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PART l, BIOCHEMISTRY OF LONG BONES 
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ABSTRACT. The effect of physical training on coll agen, ground substance 

and nucleic acid concentrations 1n long bones was studied in male mice 

of NMRI-strain. The mice to be trained and their controls were about 2 

weeks old at the beginning of training, which took place on a 5
° 

inclined 

treadmill 5 days a week for 3 to 22 weeks. The duration of daily exercise 

was increased pro�ressively over 3 weeks. The final daily exercise 

bouts were SO and 80 minutes for moderate programs and 180 minutes for 

the intensive program at a speed of 30 cm/s. 

We found increased concentrations of nitrogen and hexosamines especially 

after prolonged training at both training intensities, The concentration 

of DNA, RNA-ribose and hydroxyproline tended to he reduced after some 

training programs. The hexosamine-hydroxyproline ratio was higher and 

the hydroxyproline-nitrogen ratio lower in the long bones of trained 

animals compared to the controls. We conclude that prolonged physical 

training contributes to maintaining a high glycosaminoglycan concentration 

in matured long bones. 

LONG BONES, PHYSICAL TRAINING
3 

COLLAGEN, GROUND SUBSTANCE, NUCLEIC ACIDS, 

GROWTH 
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INTRODUCTION 

The scarcity of information dealing with the chemical composition of 

long bones after standardised physical training is striking especially 

as to the effects of trainin� on the chemical composition of bones during 

growth. In adult animals running exercise accelerated the metabolism of 

minerals and organic substances (2, 14). Training has been reported 

either to increase or not to affect the concentrations of calcium and 

collagen in long bones after training (16, 30, 11, 28). We could not 

locate any report describing concentrations of nucleic acids and ground 

substance in the long bones of trained animals. 

The aim of our study was to determine whether changes occurred in the 

concentrations of the nucleic acids and matrix components of the long 

bones of male mice trained either during growth only or until after 

reaching maturity. The concentrations of nitrogen, hydroxyproline, 

calcium, hexosamines, uronic acids, DNA and RNA-ribose were determined 

after moderate and intensive training programs. Changes in the physical 

parameters of the long bones as well as chemical changes of the Achilles 

. tendons, skin, and heart have been published in other peports. 

MATERIAL AND METHODS 

Animals and physical training. A detailed description of experimental 

animals and training procedures is been published elsewhere (20). Two 

weeks old (14 ± 2 days) male mice of NMRI-strain were randomly assigned 

to test and control groups. The mice to be trained were gradually adapted 

to running on treadmill. The training took place on a s
0 inclined treadmill 

operating at a speed of 30 cm/s five days a week for 3 to 22 weeks. The 

duration of daily exercise as well as running speed were increased 

progressively during the first 3 weeks of training. The final daily 

exercise bouts were 50 and 80 minutes for moderate training pro�rams I and 
the/ 

II and 180 minutes for intensive training program III. The daily exercise 

was divided into two sessions, one in the morning and the other in the 

afternoon. 
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Preparation of samples, The mice were killed under ether anestesia by 

decapitation. The hind and fore limbs were dissected with scissors at 

room temperature and immediately chilled in ice in sealed plastic tubes 

and stored deep-frozen (at -20
°
C) until preparation, For the preparation 

the limbs were allowed to thaw at room temperature. Immediately after 

thawing the long bones were manually separated as carefully as possible 

using scissors, scalpel and forceps from muscle and soft connective tissue. 

The bone marrow was removed by means of compre11ing air through an 

injection needle fitted to a syringe into each half of the long bone 

severed in the middle shaft, and the pieces of femur and humerus were 

dried (at 9S
°
C for 2 days) and weighed. The bones which were used for 

nucleic acid analyses were prepared at +4
°
C, freezed and dried for two 

days in a lyophilizer (Heto, Demnark), weighed, and homogenized manually 

in glass tubes, 

Chemical methods. The dried long hones were hydrolyzed overnight 

at 103°c in 2 N HCl for the analyses of glycosaminoglycans. Aliquots 

were taken to determine the concentrations of hexosamines and uronic 

acids. Hexosamines were freed from interfering chromogens by means 

of Dowex-50 cation exchan�e resin according to Boas (7). The 

concentration of hexosamines was determined by Blix's (6) modification 

of the Elson-Morgan method, and the uronic acid concentration was 

analyzed by Dische's carbatsol-reaction as modified by Bitter and 

Muir (5). For the determination of nitrogen and hydroxyproline the 

hydrolyzing of the previous hydrolysate was continued in 6 N HCl at 

130°c for J hours and thereafter evaporated completely. The residues 

were dissolved in distilled water and filtered. Aliquots were taken to 

determine the concentration of hydroxyproline by Stegemann's colour 

reaction as modified by Woessner (34) and calcium with an atomic 

absorbtion spectrophotometer (Unicam SP 90A, England) according the 

method used by Pybus et al. (26), After combustion of the samples in 

8 N sulphuric acid the concentration of nitr_oge� was determined by the 

method introduced by �1inari and Zilversmith (23). The DNA and lt1'JA 

fractions were separated by Schmidt and Thannhauser 1 s method as modified 

by Munro and Fleck (24). The DNA concentration was determined by Burton's 
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colour reaction (8) and the RNA-ribose concentration by Ceriotti's colour 

reaction (10). The variation coefficients for the chemical methods in 

this experiment were: nitrogen 4.6%, hydroxyproline 2.5%, hexosamines 

4.1%, uronic acids 3.9%, DNA 2.0%, RNA-ribose 2.4%, and calcium 1.5%. 

