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Gavigan, Donghai Zheng, Gilian L. Tyndall, and Joseph 
A. Houmard. The insulin action-fiber type relationship in 
humans is muscle group specific. Am. J. Physiol. 269 (Endocri- 
noZ. Metab. 32): E150-E154, 1995.-The purpose of the 
present investigation was to determine the relationship be- 
tween skeletal muscle characteristics, adiposity, and in vivo 
insulin action. Percutaneous muscle biopsies of the vastus 
lateralis (VL) and gastrocnemius (G) muscles were obtained 
from twenty-two sedentary male subjects. Insulin sensitivity 
(SI) and glucose effectiveness (So) were determined from 
minimal model analysis, and indexes of regional and overall 
adiposity were obtained. Si was positively related to the citrate 
synthase activity from the VL (r = 0.50, P < 0.01) but unre- 
lated to the citrate synthase activity from the G (r = 0.28). 
Similarly, Si was inversely related to the percentage of type IIb 
fibers in the VL (r = -0.47, P < 0.01) but unrelated to the 
percentage of type IIb fibers in the G (r = 0.06). SG was 
unrelated to fiber type, oxidative capacity, or adiposity. These 
data suggest that oxidative capacity and other characteristics 
related to VL skeletal muscle fiber type are determinants of in 
vivo insulin action but that this relationship cannot be ex- 
tended to all muscle groups. Finally, neither skeletal muscle 
characteristics nor adiposity appears to be a determinant of So 
in sedentary males. 
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THE IMPORTANCE OF SKELETAL MUSCLE in insulin-medi- 
ated glucose metabolism has been established by a 
number of investigators (1, 6, 11, 12, 17). Euglycemic 
clamp studies have demonstrated that skeletal muscle 
accounts for > 80% of glucose disposal under hyperinsu- 
linemic conditions (6). However, animal studies have 
demonstrated that substantial differences exist between 
muscle groups in insulin-mediated glucose uptake, which 
may relate to fiber composition (4, 9, 12, 13, 18). In 
humans, muscle fiber composition can vary widely; 
accordingly, it has been proposed that skeletal muscle 
fiber composition may contribute to in vivo insulin 
action (14, 15,17). 

The vast majority of observations in humans have 
been made from needle biopsy specimens of the vastus 
lateralis (VL) muscle. It is difficult to ascertain the 
extent to which these data can be extrapolated to other 
muscle groups. As observed previously in animals (9, 
18), different muscle groups in humans play distinct 
functional roles (e.g., postural, nonpostural, and locomo- 
tor). Consequently, both the tonic activity level and the 
metabolic characteristics of different muscle groups may 
also be distinct, specifically in terms of the putative 
relationship with whole body insulin action. To our 
knowledge, no studies have compared metabolic and 
fiber type characteristics of separate muscle groups in 

relation to insulin action in humans. We have recently 
demonstrated that in vitro insulin-stimulated glucose 
transport in humans rectus abdominus muscle is related 
to both fiber type and adiposity (11). In an attempt to 
extend these observations and examine functional differ- 
ences between muscle groups in vivo, the present inves- 
tigation examined the relationship between insulin sen- 
sitivity, regional and overall adiposity, and skeletal 
muscle fiber characteristics in two distinct, relatively 
large, and frequently studied muscle groups within the 
same individuals. 

METHODS 

Subjects. The study population consisted of 22 sedentary 
adult male volunteers who had not performed regular exercise 
within the previous 2 yr. All subjects were free from any 
known cardiovascular disease or diabetes and were not taking 
any medications known to interfere with insulin sensitivity. 
The experimental protocol was explained to each subject, and 
informed consent documents were read and signed before 
participation. All procedures were approved by the University 
Policy and Review Committee for Human Research. Descrip- 
tive data for the subjects are presented in Table 1. 

