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Abstract. Muscles from the mdx mouse (X-linked genetic disorder similar to Duchenne muscular dystrophy) lack 
dystrophin-associated transsarcolemmal proteins 1 and show reduced maintenance metabolic rates 2. Here, mi- 
crocalorimetric comparisons of metabolic stimulation by exogenous substrates in isolated muscles revealed 
substrate-selective limitation of chemical reaction rates through both glycolytic and TCA-cycle pathways, identical 
in slow- and fast-twitch mdx muscles. This systemic approach, as opposed to comparisons of single-enzyme 
activities, sheds new light on the function of dystrophin and associated proteins. The in vivo efficiency of metabolic 
pathways may depend on stabilization of enzyme complexes by dystrophin-associated elements of the cytoskeleton. 
Key words. Muscular dystrophy; skeletal muscle; energy metabolism; subcellular compartmentation; substrate 
channelling; cytoskeleton; dystrophin. 

The energy status of skeletal muscle cells is subnormal 
in Duchenne/Becker muscular dystrophy 3-5 and its ani- 
mal models, including the mdx mouse 6. This long- 
known observation has been overshadowed by the 
findings of increased intracellular Ca 2+ and abnormal 
permeation of Ca 2+ through the sarcolemma 7-9 in these 
tissues. A putative high energy demand for sarcoplasmic 
Ca 2+ homeostasis was thought to be the cause of the 
low energy status. However, a newly developed mi- 
crocalorimetric approach to assess the rate of energy 
expenditure associated with Ca 2+ recirculation between 
sarcoplasmic reticulum and sarcoplasm 1~ revealed this 
to be lower by 62% in soleus muscles and 29% in 
extensor digitorum longus (EDL) muscles in adult mdx 
mice as compared with corresponding muscles from 
control C57B1/10 mice 2. Together with evidence that the 
rate of other energy-consuming processes is also de- 
creased, this suggested that the lack of dystrophin may 
cause some primary deficiency in energy conversion in 
mdx-mouse muscle cells when at rest (Even et al., 
unpublished) or when metabolically active ~ ~, ~2 
Comparisons of the maximum catalytic activities of 
single enzymes in mdx or control muscle fibres failed to 
reveal any precise metabolic defect in the former, but 
multivariate quantitative enzyme histochemistry enabled 
Stoward and Stapleton to distinguish dystrophic from 
normal fibre samples 13. Evidence of specific glycolytic 
enzyme associations to mitochondrial outer membrane 
and actin or actin-related protein microfilaments 14 18, 
association of other cytoskeletal elements to mitochon- 
dria19 28 (schematized in fig. 1), and the greater efficiency 
of mitochondrial biochemical pathways in situ - 

whether the TCA cycle or the respiratory chain - as 
compared to in isolated organelles 29-3~, are all compat- 
ible with the idea that dystrophin might associate with 
metabolic enzyme complexes and, thereby, determine the 
over-all efficiency of metabolic pathways. 
In this work we analysed metabolic pathways in situ by 
imposing large changes Of substrate availability on su- 
perfused, glucose-derived muscles. This way of modu- 
lating cellular energy production by substrate oxidation 
might be considered an extension to intact tissue-cell 
preparations of the procedure used by Krebs and John- 
son on diluted suspensions of minced pigeon breast 
muscle when, in 1937, they first disclosed the role of a 
four-carbon dicarboxylic acid as a carrier molecule in 
the oxidation of a 'triose '32. This procedure is remark- 
ably efficient in mammalian muscles, which quickly 
readjust their rate of maintenance energy expenditure 
when exposed to an exogenous substrate 33. The excess 
of converted energy is dissipated at the same rate, as a 
consequence of in situ stimulation of proton recircula- 
tion through inner mitochondrial membranes and of 
various ATP-dependent processes 34. Figure 2 shows an 
example of the reversible thermogenic responses to vari- 
ous substrates measured in soleus muscles preequili- 
brated for 3 h in a purely electrolytic environment, 
under conditions of mechanical restraint, oxygenation 
and temperature that preserve muscle function 1~ 
Intuitively, the change in the chemical flux through a 
'channelled' metabolic pathway upon alteration of an 
environmental effector molecule (for example a sub- 
strate, or a carrier molecule in a cycle of reactions) 
would be expected to be larger than that through the 
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Figure 1. Schematic representation of possible interactions of dystrophin with microtubules, via F actin and microtubule-associated 
proteins (MAP), or through Z discs' edges corresponding to regions of dystrophin accumulation 5~ 54:1 attachment of dystrophin (7) 
to F actin; 2 location of enzymes of the Embden-Meyerhof pathway at the site of the actin filaments within the I zone; 3 attachment 
of hexokinase (HK) to outer mitochondrial membrane, at sites of phosphocreatine transfer to sarcoptasm after phosphorylation by 
mitochondrial creatine kinase (CK); 4 attachment of microtubules to mitochondria; 5 possible interaction of MAP with dystrophin (7) 
via F actin; 6 possible site of interaction of Z-disc MAP with dystrnphin (7). 

