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Coenzymes Q9 and QIO in Skeletal and Cardiac 
Muscle in Tumour-bearing Exercising rats 

P. Daneryd, F. Aberg, G. Dallner, L. Ernster, T. ScherstCn and B. Soussi 

Physical exercise increases metabolic rate, and induces both adaptational biogenesis of mitochondria in skeletal 
muscle and an increase in antioxidant capacity. The onset of experimental anorexia and cachexia can be delayed 
by voluntary exercise. As skeletal muscle is the main target for cancer cachexia, we determined the levels of 
coenxymes Qs and Q10 in skeletal muscle from turnout-bearing exercising rats, and compared them to those of 
sedentary tumour-bearers and controls. Both tumour-bearing groups had increased levels of coenxymes Q9 and 
Q10 in the anterior tibial muscle (P < 0.05 for exercised animals). In the soleus muscle, only the tumour-bearing 
exercising animals demonstrated an increase in the levels of both coenxymes (P < 0.05). In cardiac muscle, the 
presence of tumour and exercise reduced the levels of coenxymes below that of sedentary controls. Exercise 
counteracted the anaemia in the tumour-bearing host (P < 0.05). In conclusion, the increase in antioxidant 
capacity in skeletal muscle indicates a defence mechanism in the tumour-bearing hosts which is augmented by 
physical exercise. 

Key words: exercise, cancer, ubiquinone, energy metabolism 
EurJ Cancer, Vol. 31A, No. 5, pp. 760-765,199s 



Coenzyme Q in Tumour-bearing Exercising Rats 761 

INTRODUCTION 
PHYSICAL TRAINING may increase the aerobic metabolic rate by 
up to lo-fold [ 11, and one of the most obvious adaptations is an 
increased biogenesis of mitochondria in skeletal muscles [2, 31. 
Most experimental studies on physical training describe the 
effects of forced physical exercise, i.e. exhaustive exercise or 
endurance training, which reduces respiratory control and thus 
increases the production of oxygen free radicals [4]. The levels 
of antioxidant systems in blood increase in response to training 
load [S, 61, and exercise capacity is highly dependent on contents 
of antioxidants in skeletal muscle [7]. Oxygen free radicals in 
excess of the antioxidant capacity induce subcellular and cellular 
damage, and experimental settings with forced physical exercise 
might thus not be optimal for evaluation of the anabolic effects 
of physical exercise on muscle tissue in health and disease. 

The mevalonate pathway, which is present in all tissues, 
synthesises the end-products cholesterol, dolichol and 
coenzyme Q (ubiquinone; 2,3-dimethoxy-5methyl-6-decap- 
renyl benzoquinone), and also participates in the isoprenylation 
of proteins. The initial portion of the pathway is common, and 
thereby the biosynthesis of coenzyme Q is related to that of 
cholesterol and dolichol. A terminal regulation of the biosynth- 
esis of these lipids has also been con6rmed. 

Coenzyme Q has two major functions in the cell: it is a redox 
lipid serving an obligatory component of the mitochondrial 
respiratory chain, and the concentration in the inner mitochon- 
drial membrane is thought to be a restricting factor in electron 
transfer [8]. In reduced form, coenzyme Q is an antioxidant, 
which explains its presence .in all cellular membranes. 

The biosynthesis of coenzyme Q is influenced both by physio- 
logical and pathophysiological conditions. The content is 
increased in skeletal muscle of exercised rats to a greater extent 
than other components of the mitochondrial respiratory chain 
[9]. In preneoplastic liver nodules, the contents are increased, 
probably as a protection against oxygen free radicals [IO]. In 
contrast, the contents are substantially decreased in developed 
hepatocellular cancer, thus indicating an insufficient antioxidant 
capacity [ll]. 