The results are given in relation to the dry weight of samples. 

In order to ensure the reliable comparison of the results between the 

trained and control animals special care was taken to analyse the 

respective samples of the trained and control animals within the same 

test-series. The comparability of the results between different training 

programs and age groups is somewhat impaired by the relatively large 

variation observed in the initial and final body weights of mice taken 

from different litters (Tables 1 and 2) and by some variation in the 

chemical methods over the three year experimental period. 

Statistical methods. The results were statistically evaluated by 

Student's t-test for non-correlating means (two sided test). 

RESULTS 

The dry weight of long bones analysed chemically was significantly 

heavier only after 7 weeks' moderate training for the trained mice vis 

a vis the controls (Table 1). After intensive training, however, the 

dry weight of long bone tended to be on average lower for the trained 

mice compared to the controls (Table 2). The chemical results are 

presented in Tables 3 and 4. The concentrations of nucleic acids and 

hydroxyproline tended to decrease after some training programs. The 

mean concentration of nitrogen was higher in the long bones of trained 

mice after 22 weeks of moderate training and after 3, 5, 7 and 12 weeks 

of intensive training compared to the controls. The hexosamine 

concentration was also higher on the average in the bones of trained 

animals after prolonged training programs (12 and 22 weeks) at both 

training intensities. The uronic acid concentration increased by 

moderate training after 3, 12 and 22 weeks' training, but did not chan�e 

after 3 and 5 weeks of intensive training or even decreased after 12 

weeks' intensive training. No significant diffe�ences between the P,roups 
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were found in the calcium concentration after any of the two training 

pro�rams. The hydroxyproline-nitrogen ratio tended to decrease and the 

hexosamine-hydroxyproline ratio to increase after prolonged training 

programs (Figure 1). 

DISCUSSION 

Physical training did not induce any changes in the calcium concentration 

of long bones, The result confirms those of comparable studies on rats 

(30, 11, 33), but conflicts with many human and animal studies in which 

training was started after prolonged inactivity (irrmobilization, bed rest) 

or after manifest osteoporosis (1, 16, 32). Also in our earlier experiments 

(19) an increase in the concentration of calcium was observed. This was

not, however, confirmed by later more extensive experiments, The difference 

is probably related either to impairt::d growth in one group of mice or to 

exceptionally low initial b,::idy weight in another isroup of mice. According 

to our later experiments a larger increase in bone density was observed 

after 7 weeks intensive training in the bones of mice who started training 

about 2-3 days younger compared to the bones of older similary trained 

mice, Dalen and Olsson (12) have demonstrated that three months physical 

training was not enough to increase bone mineral content in healthy men, 

but competition runners active for more than 25 years had higher bone 

mineral content than their sedentary controls. Nilsson and Westlin (25) 

showed, in addition, that bone mineral content varies from one type of 

sport to another: the long bones of weight lifters were the densest, 

then those of runners, and least dense were the bones of swimmers. 

King and Pengelly (22) have stated that sprint running is more effective 

in increasing the cortical density of rat tibias than endurance running, 

Issekutz et al. (17) showed that pressure equal to body weight is essential 

and even more important than physical activity in maintaining a normal 

calcium and nitrogen balance durin� prolonged bed resL Similar conclusions 

can be drawn from the results of the bipedal rat experiments (29). Thus 

it seems obvious that at least pressure equal to body weight is needed to 

maintain a normal calcium balance in bone tissue, but for increased 
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calcium concentrations evoked by physical activity in healthy"animals and 

human beings relatively long and intensive training is needed with the 

possible exception of very young strenuously trained animals, although 

acceleration of mineral metabolism has been found to occur already after 

short training programs (2). 

We found either no change or a slight reduction in bone hydroxyproline 

concentration after training. Chvapil et al. (11) also failed to observe 

significant changes in bone collagen concentration in young trained rats 

after 7 weeks' training, but after the prolonged training of young rats, 

and after 7 weeks' training of old rats they found an increase in the 

hydroxyproline concentration. Our results might differ from those of 

Chvapil et al. (11) because of differences in the age and/or species 

among the experimental animals: our mice were growing and the rats 

observed by Chvapil et al. (11) were already mature at the beginning 

of training. 

The hydroxyp�oline-nitrog�1, ratiu decreased after prolonged training 

in the bones of trained animals (Figure 1), which indicates that these 

bones contained relatively more noncollagen proteins than the controls. 

