Hooft, et al. [40] and Kleine, et al. [41] have 
represented the reduction in the level of adenylate kinase 
and several other glycolytic enzymes. Great reduction of 
adenylate kinase 1 is also found in mdx skeletal muscle [42]. 
The level or activity of enzyme fructose 1, 6-bisphosphatase 
(which control the glycolytic process) is normal in all types of 
the muscular dystrophies [43]. There is a marked reduction 
found in the level or activity of AMP aminohydrolase (AMP 
deaminase) in both dystrophic mouse muscle and in muscle 
from patients with Duchenne dystrophy even at an early 
stage, while in other muscle diseases a low level is seen 
only in severely aff ected muscle. Glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase 
are the fi rst two enzymes of the pentose phosphate pathway 
of glucose utilization and represented the enhanced activity 
in human dystrophic muscle. Both of these enzymes are 
NADP-linked. Two other NADP-linked enzymes such as 
isocitrate dehydrogenase and glutathione reductase also rise 
in dystrophic muscle [44-46].

Cutillo, et al. [47] showed the higher activity of malate 
dehydrogenase in the blood of patients with muscular 
dystrophy. Malate dehydrogenase is a TCA cycle enzyme, 
which is responsible for the conversion of malate to 
oxaloacetate [24].

Activities of lysosomal cathepsin enzymes (such as 
cathepsins D, A, B1, C, and dipeptidyl peptidase II; protein 
hydrolyzing enzymes) are higher or elevated in muscle 
tissue of patients with muscular dystrophies [48].

Abnormal regulation of calcium dependent enzymes is 
also found in mdx muscles, which is further responsible for 
disturbing intracellular signaling mechanisms [49]. 

Analysis of muscle PCA (perchloric acid) extracts to 
detect the alteration in the metabolites in muscular 
dystrophies

Several methods are available such as chromatographic, 
biochemical techniques and NMR (Nuclear Magnetic 
Resonance) spectroscopy for the estimation of the 
metabolites. One of the major advantages of NMR is 
that it is not biased towards a particular metabolite, but 
simultaneously a large number of metabolites can be detected 
in one pulse proton NMR spectra which are predictable 
or unpredictable or which are diffi  cult to evaluate using 
standard biochemical methods [50].

Venkatasubramanian, et al. [51] analyzed the two 
dimensional proton NMR spectra of human muscle tissue 
extracts and recognized distinctions between the metabolite 
composition of normal and diseased muscles. Sharma, et 
al. [52,53] achieved the analysis on the PCA extract of the 
muscle tissue of the DMD and LGMD patients and observed 
the noteworthy diff erentiation in the glucose, lactate, 
alanine etc. Description of studies supplied an opinion to 
investigate NMR spectroscopy for the observation of the 
biochemical alters in the muscle tissue of the patients with 
muscular dystrophy. NMR spectroscopy based qualitative 
and quantitative analyses of metabolites in the Perchloric 
Acid Extract (PCA) of the muscle tissue of the patients with 
DMD, BMD, FSHD and LGMD-2B as compared to normal 
individuals were also performed [54].

On the basis of all these studies and analysis, metabolic 
disturbance or alteration in the level of metabolite is 
observed in patients with muscular dystrophies (DMD, 
BMD, FSHD and LGMD-2B). These altered metabolites are 
described below: 

BCAA (Branched Chain Amino Acids): Level of branched 
chain amino acids (Isoleucine, Leucine and Valine) is 
reduced in the dystrophic muscle or in patients with the 
muscular dystrophies. Lower values of branched chain 
amino acids in the dystrophic muscle could be due to two 
reasons: (i) Higher activity of cathepsin A, cathepsin B1 and 
dipeptidyl peptidases in the aff ected muscle or dystrophic 
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muscle. These enzymes are lysosomal protein hydrolases 
and responsible for the degradation of protein [54-57]. (ii) 
Decreased regeneration and increased degeneration of the 
muscle proteins in dystrophic muscle [2]. Higher activity 
of proteases also produces these amino acids and these are 
poured into the blood (Figure 1). 

