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S

erum insulin concentration correlates with adipocyte size.1 Furthermore, subjects with newly diagnosed, maturity-onset diabetes are more overweight than are nondiabetic individuals.2 These
relations point to a possible role of hypertrophic obesity in
the precipitation of maturity-onset diabetes. It has been suggested that the development of overt, maturity-onset diabetes in obese subjects may be due to a relative insulin resistance in the peripheral tissues of these individuals, which
results in a limited insulin production capacity becoming
inadequate to meet the increased insulin demand.
There is also indirect evidence that the skeletal muscle
contributes in a major way to both the glucose intolerance
and the insulin resistance seen in obese individuals. In men
who were physically active in their leisure time, the maximal
oxygen uptake was higher and the serum insulin level lower
during an oral glucose tolerance test (OGTT) than in physically inactive individuals.3 Furthermore, when men with impaired glucose tolerance (IGT) were trained, both the serum
insulin and the blood glucose values during an OGTT decreased.4'5 We undertook the present study in a randomly
selected group of middle-aged men to elucidate further the
role of the skeletal muscle in regard to glucose tolerance
and insulin resistance. Thus, the morphologic structure and
enzyme levels of skeletal muscle, as well as some measurements of lipoprotein metabolism, were determined and related to glucose and insulin values in the fasting state and
during an OGTT. In addition, reference values for various
skeletal muscle variables are given for a population of middle-aged men.
SUBJECTS

The subjects were selected from men living in Malmd, Sweden, a city of 238,000 inhabitants. All men in this city born in
1929 or 1930 were invited to a health survey in 1977 and
1978. Seventy-five percent of the men accepted the invitation, and six to eight men per day (=1200/yr) were examined for hypertension, alcoholism, and diabetes. For seven
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SUMMARY
Tissue samples were taken from the gastrocnemius
muscle of 26 randomly selected, glucose-tolerant, 48yr-old men. Hexokinase, phosphorylase, lactate dehydrogenase (LDH), succinate dehydrogenase, and lipoprotein lipase activity (LPLA), as well as the area per
fiber type and capillary density, were determined.
Mean fiber area correlated positively with relative
body weight (r = 0.53, P < 0.01), but capillary density
did not. The result is that, in cases of high body
weight, each capillary supplies a larger muscle fiber
area.
Serum insulin concentration in the fasting state correlated positively with body weight (r = 0.77,
P < 0.001) and with mean fiber area per capillary
(r = 0.87; P < 0.001). Only during the latter part of an
oral glucose tolerance test (OGTT) did blood glucose
concentrations correlate with relative body weight and
mean fiber area per capillary (r = 0.42, r = 0.51,
P < 0.05). A stepwise multiple regression analysis
showed that the different muscle morphology measurements could account for % of the variation in the
fasting serum insulin concentration, the fasting insulin/glucose ratio, and the blood glucose concentration
at 120 min in the OGTT. Of the intracellular enzymes,
only LDH (r = - 0 . 7 1 , P < 0.001) correlated with the
mean fiber area per capillary.
LPLA correlated with capillary density (r = 0.66,
P < 0.001), and, along with the muscle morphology
measurements, could account for 3U of the variation in
serum triglyceride concentrations.
The results show that a large mean muscle fiber
area/capillary ratio indicates a morphologic imbalance, which is related to both glucose tolerance and
various degrees of insulin sensitivity. DIABETES 30:
19-25, January 1981.
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consecutive days in the spring of 1978, the first four men to
come each day were asked to participate in an enlarged
study. This included a muscle biopsy and additional blood
samples, which were also performed after an overnight fast.
All but one of the 28 men invited agreed to participate. However, the number of participants is 26 instead of 27, as it was
found that one subject was not in the fasting state during the
second test. Since large tissue samples were needed for the
extended morphologic studies of muscle, the tissue specimens were of adequate size in only 17 subjects.

METHODS

The submaximal work test was performed on a mechanically braked cycle ergometer (Monark). From the submaximal heart rate response, the subjects' maximal oxygen uptake (V02max) was estimated.7 Serum triglyceride and
cholesterol concentrations were determined on a Technicon,
AutoAnalyzer II.8 Apolipoproteins B and A-l were determined by electro-immunoassay, as described earlier.9 The
apolipoprotein concentrations in serum are expressed in arbitrary units (AU) relative to the concentration in a reference
serum obtained from a large pool of healthy blood donors
(100 AU). The apolipoprotein concentrations in this reference serum, when standardized against a lipoprotein B
preparation (density = 1.030-1.050) and a highly purified
apolipoprotein A-l preparation, were estimated to be 1.0
and 1.5 mg/ml, respectively. Blood glucose was measured
according to Carrol et al.10 Relative body weight was estimated according to the formula of actual (measured) weight
to ideal body weight for body height. The tables of Lindeberg et al.11 were used as the ideal weight reference.
Serum insulin was analyzed according to Heding12 in
samples from the OGTT. To increase the sensitivity in the
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STATISTICS