Physical exercise increases total haemoglobin content in order 
to keep the haemoglobin concentration constant. Owing to 
dilution from an increase in plasma volume, and possibly also 
from mechanical destruction, a lower haemoglobin concen- 
tration is sometimes found as the result of exercise [ 121. In 
addition, oxygen delivery to the tissues is increased through an 
increase in 2,3-diphosphoglycerate (2,3-DPG), which shifts the 
oxygen dissociation curve. In solid cancers, the haemoglobin 
concentration is decreased [ 131. 

We have shown that tumour-bearing rats subjected to volun- 
tary physical exercise demonstrate delayed onset of anorexia and 
cachexia [ 141, as well as improved oxidative capacity and energy 
charge in skeletal muscle [ l:S]. As the levels of antioxidants have 
been shown to be altered in various tissues in the tumour-bearing 
host [ 161, the aim of the present study was to determine whether 
voluntary physical exercise can influence the levels of coenzymes 
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Qg and Qio and thus the antioxidant capacity in muscle tissue, 
which is the main target for cancer cachexia. 

MATERIALS AND METHODS 
Animal and tumow model 

The experimental model has been previously described in 
detail [ 141. Briefly, the experiments were performed in growing 
female Wistar Furth rats (B&K Universal AB, Sollentuna, 
Sweden). A total of 80 animals were divided into four equal 
groups, matched for body weight: tumour-bearing exercising 
animals (TBE), tumour-bearing sedentary animals (TBS), non- 
tumour-bearing exercising animals (CE), and non-tumour-bear- 
ing sedentary animals (CS). After adaptation to the cages, all 
animals were anaesthetised and the animals in the tumour groups 
were implanted subcutaneously with a transplantable Leydig 
cell sarcoma, which does not metastasise or penetrate into the 
adjacent tissue [17]. The amount of tumour tissue which was 
transplanted leads to tumours that are palpable after 7-10 days 
and death after 40-45 days due to anorexia and cachexia. The 
control animals were sham operated. All animals were killed on 
day 30 after the surgical procedures. The animals allocated to 
exercise were individually housed in cages open to the interior 
of a free-moving, wire-bottomed and non-motorised running- 
wheel, while the other animals were individually housed in 
standard cages. All animals had free access to a standard balanced 
diet and tap water. Body weight, food intake and distance run 
were recorded regularly. The experimental model was approved 
by the animal ethical committee of the University of Giiteborg, 
Sweden. 

Sample collection 
On day 30 after tumour implantation or sham operation, all 

animals were killed. They were anaesthetised with sodium 
pentobarbital (ACO, Solna, Sweden) intraperitoneally 
(40-50 mg/kg body weight). 

In the experiment on skeletal and cardiac muscles (10 animals/ 
group), a cross-section biopsy was taken from one calf, and 
immediately homogenised and frozen, and then a cross-section 
biopsy was taken from the heart and prepared the same way. 
The tumours were dissected free and weighed. The animals were 
then killed by bleeding. 

In the experiment for analysis of haemoglobin in whole blood 
(10 animals/group), sternotomy was performed as the only 
procedure, and blood was collected by cardiac puncture. 

Conzzymes Q, ad QRI 
Homogenates for analysis of coenzymes Qs and Qlo were 

prepared from fresh calf muscle tissue (soleus, tibial, plantar, 
gastrocnemius and EDL). The homogenates were then frozen 
and stored until analysis as previously described [ 181. Aliquots of 
the homogenates were extracted with petroleum etber:methanoI, 
3:2. After phase separation, the upper petroleum ether phase 
was removed and the methanol phase re-extracted with more 
petroleum ether. The two petroleum ether phases were pooled, 
evaporated under N2 at 60°C and the residue was dissolved in 
n-hexane. This mixture was injected on to a HPLC column 
with a prefilter. The column employed was a Cl* reversed 
phase (Hewlett-Packard, ODS 3 pm), and separation was 
accomplished with a convex gradient consisting of solvent A 
(methanobwater, 9: 1) and solvent B (methanol:isopropanol:n- 
hexane, 2:l:l). The separation was completed within 30 min. 
The absorption of the eluate was monitored at 275 run with low 
attenuation. &enzyme Q6 was used as an internal standard 
(Figure 1). 
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Figure 1. Representative HPLC pattern of coenzyme Q analysis in 
muscle extract. 