corresponding non-channelled pathway. This is sup- 
ported by recent theoretical demonstrations 35'36. There 

is no contradiction here with the fact that maximum 
activities in vitro of enzymes that catalyze near-equi- 
librium reactions in situ are considerably higher than 
the maximum flux through the pathway to which they 
belong. In vitro a single enzymatic reaction is tested, 
while in situ the chemical flux through the whole path- 
way will remain limited by the non-equilibrium, control 
reactions. To test the degree of channelling of glycolysis 
and oxidative metabolism in mdx vs control muscles, 
we measured the metabolic responses to the input sub- 
strate (glucose) and the last product (pyruvate) of gly- 
colysis, and to two TCA-cycle intermediates, citrate and 
succinate. We also tested fumarate and acetylene dicar- 
boxylate, the carrier molecule of a cyclic reaction se- 
quence proposed as the most direct route for the in situ 

oxidative decarboxylation of enol pyruvate 37. We now 

present the results and discuss how, together with previ- 
ous findings, they point to some primary loss of 
efficiency of the TCA cycle and of glycolysis in mdx- 

mouse muscles. 
The response to glucose but not to succinate was 
markedly attenuated in rndx muscles (see fig. 2; table 1, 
rows 1 and 4). Since the rate of glucose uptake by mdx 

muscles was normal (table 2), the thermogenic response 
to glucose confirms that a decreased proportion of the 
glucose is oxidized in muscles from mdx mice 3s. This is 

also in keeping with observations of marginal deficits in 
mitochondria- and cytoskeleton-bound glycolytic en- 
zymes39.40. 

The results with pyruvate (table 1, row 2) tend to 
confirm the observation that mdx muscle mitochondria 
have a reduced ability to handle this substrate 4' (the 

Table 1. Sustained thermogenic responses (i.e., total minus basal heat production rate) of isolated slow-twitch (soleus) and fast-twitch 
(EDL) muscles from control and mdx mice to substrates added to the superfusion saline. 

Soleus EDL 
control mdx control mdx 

Glucose 5 mM 0.71 + 0.I I 0.22 + 0.02 0.34 + 0.04 0.07 _+ 0.02 
Pyruvate 10 mM 2.59 • 0.15 1.05 _+ 0.06 2.07 -+ 0.10 1.39 _+ 0.07 
Acetylene dicarboxylate 10 mM 2.25 _ 0.12 1.23 + 0.11 2.14 + 0.14 1.01 + 0.08 
Succinatc 10mM 2.03 - + 0 . 1 7  1.82_+0.11 0.81 +0.13 1.10-+0.10 