Statistical calculations were made according to Snedecor
and Cochran.26 Because of skewed distributions, mean
values were calculated both before and after the logarithmic
transformation of data. Several relationships were not linear,
so the coefficients of correlation were calculated on logarithmically transformed data and after pairwise elimination
of missing data. Thus the number of subjects is 26, except
when muscle morphologic variables (fiber composition,
area, and capillary content) or muscle enzymes are included. In these latter cases, the number of subjects varied
between 17 and 23. A stepwise, multiple regression anal-
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PROCEDURE
First visit. After an overnight fast, the men were subjected
to an OGTT (30 g/m2 body surface). Capillary blood samples were taken at 0, 20, 40, 60, 90, and 120 min for blood
glucose determination and venous blood samples at 0, 40,
and 120 min for plasma insulin determination. After the
OGTT, a submaximal work test was performed. A questionnaire was also completed. Body weight and height were
measured. Serum triglyceride concentrations were determined on fasting blood samples.
Second visit. On this occasion, venous blood was drawn in
the fasting state for determination of serum insulin, plasma
glucagon, serum triglycerides and cholesterol, serum apolipoproteins B and A-l, and plasma C-peptide. The muscle
biopsy was taken with a needle6 from the lateral head of the
gastrocnemius muscle. A bundle of muscle fibers was dissected out, mounted for histochemical studies in a plastic
material (tissue-Tec), and frozen in isopentane cooled with
liquid nitrogen. The remaining portion of the muscle piece
was carefully freed from visible fat, connective tissue, and
blood and was frozen in liquid nitrogen. The following
muscle enzymes were determined: hexokinase, phosphorylase, lactate dehydrogenase, and succinate dehydrogenase. An additional piece of muscle was washed in
saline, dried on filter paper, and frozen in liquid nitrogen.
This piece was used for the determination of lipoprotein
lipase activity. All muscle samples were stored at -80°C
until analyzed.

low physiologic range, a modified, radioimmunosorbent
technique (Phadebas, Pharmacia Diagnostics AB, Uppsala,
Sweden) was used when analyzing the fasting insulin concentration on samples from the second visit. The latter samples were preincubated with the matrix-bound antibodies
for 24 h before the isotope-labeled insulin was added. The
coefficient of variation was 5% in the range of from 5 to 10
mU/L Plasma C-peptide was determined using a radioimmunoassay, according to Heding.13 Plasma glucagon was
analyzed according to Unger et al.14 using glucagon antiserum 30 K, which is specific for pancreatic glucagon.15
Plasma samples were collected, stored, and analyzed as
earlier described.16 The coefficient of variation over the
working range (10-1000 ng/L) was 12.5%.
The heparin-elutable portion of the lipoprotein lipase was
determined using a method described earlier17 with some
modifications. The stock emulsion, thus, contained triglycerides (40 g/L) and egg phospholipids (2.4 g/L); the final triglyceride concentration in the reaction medium was 3
mmol/L The heparin concentration was 200 lU/ml. Enzyme
activity is expressed as milliunits per gram (1 mU = 1 nmol
of fatty acid released per minute).
Measurement of activities for hexokinase, phosphorylase,
lactate dehydrogenase, and succinate dehydrogenase in
the muscle was based on the principle described by Lowry
and Passonneau,18 with fluorometric determination of the
NAD-NADP-coupled reaction, as described by Ess6n.19
The reason for choosing these four enzymes is that the cytoplasmic enzymes determined represent different parts of
the glycolytic pathways, while SDH activity is used as a
marker of mitochondrial potential, as its activity is closely
related to other mitochondrial enzymes.20
Water content of the muscle samples was obtained by a
weighing-drying procedure and the protein content was determined according to Lowry et al.21 Both the water and the
protein content of the muscle samples were in the normal
range, mean values being 75.8 ± 0.8% and 183 ± 5 mg/g
muscle tissue, respectively. Thus the enzyme activities are
expressed per unit wet weight of the muscle tissue.
The samples for histochemical analysis were cut at
- 20°C. Serial sections were stained for capillaries24 and for
myofibrillar ATPase after preincubations at pH 10.3,22 4.6,
and 4.3.23 The relative occurrences of slow twitch (ST) and
fast twitch (FTa and b2S) fibers and their sizes were calculated, as were the relative areas they occupied in the muscle. The number of capillaries and fibers per square millimeter and the number of capillaries around each fiber (type)
were determined. The number of capillaries could then be
expressed per fiber-type area or per mean fiber area.
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ysis was performed, entering variables according to their
degrees of partial correlation.27 The effect of smoking was
tested using a one way analysis of variance.