This difference appears to be due partly to a higher concentration of 

glycosaminoglycans, which resulted in increases also in the hexosamine

hydroxyproline ratio. The high ratios of hexosamines and uronic acids 

to hydroxyproline have been considered as an indication of biologically 

young connective tissues and e"en as an indication of the biological 

age of an organism (31, 9, 18). Since physical training seemed to slower 

the loss of glycosaminoglycans in bone tissue with age it can be 

concluded that prolonged physical activity may retard the rate of ageing. 

The unchanged DNA concentration in the bones suggests that physical 

training maintains the synthetic activity of cells on a higher level 

without changes in mitotic activity. 

There is no clear l!xplanation for mechanisms through which bone tissue 

adapts to physical training. Rosenfeld et al. (28) have demonstrated 

that calciferol plays a role in regulatin� the gain of body weight and 

affects also the accumulation of calcium in bone tissue. The observation 
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that the growth hormone concentration 1n blood is increased by physical 

exercise (27) is also0f great interest given the findings of Asboe-Hansen 

(3, 4) that administering a growth hormone restores a 'young' glycosamino

glycan pattern in the ground substance of bones and intervertebral discs. 

The observations that physical activity accelerates the metabolic turn

over rate of minerals and organic substance (2, 14) and activates some 

enzymes of energy metabolism (13) in bone also deserve attention as well 

as that an enchanced vascularity in bones may occur with physical training 

(21). Apparently, the abov� 

preconditions for faster fracture healinR after training (15). 

As a conclusion we state that prolonged physical activity affects the 

organic matrix of long bones by maintaining above average concentrations 

of glycosaminoglycans in matured bones. 
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TABLE L • Effects of l ta 22 weeka' moderate trainina (I+TI) on the gain of body 
+ 

weight and dry weight of long bones. Mean - SD and the number of observation! 

are given together with Student's t-test, 

Variable Training 
Animals 

time 
(weeks) Trained Control 

( 3) 11.1
+ 

1.6 (33) 11.0 
+ 

1.6 (43)Initial body - -

weight (g) ( 5) 11.0
+ 

1.6 (21) 10.8 
+ 

1.9 (20)_, -

( 7) 12.7
+ 

2.2 (28) 9.9 
+ 

1.8 (24)- -

(12) 10.6
+ 

(51) 10.4 
+ 

(22)- 3.2 - 1.9 

( 22) 11.9
+ 

5.5 (85) 12.4 
+ 

5.4 (63)-

l."inal body 3 28.4 
+ 
- 2.8 (30) 28.6 

+ 
- 3.1 (28)

weight (g) 33.9 
+ 

5 - 2.6 (2Z) 38.9 
+ 

(22) - 3.8 
+ 

2.8 (21)
+ 

(11) 7 34.5 - 33.9 - 2.9 

12 37.l
+ 

3.8 (19) 37.9 
+ 

2.3 (18)-

41.8 
+ 

4.6 (20) 42.l
+ 

5.2 (22) 22 - -

Dry weight 45.17 
+

5.05 (28) 45.39 
+ 

5.23 (28) 3 - -

of long 61.75 
+

8.23 (22) 63.11 
+

6.81 (22) 5 - -

bones (mg) + + 
(femur + 1 63.75 - 7.18 (21) 53.54 - 6.32 (10)
humerus) 

73.22 
+

10.20 (19) 72.43 
+

6.10 (18)12 - -

22 68.16 
+

8.16 (19) 75.58 
+

12.09 (22) -

Note Some of the above comparison data are taken from Kiiskine'n (20) 

p 

N,S. 

N.S. 

<.001 

N.S. 

N.s.

N.S. 

<.001 

N.S. 

N.S. 

N.S. 

N.S. 

N,S, 

<,001 

N,S. 

<.05 
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TABLE 2 • Effects of 3 to 12 weeks' intensive training (III) on the body weight 

and dry weight of long bones. Mean - SO and number of observations

are given together with Student's t-test. 

Variable Training 
Animals 

time 
(weeks) Trained Control 

( 3) 9.3 
+ 

2.3 (45) 9.6 
+ 

2.4 Initial body - -

weight (g) ( 5) 11.l
+ 

1.6 (33) 11.l
+ 

1.5 - -

( 7) 8.5
+ 

LO (24) 8.5
+ 

1.0 - -

(12) 11.5
+ 

1.1 (30) 11.8
+ 

0.9 

3 25,3
+ 

4.0 (22) 28.7 +
3.4 Final body -

weight (g} 5 33.1
+ 

2.9 (22) 37.7 + 
2.9 

30.7
+ 

2.9 (14) 35.3 
+ 

3. ts 7 -

40.7
+ 

(11) 42.0
+ 

2.7 12 - 1.7 -

Dry weight 36.7
+ 

6.1 (22) 33.6 + 8.4 3 - -

of long 5 64.34
+ 

4.E,9 (21) 66.24
+ 

8.82 - -

bones (mg) + + 
(femur + 7 52. 96 - 7.32 (14) 56. 72 - 8.03
humerus) 12 72.38 ! 7.44 (11) 75.61

+
6.31-

Note Some of the above comparison data are taken from Kiiskinen (20) 

p 

(31) N.S.