Protein content in the homogenates was determined according 
to Lowry [19]. 

Chemicals 
Coenzymes Q6, Qg and Qlo were obtained from Sigma Chemi- 

cal Co. (St Louis, Missouri, U.S.A.). All other chemicals used 
were of analytical grade. 

Haemoglobin 
Haemoglobin concentration in whole blood was analysed with 

a commercially available kit (Reflotron, Boehringer Mannheim, 
Germany) [20]. 

Statistical analyses 
The values are presented as means and standard errors of the 

mean. Statistical significance was tested with ANOVA and 
the Mann-Whitney U-test. A P value of less than 0.05 was 
considered significant. 

RESULTS 
Body weight, food intake andphysical activity 

The results were in accordance with those presented in the 
methodological article on this experimental model [14], the 
only exception being that the amount of physical activity was 
approximately 20% higher in both the exercised groups in the 
present experiment. 

Briefly there were no notable differences between the TBE 
and the TBS animals concerning total body weight (including 
tumour weight) throughout the experiment. Both groups of 
exercising animals had increased food intake compared to that 

of their sedentary controls after the fourth day of the experiment 
(P < 0.05). The two exercising groups differed as to daily 
distance run from day 20 onwards, with a gradual decrease in 
the TBE group, but still with the ability to run remaining, 
despite a growing tumour impact (Table 1). 

Tumour weights 
Lower tumour weights were recorded in the exercising group 

as shown in Table 1 (P < 0.05). 

Coevs (29 and QIO 
The results are presented as contents of coenzymes Qs and 

Qlo @g/g) protein in skeletal and cardiac muscle (Table 2) and 
of coenzymes Qs and Qlo ((*g/g) muscle tissue wet weight (Table 

3). 
In skeletal and cardiac muscle, as well as in other tissues of 

the rat, the major form of coenzyme Q has nine isoprene units in 
the side chain while less than 10% has a decaprenol side-chain 
[ 181 (Tables 2 and 3). 

In the anterior tibial muscle, the TBE group showed a 55% 
increase in coenzyme Qs and an 82% increase of coenzyme Q,o 
as compared to CS animals (P < 0.05). TBS animals showed a 
smaller increase of both coenzymes in the tibial muscle (19 and 
33%, respectively). 

In the soleus muscle, the TBE animals had the highest values 
and the TBS animals the lowest values for both coenzymes, with 
a 42% difference between groups for coenzyme Qs (P < 0.05) 
and 47% for coenzyme Qlo (non-significant). 

In the cardiac muscle, all four groups had higher levels of both 
coenzymes, as compared to the tibial and soleus muscles. The 
TBE and TBS groups had slightly decreased levels of both 
coenzymes in the cardiac muscle as compared with the CS group. 
The CE animals had 23% less coenzyme Qg and 28% less 
coenzyme Qlo than their sedentary controls (P < 0.05). 

Despite the extensive fluctuations of total coenzyme Q levels 
among the various groups, the coenzyme Q9/Qlo ratios did not 
change significantly under the different conditions (Table 4). 
However, the coenzyme QdQlo ratios showed minor variations 
in the muscle tissues analysed, increasing from cardiac to soleus 
and to tibial muscle. The importance of this finding is unclear 
since no functional differences are known to exist between the 
two coenzyme Q homologues. 

Haemoglobin 
Both tumour-bearing groups had lower haemoglobin concen- 

trations in whole blood than the non-tumour-bearers, but the 
TBE group demonstrated a higher value than the TBS group 
(P < 0.05) (Table 1). 