6
*K

x8000"

r = 0.69

RESULTS

10
1.5
relative body weight
FIGURE 1. Relationship between the relative body weight and the
mean muscle fiber area. Open symbols Indicate non smokers, and
solid symbols, smokers. Results are given for the 17 men, also
depicted In Figures 2 and 3, on whom muscle capillary data were
available. On six more men (N = 23), muscle fiber areas were
determined. There Is a significant correlation when N = 17 as well as
when N = 23, but the r value Is slightly higher with the lower number
of subjects (compare text). The explanation for this difference Is most
likely the high technical quality of the sections (good stain, perfect
cross section) we have In 17 subjects and needed to accurately count
the capillaries may also have brought about a more accurate area
determination.

lationships between any variable expressing capillary content and the other variables studied were between the mean
fiber each capillary had to supply and the relative body
weight (r = 0.81, P < 0.001), and the measured body
weight (r = 0.74, P < 0.001).
The mean values for the activity of the glycolytic enzymes
hexokinase, phosphorylase, and lactate dehydrogenase
were 1.0, 8.6, and 210 mmol/kg/min, respectively (Table
2C). The only mitochondrial enzyme measured was succinate dehydrogenase, and its activity averaged 7.5
mmol/kg/min. The relationship between the succinate dehydrogenase activity and the maximal oxygen uptake (expressed in ml/kg/min) was quite close (r = 0.88,
P < 0.001).
Lipoprotein lipase activity (LPLA) in skeletal muscle
averaged 45 mU/g, with a range of from 16 to 107 mU/g. The
mean value is higher than that described earlier for tissue
taken from the lateral vastus muscle,16 but the results are not
directly comparable because of the modified methods used
(see under METHODS). The LPLA in skeletal muscle correlated inversely with both the relative body weight
(r = - 0.56, P < 0.01) and the mean cross-sectional area of
the muscle fibers (r = -0.58, P<0.01). Furthermore, a
correlation was found between the LPLA and the capillary
density (r = 0.66, P < 0.001) and mean fiber area per capillary (r = -0.66, P < 0.001) (Figure 2). There was no relationship between LPLA and fiber composition.

TABLE 1
Variables describing body stature and maximal oxygen uptake capacity (VQ, max)
Jot max

Mean
SD
Range
N
Meanlog*

Body height
(cm)

Body weight
(kg)

Relative
body weight

l/min

ml/kg/min

179.9
7.1
168.0-198.0
26
179.9

80.4
13.3
57.4-115.5
26
79.4

1.09
0.15
0.85-1.48
26
1.07

3.2
0.8
2.0-4.5
25
3.1

39.2
7.1
23.0-52.0
25
38.5

* Mean,00 indicates the antilog value of the mean value calculated after log transformation of the individual values.
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The following results refer to a group of 26 men of whom
none was overtly diabetic or had impaired glucose tolerance.28 The mean value for fasting blood glucose was 5.0
mmol/L (range, 3.8-5.8), and at 120 min in the OGTT it was
4.7 mmol/L (range, 2.4-6.4).
Physical characteristics. The mean body height was 180
cm and mean body weight, 80.4 kg; the mean relative body
weight was 1.09, with a range of from 0.85 to 1.48 (Table 1).
The estimated, maximal oxygen uptake (VOlmax)
averaged 3.2 L/min or 39 (23-52) ml/kg/min. The influence of
different degrees of daily physical activity on various laboratory variables could not be evaluated. Only four subjects
reported that they were physically active in their leisure time
and only five performed heavy manual work. This fact limited the possibilities of obtaining statistically significant correlations with other variables. The physical activity pattern
and mean values for body stature and work capacity are
similar to those found in a large sample of the same population.3
Muscle morphology and enzyme activities. The typing of
the muscle fibers of the gastrocnemius muscle showed that,
on average, 53% was of the ST type and the FT fibers were
equally divided into FTa and FTfc> types. The sizes of these
fiber types averaged 4900, 5600, and 5600 ^tm2 (ST, FTa,
FTto), with noticeable variations around these means (Table
2A).
The mean values for the number of capillaries and muscle
fibers per square millimeter were 312 and 212, respectively,
which yielded 1.5 capillaries per fiber (Table 2B). Each
fiber type was surrounded by 4.1 (ST), 3.9 (FTa), and 3.5
(FTb) capillaries. Taking into account the average fiber area
of each fiber type (Table 2A), each capillary supplied, on
the average, 1100, 1200, and 1500 /am2 of ST, FTa, and FTb
fibers, respectively (Table 2B).
No significant relationships existed between body size,
V02max, and muscle fiber composition. Muscle fiber size,
however, related to body weight. This relationship existed
for each fiber type as well as for the mean fiber area
(r = 0.51, P < 0.05). Relative body weight also related to
muscle fiber size (r = 0.53, P < 0.01) (Figure 1).
Capillary content of the muscle, expressed as capillaries
per square millimeter or per fiber, was only weakly related
to V02max, and these relationships were not improved when
the area of the fibers was taken into account. The closest re-
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TABLE 2A
Relative occurrence of slow twitch (ST = type 1) fibers, fast twitch (FT) fibers of the a (type IA) and b (type IIB) type, mean fiber area
for each fiber type, and the mean value of fiber area, taking the occurrence of the three fiber types into consideration (N = 23)
Mean Fiber Area (/xm2