(32) N.S.

(43) N,S.

(20) N.S.

(15) <,02

(22) <.001

(17) <,005

(14) N .-s.

(15) N.S.

(21) N.S.

(17) N,S,

(13) N.S,
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TABLE 3. Effects of 3 to 22 weeks• moderate training (I+II) on the 

consentrations of DNA, RNA-ribose, nitrogen, hydroxyproline, 

hexosamines, uronic acids, and calcium in the long bones 

Variable Training Animals 
y.ig/mgDW) time 
and tissue (weeks) Trained Control p 

DNA 3 7.32 ± 0.44 (12) 7.02 ± 0.99 ( 9) N. S. 
(femur) 

1 5.06 + 0.81 (21) 5.57 ± 0.76 (10) N.S. 

12 6.06 ± 1.32 (19) 6.39 ± 1.07 (12) N.S. 

RNA-ribose 3 7.39 ± 0.73 (12) 8.02 ± 0.56 ( 9) <.10 
(femur) 

7 6.03 ± 0.76 (21) 6.23 ± 0.76 (10) N.S. 

12 3.94 ± 0.49 (19) 4.48 ± 0.52 (14) <,01 

Nitrogen 3 41. 52 t 6.14 (28) 41.51 1 11.32 (28) N.S. 
(femur + 

5 51.07 ± 2.46 (22) 51.69 ± 3.11 (21) N. S. 
humerus) 

48. 71 ± 4.20 (11) 51.68 ± 6. 77 ( 9) N.S. 

12 53.17 ± 4.47 (19) 49.87 ± 4.17 (15) N.S. 

22 47.20 ± 6.34 (19) 42.09 ± 5.01 (21) <.01 

Hydroxy- 3 25.04 ± 1.69 (28) 25.29 ± 1.68 (28) N.S,
proline 

5 27.84 ± 0.96 (22) 28.67 ± 0.77 (21) <.05 
(femur + 
humerus) 7 28.55 ± 2.51 (11) 30.08 ± 4.35 ( 9) N. S. 

12 30.14 ± 2.38 (19) 29.43 ± 2.08 (HS) N.S. 

22 28.08 ± 4.43 (19) 27.41 ± 4.85 (22) N. S. 

Hexos- 3 3.21 ± 0.44 (27) 3.19 ± 0.58 (28) N. S. 
amine 

5 3.03 ± 0.28 (22) 2.99 ± 0.10 (21) N.S. 
(femur + 
humerus) 1 2.17 ± 0.19 (11) 2.54 ± 0.30 ( 9) N,S. 

12 2.78 ± o. 34 (19) 2.39 ± 0.23 (10) <.001 

22 2.62 ± 0.30 (19) 2.29 ± 0.36 (22) <,01 

'Jronic 3 2.70 ± 0.79 (27) 1.86 :! 0.84 (28) <.001 
acids 

5 1.50 ± 0.20 (22) 1.48 ± 0.26 (22) N.S. 
(femur + 
humerus) 12 1.81 ± 0.21 (19) 1.46 ± 0.12 (15) <,001 

22 1.49 ± 0.65 (19) 1.19 ± 0.36 (21) <, 10 

Calcium 3 249.68 ± 16.25 (22) 250.23 ± 17.76 (22) N.S. 
(femur + 

5 262. 72 ± 7 .96 (22) 258.00 ± 6.17 (22) N.S. 
humerus) 

7 240.75 ± 22.17 (11) 248.43 ± 21.94 ( 9) N.S,

12 289.90 ± 40.25 (19) 294.20 ± 27. 73 (15) N.S. 

Note Mean 
+
- SD and number of observations are given together with Student's

t-test
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TABLE 4. Effects of 3 to 12 weeks' intensive training (III) on the consentrations 

nf DNA, RNA-ribose, nitrow�n, hydroxyprolinc, hexosnmines, urPnic acids, 

and ea lei um in the long bones 

Variable Training 
Animals (pg/mg DW) time 

and tissue ( weeks) Trained Control p 

DNA 3 4.89 ± 0.65 (16) 5.60 ± 0.59 ( 7) <.001 

( femur) 7 4. 35 .± 0.90 (12) 4. 75 + 0.94 (16) N.S. -

12 5,65 ::: 0.62 (11) 5.45 � 0.45 (14) N.S •

RNA-ribose 3 6.04 ! 1.40 (16) 6.45 .± 0.87 ( 7) N.S. 

(femur) 7 4.74 :!: 1.80 (12) 3.91 ± 0.83 (16) N.S. 

12 4.08 !: 0.51 ( 11) 4.04 ± 0.61 (14) N.S. 