NS NS 
Fumarate 10 mM 0.73 -+ 0.09 0.78 -+ 0.05 0.33 -+ 0.07 0.47 _+ 0.07 

NS NS 

Mean values (mW/g w. wt.) _+ SEM (n = 13-15 for pyruvate and succinate; n = 7 for other substances). Except for those marked NS, 
differences are all statistically significant (p < 0.01). 
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Figure 2. Thermogenic responses of control (.. ,) and mdx ( ) 
soleus muscle pairs to 5 mM glucose (G), 10 mM pyruvate (P), 
citrate (C) and succinate (S) successively added to the superfusate 
for 40 to 60-min periods. The rate of heat production was 
expressed in mW per gram of blotted muscle weight measured 
after removal of the tendons. The low basal value of the mdx pair 
is only partly the consequence of a low energy cost of intracellular 
Ca 2+ homeostasis 2. The most striking difference between mdx and 
control (here slow-twitch muscles but, as shown in table 1, also 
fast-twitch ones) in their response to substrates was the relatively 
smaller response of rndx muscles to glucose or to pyruvate, as 
opposed to their relative response to succinate (which was larger 
in the mdx muscle pair). 
Methods. Animals were raised and kept in accordance with 'Good 
Laboratory Practice' guidelines, and received unlimited water and 
food. After decapitation of the animals, muscles were dissected out 
and freed from loosely attached connective tissue without the 
instruments touching the fibres and then each pair was immediately 
held at about 130% of its relaxation length on a stainless-steel 
frame, in the test chamber of a twin heat-flux microcalorimeter 
perfused at 30 ~ with a Krebs-Ringer bicarbonate solution filter- 
sterilized and equilibrated on-line with a thin-layer tonometer at 
mean O 2 and CO 2 partial pressures of 85 and 5.3 kPa, respectively. 
The calorimetric signal, proportional to total heat production rate 
by a pair of muscles, was equal to the voltage difference between 
two series of six thermal gradient layers surrounding test and 
control chambers minus a blank difference recorded before intro- 
duction of the muscles into the test chambers 1~ 

s t ronger  s t imula tory  effect o f  exogenous  pyruva te  than 

o f  glucose on muscle energy convers ion  in general  has 

been recently discussed by others42,43). Fu r the r  testing, 

with fumara te ,  o f  substrate channel l ing in the succinyl- 

C o A  synthetase to mala te  dehydrogenase  span of  the 

T C A  cycle 3~ revealed no difference be tween m d x  and 

cont ro l  muscles ( table 1, row 5), though  fumara te  pro-  

duced a smaller response than  succinate (which has also 

been observed with morpho log ica l ly  and biochemical ly  
intact  muscle mitochondria44). 

Acetylene dicarboxylate ,  the unconven t iona l  four-car-  

bon  intermediate ,  induced a significant s t imulat ion o f  

energy metabo l i sm which was substant ial ly larger in 

normal  than in m d x  muscles. In fact, the enhancement  

of  energy metabo l i sm by acetylene d icarboxyla te  was 

reduced by about  50% in bo th  types o f  mdx  muscles,  as 

was the response to the substrate o f  the overal l  react ion 

( table 1, rows 2 and 3). This new result  suppor ts  the 

idea that  the as yet hypothe t ica l  'one-s tep react ion '  

fo rm of  the T C A  cycle is indeed the physiological  cycle 

in situ, and that  the lack o f  dys t rophin  causes deficien- 

cies in bo th  glycolysis and the T C A  cycle. 

A t  least two al ternat ive in terpre ta t ions  o f  the data, 

however ,  are possible�9 First ,  as suggested by the quant i -  

tat ive difference between the defects o f  glucose and 

pyruva te  ut i l izat ion by hear t  muscles f rom the hamster  

mode l  o f  X-l inked muscle dys t rophy 45, or  in the present  

experiments  by m d x - m o u s e  skeletal muscle ( abou t  70% 

and 50% less than  cont ro l  for glucose and pyruvate ,  

respectively), the decrease in mi tochondr ia l  activity 

might  only be due to glycolytic inhibi t ion.  The  non-sol-  

uble fo rm of  hexokinase  II,  like glycerol kinase and 
cont ra ry  to all o ther  glycolytic enzymes 16,46, does not  

bind to the cytoskele ton p roper  but  ra ther  interacts with 

the outer  surface o f  the outer  mi tochondr ia l  m e m b r a n e  

where it migh t  have  preferent ia l  access to the energy 

p roduced  by oxidat ive phosphory la t ion ,  via the adenine 

nucleot ide t rans loca tor  o f  the inner  membrane ,  mito-  

chondr ia l  creat ine kinase and the ou te r -membrane  
prote in  por in  in its anion-select ive state 46,47. Since in 

X-l inked dystrophies  isoenzymes o f  hexokinase  II 4s 

differ physicochemical ly  f rom the normal  enzyme,  one 

may  speculate that  the above-men t ioned  funct ional  link 

between an A T P - c o n s u m i n g  react ion in the cy top lasm 

and mi tochondr ia l  energy p roduc t ion  is compromised  

and the efficiency of  the T C A  cycle decreased�9 Such an 

in terpre ta t ion is in keeping with our  observa t ion  that  

Table 2. Rate of glucose uptake by intact soleus and EDL muscles from mdx and control mice, in the absence and presence of insulin. 