Relative (%) Occurrence

Mean
SD
Range
N
Meani0B*

ST

FTa

FTb

ST

FTa

FTfo

Mean

53.1
16.7
28.0-86.0
23
50.6

22.5
9.3
7.0-41.0
23
20.5

23.7
11.6
2.0-40.0
23
19.6

4942
1414
2938-7596
23
4753

5567
2244
3059-11,442
23
5212

5555
2171
2516-10,573
23
5188

5154
1608
3278-8707
23
4932

* Mean,00 indicates the antilog value of the mean value calculated after log transformation of the individual values.

Capillaries around
each fiber type

Mean
SD
Range
Meanl09*

Mean fiber area (/i,m2) per capillary

Capillaries
per mm2

Muscle fibers
per mm2

Cap./fiber

ST

FTa

FT5

ST

FTa

FTb

Mean

312
53
233-421
308

212
36
168-312
206

1.5
0.3
0.9-2.0
1.4

4.1
0.7
3.2-5.6
4.1

3.9
0.6
3.0-5.0
3.9

3.5
0.7
2.4-4.6
3.4

1084
171
887-1532
1071

1198
226
878-1522
1178

1478
333
984-2135
1445

1197
211
955-1737
1180

* Mean log indicates the antilog value of the mean value calculated after log transformation of the individual values.

TABLE 2C
The lipoprotein lipase activity (LPLA) [mU/g, one milliunit (mU) signifying the release of 1 nmol of fatty acid per minute] and the
activities of succinyl dehydrogenase (SDH), hexokinase (HK), phosphorylase (phosph.), and lactate dehydrogenase (LDH), all
expressed in millimoles (of converted substrate) per kilogram of tissue and per minute

Mean
SD
Range
N
Mean)08*

LPLA
mU/g

SDH
mmol/kg/min

HK
mmol/kg/min

Phosph.
mmol/kg/min

LDH
mmol/kg/min

45
19
16-107
26
42

7.54
1.61
4.7-10.2
24
7.36

1.04
0.17
0.69-1.35
20
1.02

8.55
1.31
6.0-11.6
20
8.45

210
30
160-260
19
210

* Mean,0B indicates the antilog value of the mean value calculated after log transformation of the individual values.

FIGURE 2. Relationship between the number of capillaries per square
millimeter of muscle, cross sectional area, and the lipoprotein lipase
activity (LPLA) per gram of muscle In 17 middle-aged men. Symbols
are as in Figure 1.
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LPLA correlated inversely with serum insulin in the fasting
state (r = - 0.50, P < 0.01) and at 120 min during the OGTT
(r = - 0.54, P < 0.01). There was no relationship with blood
glucose in the fasting state or during the first 90 min of the
OGTT, but with the value at 120 min there was a significant,
inverse correlation (r = - 0 . 6 4 , P < 0.001). LPLA did not
correlate with plasma glucagon values.
BLOOD ANALYSES
Glucose tolerance. In this random sample of normoglycemic and glucose-tolerant men, blood glucose in the fasting
state and at 120 min in the OGTT related similarly to relative
body weight and muscle morphology measurements. The
best correlation was found between blood glucose at 120
min and the mean fiber area per capillary (r = 0.51,
P < 0.05). Although the blood glucose values during the
OGTT were not or only weakly correlated to the mean fiber
area per capillary, there was a definite pattern. The closest
correlations were found before any glucose was given (fast-
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TABLE 2B
The density of capillaries and muscle fibers per square millimeter, the mean number of capillaries around each slow twitch (ST) and
fast twitch (FT) fiber of the a and b type (several fibers can share one capillary). The mean fiber area of ST, FTa, and FTfci fibers per
capillary and the mean value for all fiber types, taking the relative occurrences of the three fiber types into consideration (N = 17)

H. LITHELL AND ASSOCIATES

TABLE 3
The concentration in blood plasma of insulin in the fasting state and at 40 to 120 min in the oral glucose tolerance test (OGTT), as well
as fasting levels of glucagon, C-peptide, triglycerides (TG), cholesterol, and apolipoproteins (apo) A-l and B
Serum Insulin (mU/L)
Duringl OGTT