Nitrogen 3 53.10 :l:: 7.46 (21) 47.00 ± 4.60 (15) <,01 

( femur + 5 53. 71 + 3.59 (21) 50.90 ± 3.09 (21) <,01 

humerus) 7 54.86 + 3.63 (10) 49.74 ± 3.23 (10) <,01 

12 66.48 ± 8.76 (11) 55.70 ± 12.64 (13) <.05 

Hydroxy- 3 26. 70 ! 1.62 (22) 27.10 .:t 2.41 (15) N.S. 

pro line 5 27.99 :!:: 1.62 (21) 28.31 :!: 0.89 (21) N.S. 

( femur + 7 30.94 :t O. 86 (10) 29.69 + 1.42 (10) N.S. 

humerus) 12 27.87 ± 1.83 (11) 28.25 + 2.18 (13) N.S. 

Hexos- 3 3.16 ± 0.32 (13) 3.16 + 0.50 (15) N.S. 

amine 5 2.93 :!: 0.24 (21) 2.89 .:t o. 32 (21) N.S. 

( femur + 7 3.64 ± 0.15 (10) 3.69 ± 0.28 (11) N.S. 

humerus) 12 2.56 :t O. 16 (11) 2. 34 ! O. 15 (13) <,01 

Uronic 3 1.44 ± 0.41 (13) 1.44 .:t 0.40 (15) N.S. 

acids 5 1.38 ± 0.18 (21) 1. 38 :! 0. 18 (21) N.S. 

(femur + 12 0.99 ± 0.09 (11) 1.18 : o. 14 (13) <,01 

humerus) 

Calcium 5 262,40 :!: 6.50 (21) 260. 24 ± 5 • 71 (21) N.S. 

(femur + 7 222. 71 ! 20.62 (14) 217.24 :!:14.37 (10) N.S. 

humerus) 

Note Mean :t SD and number of observations are given together with Student's 
t-test
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HYDROXYPROLINE - NITROGEN 

-25 -20 -15 -10 -5 0 5 

HEXOSAMI NE - HYDROXYPROLI NE 

-5 0 

ii MODERATE TRAINING 

■ INTENSIVE TRAINING 

5 10 15 20 25 30 ( % l 

FIGURE 1. Ratios of hydroxyproline-nitrogen and hexosamine-hydroxyproline 

in percentage between the trained and control mice 
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ABSTRACT. Effects of physical training on collagen, ground substance and 

nucleic acid concentrations in Achilles tendons were studied in male mice 

of NMRI-strain. The mice to be trained and their controls were about 2 weeks 

old at the beginning of the training, which took place on a 5
° 

inclined trnad

mill 5 days a week for 3 to 22 weeks. The daily duration of exercise was in

creased progressively over 3 weeks. The final daily exercise bouts were 50 

and 80 minutes for moderate programs and 180 minutes for the intensive program 

at a speed of 30 cm/sec. 

We found increased concentrations of DNA , nitrogen, hexosamines, and to 

a lesser degree, uronic acids in the Achilles tendons of the trained mice

vis a vis the controls. No difference in the concentrations of hydroxyproline 

and RNA-ribose was observed between the groups. The ratio of glycosamino

glycans, especially hexosamines, to hydroxyproline increased and hydroxyproline 

to nitrogen decreased after prolonged training. 

The results show that physical training during growth affects the chemical 

composition of Achilles tendons. Prolonged training may contribute to 

maintaining a high glycosaminoglycan concentration in mature,! tendons. 

ACHILLES TENDONS, PHYSICAL TRAINING, COLLAGEN, GROUND SUBSTA.1'-ICE, NUCLEIC 

ACIDS• GROWTH 
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INTRODUCTION 
Our knowledge of the effects of physical training on tendons and ligaments 

is largely based on research concerning physical and morphological parameters 

(cf. Tipton et: al., 211); only few 

variables. 

l icat ions lrnvt: n I so covered some c c l

Microscopic studies indicate an increase in the cross-sectional area of the 

primary bundles and, to a lesser degree, of the cell number as reasons for an 

increased volume of tendons in growing trained rabbits (12, 13). Cont radic 

results are published as to the collagen concentration of tendons and li 

after training. Viidik (25) observed non-significant changes in the collagen 

concentration of tendons in trained rabbits and Tipton et al. (23) in the 

ligaments of trained rats whereas Tipton et al. (22) reported an 

collagen concentration and no change in hexosamine concentration in the liga

ments of trained dogs. Heikkinen and Vuori (11) demonstrated an accelerated 

turn-over of hydroxyproline and nitrogen accompanied by an increased hydroxy

proline-nitrogen ratio in the tendons of trained aged mice. On the other hand 

prolonged immobilization of adult dogs brought about a nearly uniform reduct 

in the concentration of water, hexosamines and uronic acids and no changes in 

the hydroxyproline concentration in tendons capsules, collateral ligaments and 

cruciate ligaments after 10 to 12 weeks inactivity (1). 