Gln/Glu (Glutamine/Glutamate): Reduced level of Gln/
Glu in the dystrophic muscle may occur due to its impaired 
synthesis [54]. Glutamine is synthesized from alpha-
ketoglutarate. Alpha-ketoglutarate is a TCA (Tricarboxylic 
acid) cycle intermediate. Since, TCA cycle is also linked 
and depends on the glycolysis [24]. The impaired synthesis 
is responsible for the slower rate of glycolysis. Glycolytic 
alteration is occur due to alteration or reduction in the activity 
of enzymes i.e. aldolase and fructose 1, 6-bisphosphatase. 
Glycogenolysis in muscle is also impaired due to alteration in 
the activity of phosphoglucomutase enzyme. So, conversion 
of glucose-1-phosphate to glucose-6-phosphate is also 
aff ected. Glucose-6-phosphate is again linked with 
glycolysis [35]. Glutamine is a major gluconeogenic 
precursor, which serves as a fuel for tissues with a high cell 
turnover rate and plays a essential role in the regulation of 
protein synthesis [58,59] but in degenerated muscle and 
the process of lower regeneration required less amount of 
glutamine which is further responsible for its reduction 
in dystrophic muscle [54]. Mitochondrial alteration and 
oxidative stress are responsible for creating a strong impact 
on muscle degeneration in mouse model of muscular 
dystrophy [60]. All the above rationales are responsible 
for lowering the amount of Gln/Glu in dystrophic muscle 
(Figures 2 & 3).

Ace (Acetate): Level of Ace also reduced in the muscle 
tissue of patients with muscular dystrophies. Fatty acid 
catabolism is responsible for energy production. The 
ultimate product of even chain fatty acid oxidation is acetate 
[24]. Reduced level of acetate in the dystrophic muscle 
occur due to decrease in the even chain fatty acid oxidation 
(Figure 4). Carnitine is reduced in dystrophic muscle of DMD 
patients [61]. Decrease in the quantity of carnitine may aff ect 
the transport of fatty acids. Fatty acids are broken down by 
the repeated pair-wise removal of carbon residues starting 
at the -COOH end of the fatty acid molecule leading to the 
formulation of acetate or propionate residue, in even or odd 
numbered fatty acids [61,62].

Alanine: Level of alanine is reduced in the muscle tissue 
of patients with muscular dystrophies, except DMD patients. 
Alanine, which is usually exported to the liver from muscle, 
is actually taken up by muscle and used as fuel directly in 
the muscle without going to the liver fi rst to be converted 
to glucose which then in turn is shunted to skeletal muscle 
[24]. Alanine is decreased because the alanine by serving as a 
direct (oxidized directly in muscle, the alanine is delaminated 
and decarboxylated to form pyruvate and through the action 
of pyruvate dehydrogenase enters the Krebs Cycle as acetyl-
CoA) and indirect (acting as a substrate for gluconeogenesis, 
the pyruvate is carboxylated by pyruvate carboxylase and 
converted into oxaloacete) fuel source for decreasing the 
need of ketones bodies as fuel [63,64]. In dystrophic muscle, 
the bioenergetics metabolism (glycolysis, gluconeogenesis 
and TCA cycle) is impaired due to muscle degeneration and 
in this way, alanine level is going too reduced (Figures 2 & 
3) [54].

BCCA [Branched chain amino acids; isoleucine (Ile), valine (val) & leucine (Leu)] and their metabolism in muscle via blood to liver (     = Rate is decreased;      = Enhancement activity of proteases).
Figure 1
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Figure 2

Glucose: Glucose is signifi cantly reduces in muscle tissue 
of the muscular dystrophies, except LGMD-2B patients. In 
a detailed biochemical study on DMD patients, Nisho, et 
al. [65] have documented that the glucose concentration 
was signifi cantly lowered in the skeletal muscle with low 
creatine kinase activity. Glucose is also found to reduce in 
muscle of mouse models of Duchenne muscular dystrophy 
[66]. Decrease in glucose concentration is possibly due to 
the reduction of bioenergetics of the degenerated muscles, 
which cannot provide the suffi  cient supply of gluconeogenic 
substrates such as alanine, pyruvate and lactate. Alanine is 
already reduced in the patients with muscular dystrophies. 
So, reduction in both, glucose and alanine are mutually 
depending on one another [54] (Figures 2 & 3). Glutamine is 
a major gluconeogenic precursor and vehicle for interorgan 
carbon transport in human [58]. Since, glutamine 
concentration is also reduced in the dystrophic muscle. In 
this way, less availability of glutamine in dystrophic muscle 
is also responsible for reduced concentration of glucose in 
dystrophic muscle.