Mean
SD
Range
N
Meanl09*

40 min

120 min

Glucagon
(P9/L)

C-peptide
(nmol/L)

TG
(mmol/L)

Choi
(mmol/L)

Apo A-l

Fasting

(AU)t

Apo B
(AU)

11.3
7.5
4.3-36.4
26
9.7

83.2
38.2
21-200
26
75.2

23.6
19.9
3-91
26
17.4

148
78
34-355
26
129

0.84
0.33
0.52-1.70
26
0.79

2.4
0.6
1.3-3.8
26
2.3

5.3
0.8
3.6-6.9
26
5.3

88
14
66-125
26
86

114
23
74-158
26
111

* Mean,0B indicates the antilog value of the mean value calculated after log transformation of the individual values.
t Arbitrary units.

FIGURE 3. Relationship between the mean fiber area per capillary and
the serum Insulin concentration In 17 middle-aged men. Symbols are
as In Figure 1.
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serum triglyceride concentrations was 2.4 mmol/L. From
1970 to 1973, when 49 and 50-yr-old men in Uppsala, Sweden, were examined for cardiovascular risk factors,24 the
mean value of serum triglycerides was 2.0 mmol/L. Although the mean value is fairly high, there were no subjects
with extreme hypertriglyceridemia in this population (Table
3). The serum cholesterol concentration averaged 5.3
mmol/L, and the concentrations of apolipoproteins A-l and B
were, on the average, 88 and 114 AU, respectively (Table 3).
Effect of smoking. Nonsmokers (N = 7) differed significantly from smokers with regard to the serum insulin concentration and the insulin/glucose ratio at 120 min in the
OGTT (higher in nonsmokers) and with regard to the LPLA
(lower in nonsmokers). The average number of capillaries
per square millimeter was 269 in nonsmokers and 325 in
smokers, the difference being not significant (0.05 < P <
0.10).
STEPWISE, MULTIPLE REGRESSION ANALYSIS

The variation in relative body weight could explain 66% of
the variation in mean fiber area per capillary. For ST fibers
alone (area per capillary), 72% of the variation was accounted for by the variation in relative body weight.
Serum insulin. Muscle morphology measurements alone
could explain 81 % of the total variation of the fasting, serum
insulin concentration. Relative body weight contributed independently of muscle morphology measurements, so that
together they accounted for a total of 95% of the variation of
fasting serum insulin.
Blood glucose at 120 min in the OGTT. Muscle morphology measurements alone explained 74% of the variation in
the concentration of blood glucose at 120 min in the OGTT.
Relative body weight did not contribute to the variation independently of muscle morphology measurements.
The ratio between insulin and glucose concentrations before any glucose was given was explained primarily by muscle morphology variables (81%) and relative body weight
(92% total). The ratios at 40 and 120 min after glucose was
given were accounted for in a similar manner with muscle
morphology measurements, yielding 22% and 44% of the
variation and increasing to 45% and 53% when relative
body weight was added as an independent variable.
LPLA. The number of capillaries per square millimeter accounted for 44% of the variation of the LPLA in the population. Other variables describing muscle morphology increased that percentage, so that a total of 6 1 % of the
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ing blood glucose) and during the last 30 min of the OGTT.
Serum insulin and plasma glucagon. The mean value of
fasting serum insulin was 11.3 mU/L, with a noticeably large
range (Table 3). The fasting, serum insulin concentration
correlated with the relative body weight (r = 0.77,
P < 0.001). When the relationships to different muscle morphology measurements were tested, a correlation was found
with the mean fiber area (r = 0.54, P < 0.01). The relationship improved when the capillary density ( r = - 0 . 6 0 ,
P.< 0.01) was taken into account, but the best correlation
was found with the mean fiber area per capillary (r = 0.87,
P < 0.001) (Figure 3) The serum insulin at 40 and 120 min
during the OGTT showed only weak relationships with body
weight, relative body weight, or with muscle morphology
measurements. Plasma glucagon did not relate to relative
body weight or muscle morphology measurements.
Insulin/glucose ratio. The ratio between the serum insulin
and the blood glucose concentrations had the best positive
correlation with the mean fiber area per capillary in the fasting state (r = 0.88, P < 0.001).
The concentration of C-peptide in plasma correlated
closely with the fasting serum insulin concentration
(r = 0.89, P < 0.001).
Serum lipids and apolipoproteins. The mean value of the

WEIGHT, MORPHOLOGY. AND ENZYME ACTIVITY IN MEN

variation was then explained. Body weight or relative body
weight contributed independently of the muscle morphology measurements to account for a further 7% of the variation of LPLA.
Serum triglyceride concentration. The stepwise, multiple
regression analysis showed that LPLA and muscle morphology measurements together explained about 75% of the
serum triglyceride variation, both from the first and the second visit. Relative body weight contributed a further 10%, so
that a total of 85% of the variation of serum triglycerides was
explained by these variables.
DISCUSSION