According to our preliminary studies (15) physical training seemed to cause 

changes in the chemical composition of Achilles tendons. Therefore a series 

s

of studies was carried out to obtain a better understanding of the biochemical 

reactions occuring in the Achilles tendons of male mice trained either during 

growth only or until after reaching maturity. Attention was focused on possible 

changes in the concentrations of nitrogen, hydroxyproline, hexosamines, uronic 

acids, and nucleic acids in the Achilles tendons of trained and control mice, 

We also investigated and have reported separately on chemical changes taking 

place during physical training in the corrnec.tive tissues of long bones, skin und 

heart. 

MATERIAL AND METHODS 
Animals and physical training. A detailed description of experimental animals 

and training procedures is being published elsewhere (16). Two weeks old 

(14 � 2 d�ys) male mice of NMRI-strain were randomly assigned to test and 

control groups. The mice to be trained were gradually adapted to running on 

a treadmill. The training took place on a 5° inclined treadmill operating 

at a speed of 30 cm/s five days a week for 3 to 22 weeks. The duration of 

daily exercise as well as running speed were increased progressively during 

the first 3 weeks of training. 
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progr;1111s I ;111d II nJJd IB() minutes f,1r ti1t> inteusivP training pro1!,ram lU . 

The daily exercise was divided into two sessions, one in the morning ;1r;d the 

other in the afternoon. 

The mice were killed under ether ,rnestesia by decapitation, the limbs 

wen• cut off with scissors at room temperature and immediately chi I led in 

ice in sealed plastic tubes and stored deep-frozen (at -20 ° C) until prepa1·atio�. 

For the preparation t\1e limbs were allowed to thaw at room temperature. 

Trrnnedi:1tely after thawing the Achil 1Ps tendons wen� manually separated as 

carPfully as possible using scalped and forceps from musch' and bone tissne, 

rlriPd (;1t ()•j
°

C ""c'rnigil!) nnd W<'igliPrl (M<'II il'r· II 20T, :-;witz1·rl1111d). Tit,, 

/\cliil ll•s tendons 1rned for nucleic ;1cid analyses were prepared at + 4 ° C, 

freezed and dried for one day in a lyophilizer (Heto, Danmark), and weighed, 

each samp 1 e containing both Achill es tendons frorn four animals. 

Chemical methods 

Achilles tendons were hydrolyzed overnight at 103
°
C in 2 N HCl for the

analyses of glycosaminoglycans. Aliquots were taken t:o determine the 

concentrations of hexosamines (10) and uronic acids (3), For the determination 

of nitrogen and hydroxyproline the hydrolyzing of the previous hydrolysate 

was continued in 6 N HCl at 130° C for 3 hours and thereafter evaporated 

completely, The residues were dissolved in distilled water and filtered. 

/\l iqoots were t;1ken Lo determine tlw concentration of l��lryxyproli ne by 

St:egeman's colour reaction as modified by Woessner (27). After combustion 

of the samples in 8 N sulphuric acid the concentration of nitroge� was 

determined by the method introduced by Minari and Zilversmith (17). The 

DNA and RNA fractions were separated by Schmidt and Thannhtiuser's method 

as modified by Munro and Fleck (18). The concentration of DNA was determined 

by Burton's colour reaction (4) and RNA-ribose concentration by Geriotti's 

colour reaction (6). The variation coefficients for the chemical methods 

in this experiment were: nitrogen 7.1 per cent, hydroxyproline 3.1 per cent, 

hexosamines 4.6 per cent:, uronic acids 4.2 per cent, DNA 1.6 per cent, and 

RNA-rihose 3.2 per rent. The results are given in relation to the dry weight 

o[ samples. 

In order to t•nsurP the rc·li nblP comp:irurnn of tlu• results bt:HW(',rn tlw 

trained and control animals special care was taken to analyse the respective 
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samples of the trained and control mice within the same testseries together 

with the appropriate standards. The comparability of the results between 

different training programs and age groups is somewhat impaired by relatively 

large variation observed in the initial and final body weight of mice taken 

from different litters (Tables 1 and 2J and by some variations in chemical 

methods over the three year experimental period. 

St at i :, t i c ,i l me i- hods 

The results were statistically evaluated by Student's t-test for non

�orrelating means (two sided test). 

RESULTS 

The dry weight of Achilles tendons analysed chemically increased 

significantly in the trained animals compared to the controls only after 

3 weeks I moderate training and decreased after 7 weeks' intensive training 

(Tables 1 and 2 ) . The chemical results are presented in Tables 3 and, 

4. The concentration of nitrogen, hexosamines, DNA and, to a lesser degree,

of uronic acids were on average higher in the Achilles tendons of trni11ed 

mice vis a vis the controls after both training programs when continued 

beyond 3 weeks. No difference was observed between the groups in the 

concentration of hydroxyproline and RNA-ribose. A systematic reduction 10 

the hydroxyproline nitrogen ratio was found after the two prolonged training 

programs (Fig. 1). 