Anthropometric tests. Body density was determined by 
hydrostatic weighing after expiration to residual volume as 
determined by oxygen dilution (28). The percentages of body 
fat and fat-free mass were calculated from body density using 
the Siri equation (24). Dry body mass was recorded to the 
nearest 0.1 kg and height to the nearest 0.1 cm. Body mass 
index (BMI) was calculated as mass divided by height squared 
(kg/m2). Sagittal diameter was measured as previously de- 
scribed (16). Briefly, subjects assumed a supine position with 
arms and legs relaxed and extended. A sliding caliper was 
placed under the subject’s back and at the abdomen at the level 
of the umbilicus; measurement was obtained to the nearest 0.1 
cm at the end of expiration. Minimal waist and maximal hip 
girths were obtained as described by Lohman et al. (16). All 
circumferences were obtained with a spring-tension stretch- 
less Gulick tape (Lafayette Instruments, Lafayette, IN) to the 
nearest millimeter. Waist-to-hip ratio (WHR) was calculated 
on the basis of the circumference values. 

Insulin sensitivity. A modified intravenous glucose toler- 
ance test (IVGTT) was performed according to the method of 
Bergman et al. (3). Subjects consumed a diet containing a 
minimum of 250 g carbohydrate for 3 days before testing. All 
IVGTTs were administered at 0700 after a 12-h fast. Glucose 
(300 mg/kg) was injected intravenously at time 0, and insulin 
(0.025 U/kg) was injected intravenously at 20 min. Twenty- 
five blood samples were obtained between 0 and 180 min and 
analyzed spectrophotometrically for glucose (16~UV, Sigma 
Chemical, St. Louis, MO) and by microparticle enzyme immu- 
noassay for insulin (IMx, Abbott Labs, Abbott Park, IL). 
Insulin sensitivity (Sr) and glucose effectiveness (So) were 
calculated using the MINMOD program. This program models 
plasma glucose dynamics when the measured plasma insulin 
pattern is supplied. In the process of accounting for the 
measured plasma glucose response, the model infers insulin 
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Table 1. Subject characteristics 

Variable Mean + SE Range 

Age,Yr 32.8 in 1.8 21-45 
Height, cm 176.9 * 1.6 166.3-205.0 
Mass, kg 83.12 1.8 68.8-101.4 
VOzmax, ml l kg-l. min-l 39.6 + 1.3 31.6-49.6 
Fasting insulin, pM 31.4 + 2.7 13.8-65.4 
Fasting glucose, mM 5.76 2 0.07 4.41-6.10 
Sr, x 10m5 min/pM 5.51* 0.66 1.92-12.97 
SG, loe2 min-1 2.33 + 0.19 0.78-4.65 
BMI, kg/m2 25.8 + 0.6 21.5-30.0 
%Fat 22.9 + 1.0 9.9-28.5 
Fat mass, kg 17.6 + 1.2 7.3-26.9 
Lean mass, kg 65.3 + 1.3 52.8-79.9 
Sagittal diameter, cm 19.9 + 0.5 16.5-24.2 
WHR 0.90 + 0.01 0.87-0.96 
Citrate synthase, pmol * min-l l g-l 

Vastus lateralis 13.55 2 0.65 7.2-18.3 
Gastrocnemius 19.40 + 0.95* 11.7-30.3 

Values are for 22 subjects, except for citrate synthase activity, which 
was determined on 2 1 subjects because of inadequate tissue to perform 
the assay on 1 subject. %702~~, maximal 02 consumption; Sr, insulin 
sensitivity; So, glucose effectiveness; BMI, body mass index; WHR, 
waist-to-hip ratio. *P < 0.05 vs. vastus lateralis. 

sensitivity. So is a model parameter that is a measure of the 
effect of glucose to enhance its own disappearance at basal 
insulin. A more thorough description of this model and the 
underlying assumptions can be found in the study by Bergman 
et al. (3). 

Musde biopsy. Percutaneous muscle biopsies from the belly 
of the VL and lateral gastrocnemius (G) muscle were per- 
formed, with care taken to perform each biopsy at the same 
approximate site in each individual. A portion of the muscle 
was mounted in an OCT-tragacanth gum mixture, frozen in 
cooled isopentane, and stored in liquid nitrogen until analyzed. 
Skeletal muscle fiber composition (types I, IIa, and IIb) was 
determined from lo- pm sections with the adenosinetriphospha- 
tase method after preincubation at pH 10.3 and 4.54 (5). A 
minimum of 350 fibers were counted for each individual. 
Citrate synthase activity was determined spectrophotometri- 
tally as described previously (24). 