Histidine: Level of histidine is higher in the muscle 
tissue of the patients with muscular dystrophies. This could 
be possibly due to the fact that during regeneration process 
of muscle protein and requirement of histidine is enhanced. 
This happens through higher histidine transportation 
from blood to the muscle tissue. Histidine is also converted 
to glutamate [24]. This may be possible that rate of the 

conversion of histidine to glutamate is decreased and in this 
way, level of histidine is elevated in muscle. Since, Glu/Gln 
level is also decreased in the dystrophic muscle [54] (Figure 
2).

Propionate: Propio nate is completely absent in normal 
individuals. Occurrence of propionate in the muscular 
dystrophies showed the possibility of the enhancement of 
odd chain fatty acids oxidation rate (Figure 4) [25,29,54].

Tyrosine: Absence of tyrosine in the dystrophic muscle 
may be due to reduction of phenylalanine hydroxylase 
activity in degenerated muscle. Due to higher degradation 
and lower regeneration required less protein synthesis, and 
further requirement of tyrosine is also reduced. In this way, 
regulatory feedback mechanism of enzymes, conversion of 
phenylalanine to tyrosine by phenylalanine hydroxylase is 
decreases (Figure 2) [24,54].

Fumarate: Fumarate level is reduced in the dystrophic 
muscle [54]. Fumarate level is also found to decrease in 
golden retriever muscular dystrophy [67]. Cutillo, et al. 
[46] reported the higher activity of malate dehydrogenase 
in the blood of patients with muscular dystrophy. Under 
consideration of this report, activity of malate dehydrogenase 
should be lowered in the dystrophic muscle tissue due to 
higher rate of muscle degeneration. Malate dehydrogenase is 
a TCA cycle enzyme, which is responsible for the conversion 
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Figure 3

Figure 4

of malate to oxaloacetate. Fumarate is normally converted 
into malate by the enzyme fumarate hydratase [24]. Lower 
utilization of malate occurs due to lower activity of the 
malate dehydrogenase. Non-utilized malate accumulates 
and inhibits the enzyme fumarate hydratase. Such event 
is responsible for the slower production of malate from 

fumarate. Further, fumarate accumulation inhibits the 
conversion of succinate to fumarate via enzyme succinate 
dehydrogenase. This mechanism is fi nally accountable for 
reduction of fumarate concentration. All these metabolic 
reactions are regulated by feedback mechanisms of 
enzymes [24,26]. In degenerated muscle, level of Glu/ Gln 
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and BCAA is decreased. Here, Glu/ Gln are contributed in 
the production of alpha ketoglutarate and fumarate. Alpha 
ketoglutarate and fumarate are the TCA cycle intermediates 
[24]. Levels of these intermediates are decreased due to 
reduction of Glu/ Gln. BCAA amino acids such as valine 
and isoleucine are produced the succinyl Co-A (one of the 
TCA cycle intermediate) [24,54]. Production of succinyl 
Co-A is also impaired due to lower quantity of BCAA. Next, 
tyrosine is contributed in the production of oxaloacetate 
[2,26]. No availability of tyrosine in dystrophic muscle is 
responsible for reducing the quantity of oxaloacetate. This is 
further responsible for slower the rate of TCA cycle because 
oxaloacetate and acetyl Co-A produced the fi rst product of 
TCA cycle i.e. citrate, which is required for continuation of 
TCA cycle. Impairment of bioenergetics metabolism (such 
as, glycolysis) is also responsible for slower the rate of TCA 
cycle [54]. So, a reduction in the TCA cycle rate is responsible 
for the reduced quantity of fumarate in dystrophic muscle 
(Figures 1, 2 & 3).

CONCLUSION
Metabolic disturbance is observed in muscular dystrophy 

patients (DMD, BMD, FSHD and LGMD-2B). Alteration 
in the level of metabolites (BCAA, Glu/ Gln, Ace, alanine, 
glucose, histidine, propionate, tyrosine and fumarate) in 
dystrophic muscle refl ects the alteration in the activity 
of enzymes. Collectively, these observations suggest that 
there is alteration in the rate of glycolysis, TCA cycle, fatty 
acid oxidation, gluconeogenesis pathway and protein 
metabolism (catabolism & anabolism) in the muscular 
dystrophy patients. Metabolic disturbance, further provide 
the explanation about the pathophysiology of muscular 
dystrophy. 
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