DISCUSSION 
Forced physical exercise can cause oxidative damage to tissues 

in the unaccustomed experimental animal [4]. A number of 
studies have indicated that graded endurance training can 
improve the antioxidant status in blood [5, 6, 21, 221 and skel- 
etal muscle [7, 22, 231, and thus improve the ability to withstand 
oxidative stress, but even in pretrained animals, oxidative dam- 
age occurs if the threshold for antioxidant capacity is passed [2]. 

Rats subjected to voluntary physical exercise exhibit interindi- 
vidual differences as to running ability [14, 241. This is not 
taken into account when forced physical exercise is applied in 
order to standardise the experimental procedure. Moreover, 
increased need of dietary intake of the antioxidants vitamins C 
and E has been postulated [25]. Experimental settings with 



&enzyme Q in Tumour-bearing Exercising Rats 763 

Table 1. Tumour weight, body weight dvfmences, food intake, running activity and huemoglobin levels 

TBE TBS CE cs 

Tumour weight (g) 19.8 & 4.9+ 34.7 ? 5.3 - - 

% tumour weight 11.8 f 2.9+ 20.0 ? 3.2 - - 

(tumour weight/body weight - tumour weight) 

Body weight difference, 1 9 f 0 4*=* . . 1.2 2 0.3 0.5 2 0.1 0.2 2 0.0 
last 24 h (%/day) 

Food intake last 24 h 6.6 f 0.4*+ 5.1 ” 0.2’1 10.3 f 0.24 6.9 ? 0.1 
(g/100 g body weight/day) 

Running distance, last 2899 * 1341’ - 8639 r 729 - 

24 h (m/day) 

Haemoglobin in whole blood (g/l) 117.4 f 3.7*+=* 98.8 -+ 5.5*1 140.4 It 2.9 143.8 2 2.2 

n = IO/group. 
P < 0.05: *TBE versus CE. +TBE versus TBS. *TBS versus CS. ICE versus CS. ITBS versus CE. =‘TBE versus CS. TBE, tumour-bearing 
exercising animals; TBS, tumour-bearing sedentary animals; CE, control exercising animals; CS, control sedentary animals. 

Table 2. Contents of coma Q, and QIo in anterior tibial, soleus and cardiac muscle expressed as coetzyme Q (pglg) protein in muscle 
tissue 

Muscle Coenxyme TBE TBS CE cs 

Anterior tibia1 
(n = lo/group) 

Soleus 
(n = lO/group) 

cardiac 
(n = S/group) 

505.2 + 59.0*=1 
32.9 2 5.4*=1 

537.7 + 64.0*=1 

257.9 f 25.2t 
21.0 f 3.1 

278.4 2 28.lt 

1272.4 2 58.8 
124.9 -+ 4.7* 

1397 .3 t 63.2 

388.7 * 42.1 
24.1 ? 3.4 

412.7 ? 45.3 

181.0 f 8.6$1 
14.3 f 0.9 

195.2 * 9.3*1 

1305.9 5 62.81 
129.1 2 4.81 

1434.9 2 67.61 

338.4 ? 8.6 
19.4 2 0.3s 

357.7 f 8.8 

225.6 + 8.5 
16.2 f 1.3 

241.2 + 9.1 

1120.2 + 44.1% 
103.5 * 3.79 

1223.7 c 47.79 

326.5 f 12.9 
18.1 f 0.8 

344.6 2 13.7 

206.0 f 6.8 
16.1 2 0.9 

222.1 ? 7.8 

1377.0 2 33.5 
132.3 2 3.3 

1509.3 + 36.7 

P < 0.05: *TBE versus CE. tTl3E versus TBS. $TBS versus CS. §CE versus CS. ITBS versus CE. ‘ITBE versus CS. See Table 1 for abbreviations. 