Soleus EDL 
control mdx control mdx 

Basal 3.93 _+ 0.63 5.01 + 0.46 2.26 _+ 0.57 2.52 _+ 0.49 
+Insulin 0.025 U/I 10.02 + 0.92 13.08 + 1.35 5.88 + 0.53 4.96 _+ 0.47 

Results are expressed in mmol/h per g w. wt. (means _ SEM of 5 experiments). The differences between mdx and control were not 
statistically significant. Muscle preparations were identical to those for calorimetry experiments, and preincubated under the same 
conditions except that glucose (5 mM) was present. Then a first 20-min incubation took place in a 5-ml volume of Krebs-Ringer 
solution containing bovine serum albumin (0.2%) with or without insulin (25 mU/l), followed by a second 20-rain incubation in a 2-ml 
volume of the same solution supplemented with 2 mCi of tritiated 2-deoxy-D-glucose, The muscles were rinsed 5 times in 5-ml volumes 
of ice-cold saline to remove extracellular marker, muscles were then separated from their tendons, blotted dry, weighed, dissolved in 
0.5 ml BTS 450 (tissue solubilizer, Beckman) overnight at room temperature, added to 10 ml of a liquid scintillation mixture (Ready 
organic, Beckman) including 0.7% glacial acetic acid and counted with a Beckman SL 7500 counter. Glucose taken up during the last 
20-rain incubation period was quantified from calibrations obtained with the freshly prepared batch of the final incubation medium used 
in the experiment. 
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even unde r  glucose deprivat ion,  i.e., when the ma in  
energy fuel is endogenous  triglycerides, ma in tenance  
energy dissipat ion is lower in m d x  t han  in no rma l  muscles. 
Glycerol  kinase is the other cytoplasmic,  mi tochondr ia-  
b o u n d  enzyme which drives an ATP-c o n s u mi n g  reac- 
t ion 46. However,  our  recent f inding that  octanoate,  whose 
catabol ism does no t  depend on  glycolysis 49 and  does no t  

generate glycerol, is also less well utilized in m d x  t han  in 
normal  muscles (Even  et al., unpubl ished)  tends to 
inval idate  this in terpre ta t ion  of  the data. 
A second al ternat ive is that  high intracel lular  Ca 2+, in 

dystrophic fibres, ma y  be the cause of bo th  glycolysis 
inhib i t ion  (by ca lmodul in - induced  inact ivat ion of phos- 
phofructokinase  5~ and  the inefficiency of  mi tochon-  
drial metabol ic  pathways  51. Mi tochondr ia l  overload with 
calcium could be such that  the concent ra t ion  of  free Ca 2 + 
in the matr ix  would  exceed its well-defined 0.1 l micro- 
molar  op t imum for the physiological  control  of  pyruvate,  
(NAD+)- i soc i t ra te  and  2-oxoglutarate  dehydrogenase 
activities on one hand,  and  of  A T P  synthase activity on 
the other  34. Recent  observat ions,  however,  seem to inval-  

idate this second al ternative too. Discrete po tass ium 
depolar izat ions  of  the sarcolemma produce  significant, 
sustained increases of Ca2+-dependent  metabol ic  rate 
under  condi t ions  where the rise in sarcoplasmic Ca 2+ is 
no t  high enough to induce cont rac t ion  m. Con t ra ry  to basal  
and contraction-associated Ca2+-dependent  heat  pro- 
duct ions,  these Ca2+-dependent  s t imulat ions  of  metabol ic  
rate can be as large in m d x  as in no rma l  muscle fibres 2. 
The present  results suggest that  the efficiency of  cyto- 
plasmic and  mi tochondr ia l  metabol ic  pathways  in situ 
may  rely on  a dys t rophin-dependent  cytoskeletal orga- 
n iza t ion in bo th  slow- and  fast-twitch skeletal muscles 
of  the mouse.  More  generally, the lack of  dys t rophin  
(mdx  mouse;  Duchenne  muscular  dys t rophy patient),  or  
a funct ional ly  mildly defective dys t rophin  (female 
Duchenne/Becker  muscular  dys t rophy carriers x~), could 
be directly responsible for subnormal  rates of  muscle 
energy conversion and  the subnorma l  energy status of  
sarcoplasm. 
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