MaximaL O2 consumption. Maximal 02 consumption (VOLT,) 
was determined using an incremental treadmill test to voli- 
tional fatigue. Expired gases were collected and analyzed for 
02 and COB content (Sensormedics 2900, Anaheim, CA). Heart 
rate was monitored with a 12-lead electrocardiogram. Criteria 
for a maximal test included attainment of 2 85% of age- 
predicted maximal heart rate, a respiratory exchange ratio of 
> 1.0, and an increase in VO, of < 100 ml with an increase in 

workload. 
Statistics. Data were analyzed using linear regression analy- 

ses. Fiber composition and citrate synthase differences be- 
tween the VL and G muscles were analyzed with a paired 
two-tailed t-test. Statistical significance was accepted at P < 
0.05. Data are presented as means 2 SE. 

RESULTS 

Anthropometric and metabolic characteristics. The 
indexes of regional (sagittal diameter, WHR) and total 
(fat mass, %fat, BMI) d a iposity varied substantially 
within the subject pool (Table 1). Fasting insulin and 
glucose also varied considerably, although all subjects 
had normal fasting glucose as defined by American 
Diabetes Association criteria (2 1) (Table 1). 

Skeletal muscle characteristics. The relative distribu- 
tion of type I, IIa, and IIb muscle fibers in the VL and G 
is presented in Fig. 1. The G had a significantly higher 
percentage of type I fibers (P < 0.001) and significantly 
lower percentages of type IIa (P < 0.001) and type IIb 
(P < 0.01) fibers than the VL. Means of 400 t 30 and 
410 t 20 fibers were counted for the G and VL muscles, 
respectively. Citrate synthase (CS) activity (determined 
on 21 subjects) was significantly higher in the G muscle 
than in the VL muscle (Table 1). 

Regression analysis. CS activity of the VL, but not the 
G, was positively related to Si (Fig. 2). Similarly, the 
percentage of type IIb fibers in the VL, but not the G, 
was inversely related to Si (Fig. 3). Abdominal adiposity, 
as assessed by sagittal diameter, was inversely related to 
CS activity in the VL (r = -0.40, P < 0.05) but unre- 
lated to CS activity of the G (r = -0.16) (Fig. 4). Sagittal 
diameter was unrelated to the percentage of type IIb 
fibers in either the VL or the G. The CS activity of the 
VL and G was unrelated to %fat, BMI, or WHR, whereas 
the %type IIb fibers in the VL only were related to BMI 
(r = 0.45, P < 0.05) and WHR (r = -0.44, P < 0.05). 
CS activity was unrelated to %type IIb fibers in the VL 
(r = 0.08) and was only marginally related to %type IIb 
fibers in the G (r = -0.41, P = 0.06). Similarly, no 
relationship was observed between the percentage 
of type IIb fibers in either the VL or G muscle and age or 
vo 2max. No relationship was observed between CS and 
%type I or IIa fibers in either muscle. No significant 
correlations were observed between the percentage of 
type I or type I + IIa fibers in either the VL or G muscle 
and any anthropometric or metabolic variable examined 
in this investigation. S1 was inversely related to BMI 
(r = -0.63, P < 0.002), sagittal diameter (r = -0.61, 
P < 0.003), and WHR (r = -0.54, P < 0.01) but was 
unrelated to age or vo2,,. So was unrelated to fiber type 
or CS activity. Similarly, So was unrelated to age, 
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Fig. 1. Fiber composition of the vastus lateralis and gastrocnemius 
muscles. Percutaneous muscle biopsies were obtained from 22 seden- 
tary adult males. Fiber composition was determined as described in 
METHODS. *P < 0.01 and “fP < 0.001 vs. vastus lateralis. 
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Fig. 2. Relationship between citrate synthase activity and insulin 
sensitivity (SI) in gastrocnemius muscle (A) and vastus lateralis 
muscle (B) of 21 subjects. There was an inadequate amount of tissue 
to perform the citrate synthase assay on 1 subject. 

. 
vo 2 max9 or any anthropometric variable measured in this 
study. 