Table 3. Contents of cows Q9 and Q,, in ant&or tibial, soleus and cardiac muscle expressed as coenzyme Q(pglg) muscle tissue wet 
weight 

Muscle Coenxyme TBE TBS CE cs 

Anterior tibia1 
(n = IO/group) 

Soleus 
(n = lo/group) 

Cardiac 
(n = 5/group) 

94.1 * 9.01 
6.1 + 0.91 

100.1 * 9.81 

39.3 f 1.7t 
3.1 2 0.3 

42.3 +- 2.0t 

238.5 2 11.3 
23.4 f 0.9* 

261.9 k 12.1 

75.6 -+ 7.8 
4.7 + 0.6 

80.3 t 8.4 

33.1 f 1.49 
2.6 f 0.2 

35.7 f 1.5s 

233.6 2 6.9 
23.1 t 0.69 

256.7 ? 7.5$ 

72.7 -t 2.6 
4.2 + O.l$ 

76.8 2 2.8 

40.4 f 1.8 
2.9 f 0.3 

43.2 ? 2.0 

218.3 2 5.1$ 
20.2 * 0.3* 

238.5 ? 5.44 

65.9 ? 1.4 
3.7 2 0.1 

69.6 t 1.8 

37.1 + 1.9 
2.9 ” 0.2 

40.0 f 2.1 

246.0 * 8.5 
23.6 ? 0.9 

269.6 2 9.4 

P < 0.05: *TBE versus CE. tTBE versus TBS. $CE versus CS. §TBS versus CE. ITBE versus CS. See Table 1 for abbreviations. 

EJC(A) 31-5 C-“-F 
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Table 4. Q9:Qlo ratios cfor pglg protein in muscle tissue) 

Muscle TBE TBS CE cs 

Anterior tibial 16.4 2 1.0 16.7 + 0.6 17.5 f 0.3 18.1 + 0.2 
(n = IO/group) 
Soleus 13.1 2 0.9 12.6 f 0.4 14.8 2 1.8 12.8 f 0.4 
(n = lO/group) 
Cardiac 9.4” 0.2 9.3 f 0.1 10.0 2 0.1 9.6? 0.0 
(n = S/group) 

See Table 1 for abbreviations. 

forced physical exercise cause a decrease in food intake [26]. In 
our experimental model, the animals NII voluntarily and food 
intake is increased as compared to sedentary animals 1151. 
Consequently, we found it important to study possible mod& 
cations in the endogenous antioxidant status in tumour-bearing 
animals subjected to voluntary instead of forced exercise. 

Coenzyme Q is an important redox component of the respirat- 
ory chain, located in the inner mitochondrial membrane, but 
quantitative estimation of this lipid has demonstrated its pres- 
ence in all intracellular membranes, including the outer mito- 
chondrial membrane. It has also been shown that this lipid is not 
solely synthesised in the inner mitochondrial membrane, but 
also elsewhere [27]. In addition to its role as a component of the 
respiratory chain in mitochondria, the reduced form of coenzyme 
Q (i.e. ubiquinol) acts as an antioxidant, inhibiting lipid peroxi- 
dation [9]. This provides an explanation for the presence of 
coenzyme Q in all cellular membranes. It is unknown whether 
functional compartmentalisation of this lipid occurs in mito- 
chondria in order to fullil the two functions. 

The rates of biosynthesis of the different products of the 
mevalonate pathway are independent, which might make it 
easier for the cell to adapt to different physiological situations. 
Experiments with administration of peroxisomal proliferators as 
well as carcinogens have revealed an increase in endogenous 
synthesis of coenzyme Q without any effects on the other 
lipids of the other mevalonate pathway. Because of the low 
concentration of the lipid in the blood, no substantial exchange 
between tissues seems to occur. Thus, all tissues must synthesise 
their own coenzyme Q in appropriate amounts, and the mevalon- 
ate pathway is the main or exclusive source of this lipid [28]. 
Only a few per cent of dietary coenzyme Q is taken up, and this 
appears in the blood with no substantial uptake in various 
tissues. Nevertheless, dietary supplementation with coenzyme 
Q has been shown to improve antioxidant status in clinical 
studies [29-321. 