24
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The pathogenesis of adult-onset diabetes mellitus is complex and, in part, unknown. A hereditary factor exists. A
striking feature in many patients is a peripheral insensitivity
to insulin (for other references, see ref. 30). In such cases
the number of insulin receptors is decreased, but this may
well be a state of decompensation rather than a primary feature.31 There are several indications that the site for the insulin insensitivity is found not only in adipose and liver tissue
but also in skeletal muscle. Observations in obese mice indicate a decreased intrinsic glucose conversion to glycogen in skeletal muscle, which could, in part, explain the insulin resistance.32 However, at present it is not possible to
decide which, if any, of these factors is primary.
In the present study, glucose tolerances, as measured by
the blood glucose values at the end of the OGTT, correlated
with muscle morphology measurements. The best of those
correlations pertained to the cross section area of the fibers
and to the density of the capillaries (e.g., the mean fiber
area per capillary). The serum insulin concentration and the
insulin/glucose ratio in the fasting state also correlated with
the mean fiber area. Indeed, the multiple regression analysis showed that the muscle morphology measurements
alone could explain about 75% of these expressions of glucose tolerance and insulin sensitivity. The relative body
weight accounted for part of the variation of the serum insulin concentration and the insulin/glucose ratio in the fasting
state, indicating that the adipose tissue (independent of
skeletal muscle) contributes to the variations.
The present data suggest that subjects with relatively
large body weights have enlarged leg muscle fibers, as determined from cross sectional measurements. Muscle hypertrophy results from high tension development,33 which
may mean that only rather infrequent, but fast or strong, contractions are needed to enlarge the size of the muscle
fibers. In this type of contraction, FT fibers are recruited.34 In
contrast, the capillary density increases only after endurance-type training, i.e., repetitive, light, dynamic contractions.35 This implies that, in subjects with large (or increasing) body weight, some brief and strong contractions are
performed during the day, which may be sufficient to maintain or enlarge the fiber area (especially the FT fibers) without a concomitant increase of capillary density. This enlargement of the muscle cells causes a relative decrease in
the density of the capillaries, so that each capillary has a
larger muscle area to supply.
Of the intracellular muscle enzymes studied, the succinate dehydrogenase activity, as anticipated, related to the
physical work capacity of the subjects,20 but the glycolytic
enzymes did not. The succinate dehydrogenase, hexokin-

ase, and phosphorylase activities did not relate to any measurements of muscle fiber size. This could speak in favor of
an enhancement of some energy-liberating metabolic pathways which, at least in part, are linked to the growth of the
muscle fiber. A similar situation was found for adipocytes,
where the metabolic activity is related to the cell size.36
In men with established, impaired glucose tolerance
(IGT), hexokinase and succinate dehydrogenase were decreased.4 Both these enzyme activities increased with endurance-type training, during which glucose tolerance improved and serum insulin concentrations decreased.4
These latter data support the view that postreceptor mechanisms in the muscle tissue are of importance in regulating
glucose tolerance and insulin resistance. However, a
change in the morphology of the muscle tissue (which is influenced by physical training24 and also by body weight, as
shown in the present study) may precede the decline of the
metabolic potential in the muscle fibers associated with
IGT.
Our data strongly suggest that the diffusion distances
within the skeletal muscle (in this study, being measured as
the mean muscle fiber area per capillary) are linked to the
different degrees of glucose tolerance and insulin sensitivity found in these individuals. One would then anticipate a
quite large diffusion distance in the muscle of men with IGT.
However, this is not what was found.4 On the other hand,
some skeletal muscle capillaries from the men with IGT had
an abnormal stain. This may indicate some dysfunction
which so far has not been evaluated. The possibility exists
that men with IGT have a low number of normally functioning
capillaries.
LPLA in muscle tissue has earlier been described to correlate inversely both with relative body weight and with fasting serum insulin concentration.37 In obesity there is a
changed glucagon and insulin concentration ratio. This, in
turn, could have had a regulatory effect on the synthesis of
lipoprotein lipase, as gjucagon (but not insulin) stimulates
lipoprotein lipase synthesis in rat muscle tissue.38 However,
the present results indicate that the relationship between
LPLA and insulin is derived from the fact that both depend
on the muscle fiber size and the degree of capillarization.
Lipoprotein lipase is thought to be synthesized within the
muscle cell, to be transported from the cell, and then to adhere to glucose-aminoglycans at the surface of endothelial
cells of surrounding capillaries.39 This endothelial-bound, lipoprotein lipase is the part which is physiologically active
in hydrolyzing serum triglycerides. It can also be released
by heparin, a fact which was taken advantage of in the
method for determining LPLA applied in this study. The
present results imply that the capillary density determines
to a large extent how much heparin-releasable LPLA can
be measured in the tissue. Both factors may be quantitatively important in the regulation of the serum triglyceride
concentration.
In the present study, we show a close relation between the
area in the skeletal muscle that each capillary has to supply
and measurements of glucose tolerance, insulin sensitivity,
and triglyceride metabolism. The mean fiber area per capillary, in turn, related closely to the relative body weight. The
data point to the possibility that a low capillary density in
skeletal muscle might be an early characteristic of relative
obesity, contributing to the reduced glucose tolerance, in-
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sulin sensitivity, and hypertriglyceridemia often found in this
state.
ACKNOWLEDGMENTS