DISCUSSION 

The results show that Achilles tendons respond chernicallx to physical 

training after a relatively short adaptation period both in cells and ground 

substance. The increased DNA concentration in the Achilles tendons of trained 

nnce may be dw• either to an incrP,lr,Pd rrnmher of cells as ohserv1•d by IngPl

mark (13) or to a11 increased polyploidisation 10 tendon cell nuclei (2). 

The collagen concentration 10 the Achilles tendons was not changed by 

training. Similar results have been found by Viidik (24) in the peroneus 

brevis tendon of rabbit after prolonged training and by Tipton et al. (23) 10 

the knee ligaments of trained rats, On the other hand, Tipton et al. (22) 
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have reported an increased hydroxyproline concentration in the tendons of 

trained dogs. However, the age of the dogs could not be ascertained, hence, 

it is possible that the increase in hydroxyproline concentration was connected 

with ageing and not evoked by training (23). 

The concentration of non-coll agen proteins were significantly increased 

contrary to the findings of Tipton et al (22) as judged from the increased 

nitrogen concentration and decreased hydroxyproline-nitrogen ratio after 

prolonged training (Tables 3 and 4 and Figure 1). A part of this increase is 

explained by the increased concentration of glycosaminoglycans possibly 

indicating and activated synthesis of proteoglycans and glycoproteins in the 

fibroblasts of the Achilles tendons in trained animals. A relative increase 

1n hexosamines and uronic acids in relation to hydroxyproline has been considered 

as an indicator of biologically young connective tissues (21, 20, 14, 7, 8, 9). 

Since physical inactivity seems to reduce (1) and physical activity to maintain 

(22) or even to increase the glycosaminoglycan - hydroxyproline ratio, this

might indicate that the rate of maturation and ageing is influenced by 

training. The assumption is also supported by the observations on thermal 

reactivity (2h, 5). Viidik ,fomonstr:it,id t!wt dist.:il tendons of the cxtern,il 

digitorum longus muscle in the limbs of trained rabbits shrank less at 62
° 

in

a saline solution than those of the controls. Byrd (5) observed similar changes 

in rat tail tendons after training. Viidik concluded that the tendons 

of trained animals are molecularly less stable i.e. "younger", also indicating 

an accelerated metabolic turn-over, which agrees with the observations of 

Heikkinen and Vuori (11) reporting the encreased metabolism of collagen and 

total proteins in the Achilles tendons of aged mice after training. 

More detailed analysis of different glycosaminoglycan components is needed 

to clarify the metabolic effects induced by physical training. Adaptation 

mechanisms also await further elucidation, Especially effects of growth, sex 

and other hormones should be studied in concomintant rheological and chemical 

investigatimw of Lendons mHl lig1.1nu•nLs. 
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TABLE 1. Effects of 3 to 22 weeks' moderate training (I+II) on the of 

body weight and dry wei 

of observations are 

of Add 11 es tendons. Mean ± SD and number 

with Student's t-test, 

VAriable Training 
i\n im,1 

t i !11(' 
!·i 

( W!'t' \u;) 1a.i.11ed !:unl rn I p 

Initial body (3) 11. 1 { 1. 6 (33) 11.0 l- L6 ( 4 J) N.S. 

weight (g) (5) 11.0 ± 1.6 (21) 10.8 ± 1. 9 (21) N.S. 

(7) 12. 7 :t 2.2 (28) 9,9 1.8 (24) , • 001

(12) 10. 6 3.2 ( 51) 10.4 1.9 ( 22.) N.S.

(22) l l . 9 + 5.5 (85) 12.4 + 5.4 (63) N. S.

Finni body J 29.0 _I 2.4 (2 J) 28.0 3.3 (21) N.S.

weight (g) 5 33.9 + 2.6 (21) 38.9 { 3.8 (21) <.001

7 34.5 :!: 2.8 (21) 33.9 ± 2.9 ( 11) N.S.

12 37. l t 3.8 (l 9) 37.9 :! 2.3 (18) N.S.

22 Ld. 8 I- l L 6 (20) t,2. I I 5.2 (22) N.S.

llry lvPight l I • ':i !{ I 0.25 (/I) I. 32 I 0. 2 I ( 2 l ) • (J '>

of Achilles ,.
:i 1 • 64 0. Jlr (21) 1.63 ± 0.34 (21) N.S. 

tendons (mg) 7 l .83 I 0.23 ( 21 ) L73 0.26 ( 9 N. S. 

12 1 • 83 _+- 0.19 ( l 9) 1. 8/� + 0 .16 (18) N. S. 

22 l. 73 I 0.39 (20) l. 72 I 0.32 (22) N.S. 

Note Some of the above comparison data c1re taken from Kiiskinen (16).
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TABLE 2. Effects of 5 to 12 weeks' intensive training (III) on the gain of body 

weight and dry weight of Achilles tendons. Mean ± SD and number of 

observations are given together with Student's t-test. 