Increases in free radical formation, as induced by exercise, are 
expected to induce cell defense mechanisms at one or several 
subcellular locations. No subcellular fractionation was perfor- 
med in the present experiments, but other studies have not been 
able to demonstrate compositional changes in the mitochondrial 
membrane, despite increase in total content of coenzyme Q as 
seen in preneoplastic liver nodules [lo], or decrease in total 
content of this lipid as seen during ageing [9]. 

Our findings that the TBE animals exhibit the highest values 
for both coenzymes, Qg and QiO, are unexpected, especially in 
comparison with the CE animals. Even the TBS animals show a 
tendency towards increased contents of coenzymes Qs and Q10 
in the anterior tibial muscle. Food intake is increased in tumour- 
bearing animals as a result of exercise [14], but as uptake of 
dietary coenzyme Q is negligible, the increase in muscle tissue 

must indicate an enhanced endogenous synthesis as a defence 
mechanism. This is emphasised by the fact that even the 
sedentary tumour-bearers have increased contents, despite the 
lowest food intake of all groups [ 141. 

The oxidative metabolism in the mostly fast twitch, glycolytic 
anterior tibia1 muscle has been found to be more susceptible to 
exogenous and endogenous stimuli than the mostly slow twitch 
oxidative soleus muscle, which is in accordance with our previous 
Endings [ 151. Consequently, a more extensive oxygen free radical 
formation in muscle tissue of the anterior tibial type would be 
anticipated. In fact, this muscle responded with more extensive 
formation of coenzyme Q than did the soleus muscle, which 
emphasises the relationship between formation of oxygen free 
radicals and the content of coenzyme Q. 

Furthermore, our results showed that physical exercise can 
reverse anaemia in the tumour-bearing host subjected to physical 
exercise. We have made the same finding in relation to an 
adenocarcinoma in the same experimental setting (unpublished 
data). The increased haemoglobin content not only increases the 
oxygen delivery to organs and tissues, but also the antioxidant 
capacity in the blood. Guilivi and Davies have recently presented 
evidence that haemoglobin plays an antioxidant role, as continu- 
ous reduction of hydrogen peroxide is obtained when methaemo- 
globin (X-Fe”‘) is oxidised to ferrylhaemoglobin (X-Fe’“-OH) 

r331. 
An impairment in electron transfer between cytochrome c and 

cytochrome oxidase is seen in mitochondria with reduced levels 
of coenxyme Q from skeletal muscle [34]. The same is seen when 
the cardiolipin content is reduced in the reperfused state after 
ischaemia [35, 361, but endurance training on a treadmill 
enhances the activity of cytochrome c oxidase [37]. The present 
findings are thus in accordance with our previous results showing 
that the reduced activity of cytochrome c oxidase in skeletal 
muscle from the tumour-bearing host can be normalised by 
voluntary physical exercise [ 151. It remains to be determined 
whether the content of coenzyme Q is directly related to these 
effects or if they represent parallel changes. 

The question arises as to whether coenzymes Qg and Qio are 
present in two distinct pools with different functions. The 
coenzyme Q9/Qlo ratios were not influenced despite modifi- 
cations in the total amount of coenzyme present. These results 
indicate that the two forms of coenzyme Q in the different types 
of muscle tissue do not appear to be involved in different 
functions, and that their levels are regulated in a coordinated 
manner. 

In conclusion, the increased levels of coenzymes Qs and Qio 
in skeletal muscle reflect an increased antioxidant capacity. As a 
substrate deviation to the tumour-bearing host in response to 
exercise has been postulated [ 14, 151, the increased antioxidant 
capacity might be part of a defence mechanism. However, the 
detailed mechanisms remain to be elucidated. 
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