The present study was financially supported by the Swedish
and Danish Diabetes Associations, the Danish National Science Foundation, and the Swedish Medical Research Council (19P-5640, 19X-5446-02, and 03X-3144-08B). We are indebted to Ingernar Selinus, who made the statistical
calculations.
REFERENCES

DIABETES, VOL. 30, JANUARY 1981

25

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/30/1/19/351242/30-1-19.pdf by guest on 29 June 2022

1
Bjorntorp, P., Berchtold, P., and Tibblin, G.: Insulin secretion in relation to adipose tissue in man. Diabetes 20:65-70, 1971.
2
Keen, H., Jarrett, R. J., Thomas, B. J., and Fuller, J. H.: Diabetes, obesity and nutrition: epidemiological aspects in diabetes and obesity. Vague,
J., and Vague, Ph., Eds. Amsterdam-Oxford, Excerpta Medica, 1979, pp. 9 1 103.
3
Lindgarde, F., and Saltin, B.: Daily physical activity, work capacity
and glucose tolerance in normoglycemic middle-aged men. Diabetologia
In press.
4
Saltin, B., Lindgarde, F., Houston, M., Horlin, R., Nygaard, E., and
Gad, P.: Physical training and glucose tolerance in middle-aged men with
chemical diabetes. Diabetes 28(Suppl. 1):30-32, 1979.
5
Bjorntorp, P., Holm, G., Jacobson, G., Schiller-de Joinge, K., Lindberg, P. A., SJostrom, L, Smith, U., and Sullivan, L: Physical training in
human hyperplastic obesity. IV. Effects on the hormonal status. Metabolism
26:319-28, 1977.
6
Bergstrom, J.: Muscle electrolytes in man. Scand. J. Clin. Lab. Invest.
Suppl. 68, 1962.
7
Astrand, I.: Aerobic work capacity in men and women with special
reference to age. Acia Physiol. Scand. 49(Suppl. 169), 1960.
8
Rush, R. L, Leon, L, and Turell, J.: Automated simultaneous cholesterol and triglyceride determination on the Auto Analyzer II instrument. In Advances in Automated Analysis, Vol. 1, New York, Thurman Associates, 1971,
pp. 503-07.
9
Vessby, B., Boberg, J., Gustafsson, I.-B., Karlstrom, B., Lithell, H,
and Ostlund-Lindqvist, A.-M.: Reduction of high-density lipoprotein cholesterol and apolipoprotein A-l concentrations by a lipid-lowering diet. Atherosclerosis 35:21-27, 1980.
10
Carrol, J. J., Smith, N., and Babson, A. L: A colorimetric serum glucose determination using hexokinase and glucose-6-phosphate dehydrogenase. Biochem. Med. 4:171-80, 1970.
11
Lindeberg, W., Natvig, H., Rygh, A., and Svendsen, K.: Hoyde og
vekts undersokelser hos voksne menn og kvinner. Tidsskr. Nor. Laegeforen.
76:361, 1956.
12
Heding, L G.: Determination of total serum insulin (IRI) in insulin
treated diabetic patients. Diabetologia 8:260-66, 1972.
13
Heding, L G.: Radioimmunological determinations of human C-peptide in serum. Diabetologia 7 7:541-48, 1975.
14
Unger, R. H., Aguilar-Parada, E., Muller, W. A., and Eisentraut, A. M.:
Studies of pancreatic alpha-cell function in normal and diabetic subjects. J.
Clin. Invest. 49:837-48, 1970.
15
Aguilar-Parada, E., Eisentraut, A. M., and Unger, R. H.: Effects of
starvation on plasma pancreatic glucagon in normal man. Diabetes 78:717—
23, 1969.
16
Lithell, H., Boberg, J., Hellsing, K., Lundqvist, G., and Vessby, B.:
Lipoprotein-lipase activity in human skeletal muscle and adipose tissue in
the fasting and the fed states. Atherosclerosis 30:89-94, 1978.