Variable Training 
time Animals 
(weeks) Trained Control p 

Initial body (5) U.l J: 1.6 (33) 11.1 j LS (32) N. S.

weight (g) ( 7) 8.S � l .o ( ') l1 ) 8. '> l .0 ( 2 l) N.S.

(12) 11. 5 f LI (30) 11.8 I 0.9 (20) N.S.

Final body 5 33.1 ± 2.9 (22) 37.7 ± 2.9 (22) <.001

weight 7 30.7 ± 2.9 (14) 35.3 ± 3.8 (17) <.005

12 40.7 + 1.7 (l l) 42.0 :1 2.7 (14) N.S,

Dry weight: J l. 51 J 0.22 (22) 1.61 l 0.16 (22) N. S. 

of Achilles 7 1.03 ± 0 .11 (14) 1.23 ± 0 .18 (18) <.05 

tendons (mg) l2 2.16 ± 0.37 (1 1) 2.29 ± 0.26 (14) N. S,

Note Some of the above comparison data are taken from Kiiskinen (16).
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TABLE 3� Effects of 3 to 22 weeks' moderate training (I+II) on the concent ons 

Variable 
(ug/rng DW) 

Nitrogen 

Hydroxy

prolinf. 

DNA 

RNA-ribose 

Hexos
amines 

Uronic 
acids 

of nitrogen, hydroxyproline, DNA, RNA-ribose, hexosamines and uronic ac ds 

in the Achil]es tendons 

Training 
time 
(weeks) 

3 

5 

7 

12 

22 

3 

5 

7 

12 

22 

3 

7 

3 

7 

5 

5 

Animals 

Trained 

164.47 ± 11.0l (21) 

161.80 + 19.62 (21) 

181.91 + 10.55 (21) 

194.63 + 23.01 (19) 

177.20 � 25.51 (20) 

114.54 + 7.50 (21)

124.58 + 5.23 (21)

118.57 + 9.92 (21)

133.32 + 21.60 (19) 

123.65 + 12.43 (20) 

2.79 + 0.16 ( 3)

2.44 + 0.25 ( 5)

1. 61 + 0 .15 (

1.29 + 0.11 ( 5)

3.74 + 0.44 (10)

0.98 + 0.13 (11)

Control 

167.02 ±18.16 (21) 

150.99 + 26.94 (20) 

167.19 + 23.74 ( 9) 

162.40 + 17.03 (18) 

167 50 + 15 60 (22) 

113.84 ± 18.15 (21) 

128.92 + 8.09 (21)

109.78 + 13.73 ( 9) 

134.50 + 10.65 (18) 

127.18 + 7.92 (22)

2.56 + 0,12 ( 3)

2.07 ± 0.16 ( 5)

1,55 + 0.07 ( 3)

1. 38 ± 0 • 11 ( 5 )

2.94 � 0.48 (10)

0.91 + 0.17 ( 9)

1) 

N.S. 

N,S. 

<,05 

<,001 

N,S 

N.S. 

N. S. 

N.S. 

N.S. 

N.S. 

N.S. 

<,05 

N.S. 

N.S. 

<,01 

N.S. 

Note Mean± SD and number of observations are given together with Student's t-test 
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TABLE 1,. l•:ffects of ', to 12 weeks intenstve trnining (Ill )  on the concentrntions

of nitrogen, hydroxyproli ne, DNA, RNA-ri hose, hexosamines and uronic 

acids in the Achilles tendons , 

Variable 
(,.ug/rng DW) 

Nitrogen 

llydiroxy-

praline 

DNA 

RNA 

Hexos-
amine 

Uronic 
acid 

Training 
time 
(weeks) 

5 

12 

5 

7 

12 

7 

7 

5 

5 

Anirrals 

Trained 

209.55 ± 27.84 (22) 

186.52 ± 31.78 ( 9) 

128,45 + 7 .13 (22)

129.43 + 8.19 (12) -

126.40 + 16.13 (10)

2.45 ± 0.10 ( 3) 

1.42 + 0.21 ( 3)

3.33 ± 0.65 (22) 

1.26 + 0.46 ( 21) -

Control 

183.91 + 27,65 (22) 

153.65 � 20.05 ( 9) 

12P..31 i 10. 76 (22)

124.43 � 5.31 (14) 

126.43 
+ 15, 31 (14)-

1.93 + 0,07 ( 3) 

1.42 + 0,09 ( 3)

2.64 +
o. 63 (22)

1.02 + 0.25 (22) 

p 

<,05 

<,05 

N.S. 

N.S. 

N.S. 

<,001 

N.S. 

<,01 

<,OS 

Note Mean + SD and number of observations are given together with Student's t-test 
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HYO ROXY PRO LI E - NITROGEN 

� MODERATE TRAINING 

■ INTENSIVE TRAINING

(%) -20 -15 -10 -5 0 5 

22 

12 

s 

3 
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.... 

-

FIGURE 1. Ratio of hydroxyproline to nitrogen in percentage 

between the trnined and control mice 
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