17
Lithell, H., and Boberg, J.: Determination of lipoprotein-lipase activity in human skeletal-muscle tissue. Biochim. Biophys. Acta 528:58-68,
1978.
18
Lowry, O. H., and Passonneau, J. V.: A Flexible System of Enzymatic
Analysis. New York, Academic Press, 1973.
19
Ess6n, B., Jansson, E., Henriksson, J., Taylor, A. W., and Saltin, B.:
Metabolic characteristics of fiber types in human skeletal muscle. Acta Physiol. Scand. 95:153-65, 1975.
m
. Holloszy, J. O., and Booth, F. W.: Biochemical adaptations to endurance exercise in muscle. Annu. Rev. Physiol. 38:273-91, 1976..
21
Lowry, O. K, Rosebrough, N. J., Farr, A. L, and Randall, R. J.: Protein measurement with the Folin phenol reagent. J. Biol. Chem. 793:265-75,
1951.
22
Padukyla, H. A., and Herman, E.: The specificity of the histochemical
method of adenosine triphosphatase. J. Histochem. Cytochem. 3:170-95,
1955.
23
Brooke, M. H., and Kaiser, K. K.: Three "myosin ATPase" systems:
the nature of their pH lability and sulfhydryl dependence. J. Histochem. Cytochem. 78:670-72, 1970.
24
Andersen, P.: Capillary density in skeletal muscle of man. Acta
Physiol. Scand. 95:203-05, 1975.
25
Sjogaard, G., Houston, M. E., Nygaard, E., and Saltin, B.: Subgrouping of fast twitch fibres in skeletal muscles of man. A critical appraisal. Histochemistry 5 8 : 7 9 - 8 7 , 1978.
28
Snedecor, G. S., and Cochran, W. G.: Statistical Methods, 6th edit.
Ames, Iowa State University Press, 1971.
27
Draper, N. R., and Smith, H.: Applied Regression Analysis. New
York, Wiley, 1966.
28
Keen, H., Jarrett, R. J., and Alberti, K. G. M. M.: Diabetes mellitus: a
new look at diagnostic criteria. Diabetologia 76:283-85, 1979.
29
Hedstrand, H., and Vessby, B.: Detection and characterization of
middle-aged men with hyperlipoproteinemia. Upsala J. Med. Sci. 8 7 : 1 5 9 - 7 1 ,
1976.
30
Insulin insensitivity. Czech, M. P., a n d Reaven, G. M., Guest Eds.
Metabolism XXVII, s u p p l . 2, no. 1 2 : 1 8 2 9 - 2 0 1 4 , 1978.
31
Crepaldi, G., Muggeo, M., Valerio, A., and Roth, J.: Role of the insulin receptor in the diabetes of acromegaly. Excerpta M e d i c a 4 8 7 : 4 7 - 4 8 ,
1979.
32
Le Marchand-Brustel, Y., and Freychet, P.: Studies of insulin insensitivity in soleus muscles of obese mice. Metabolism XXVII, suppl. 2, no.
12:1982-93, 1978.
33
Goldberg, A. L: Mechanisms of growth and atrophy of skeletal muscle. In Muscle Biology, Vol. 1. Cassens, R. G., Ed. New York, Marcel and
Dekker, 1972, pp. 89-118.
34
Gollnick, P. D., Piel, K., and Saltin, B.: Selective glycogen depletion
pattern in human muscle fibres after exercise of varying intensity and at varying pedalling rates. J. Physiol. 247:45-57, 1974.
35
Andersen, P., and Henriksson, J.: Capillary suppiy of the quadriceps
femoris muscle of man: adaptive response to exercise. J. Physiol. 270:67791, 1977.
38
Smith, U.: Effect of cell size on lipid synthesis by human adipose tissue in vitro. J. Lipid Res. 72:65-70, 1971.
37
Lithell, H., Boberg, J., Hellsing, K., and Vessby, B.: Relationships
between the lipoprotein-lipase activities of human adipose and skeletal-muscle tissue and the elimination rate of i.v. injected Intralipid. In Proteins and
Related Subjects, Vol. 25. Protides of Biological Fluids, 25th Collegium,
1977. Peeters, H., Ed. Oxford, Pergamon Press, 1978, pp. 389-92.
38
Borensztajn, J., Keig, P., and Rubenstein, A. H.: The role of glucagon
in the regulation of myocardial lipoprotein-lipase activity. Biochem. Biophys.
Res. Commun. 53:603-08, 1973.
39
Olivecrona, T., Bengtsson, G., Hook, M., and Lindahl, U.: Physiologic implication of the interaction between the lipoprotein lipase and some
sulphated glucose-aminoglycans. In Lipoprotein Metabolism. Greten, H, Ed.
Heidelberg, Springer Verlag, 1976, pp. 13-19.