DISCUSSION 

The primary finding of this investigation was that 
both skeletal muscle citrate synthase activity and type 
IIb fiber composition are related to insulin sensitivity in 
a muscle group-dependent manner. To our knowledge, 
this is the first investigation to concurrently examine 
skeletal muscle-insulin action relationships in two muscle 
groups in humans. Several investigators have shown 
that the type II/IIb fiber composition of the vastus 
lateralis is inversely related to in vivo insulin action as 
assessed by the euglycemic clamp technique (15, 17). 
The present data support these observations but sug- 
gest that the relationship is not universal to all muscle 
groups. 

It should be noted that both citrate synthase activity 
and fiber composition were significantly different be- 
tween the vastus lateralis and gastrocnemius muscles 
within the same subjects. Citrate synthase is a mitochon- 
drial enzyme that catalyzes the condensation of acetyl 

CoA with oxaloacetate to allow carbon flux from carbohy- 
drate, lipid, and protein into a final common pathway for 
oxidative metabolism. This enzyme has been used for a 
number of years as a biochemical marker of skeletal 
muscle oxidative capacity (23). Nevertheless, the specific 
nature of the relationship between skeletal muscle 
oxidative metabolism and insulin sensitivity is unclear, 
and it must be considered that the activity of other 
mitochondrial enzymes may be of further interest. 

The differences in fiber composition and citrate syn- 
thase activity between muscle groups may stem from 
the gastrocnemius being more tonically active than the 
vastus lateralis (2). Electromyographic observations dem- 
onstrate that the gastrocnemius muscle is active during 
standing in humans, whereas the vastus lateralis is not 
(2). Thus the chronic activity of this muscle may make it 
less susceptible to the effects of a sedentary lifestyle on 
skeletal muscle metabolic or contractile characteristics. 
Several investigators have demonstrated a relationship 
between tonicity, or chronic levels of muscle activation, 
and enhanced glucose transporter protein (GLUT-4) 
levels in rodent skeletal muscle (see Refs. 9, 18). Simi- 
larly, James et al. (12) demonstrated that in vivo insulin 
action in rodent skeletal muscle is dependent on fiber 
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Fig. 3. Relationship between skeletal muscle type IIb fibers and SI in 
gastrocnemius muscle (A) and vastus lateralis muscle (B) of 
22 subjects. 
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Fig. 4. Relationship between citrate synthase activity and sagittal 
diameter in gastrocnemius muscle (A) and vastus lateralis muscle (B) 
of 21 subjects. 

composition. Unlike these rodent models, human skel- 
etal muscle is heterogeneous and does not manifest the 
distinct differences in fiber composition reported either 
within (i.e., “red” and “white” gastrocnemius) or be- 
tween given muscles in rodents (9,12,18>. Nevertheless, 
the present data clearly demonstrate that muscle groups 
in humans do differ both in fiber composition and citrate 
synthase activity and that the relationship between 
these variables to insulin action is dependent on the 
muscle group in question. 

Given this, the question arises as to why the fiber 
characteristics of the vastus lateralis in hu .mans have 
been reported to be related to in vivo insulin action (15, 
17). Several investigators (7, 8) have reported similar 
decreases in GLUT-4 content in both rectus abdominus 
and vastus lateralis muscle in obese insulin-resistant 
humans, suggesting some similarities between these 
muscle groups. Additionally, we have recently demon- 
strated that in vitro insulin-stimulated glucose trans- 
port in human rectus abdominus muscle is inversely 
related to the percentage of type II muscle fibers (ll), 
which agrees with the in vivo data from the vastus 
lateralis fiber composition and Si in the present and 
other studies (15, 17). The human rectus abdominus 

muscle, like the vastus lateralis, is not thought to play a 
significant postural role (2). It must be considered, then, 
that in the absence of a tonic neural input that acts as a 
primary regulator of muscle phenotype (20), other sig- 
nals (i.e., insulin or other hormones) may play a rela- 
tively larger role in regulating skeletal muscle character- 
istics. 

Interestingly, no relationship was observed between 
skeletal muscle citrate synthase activity or fiber type 
and the minimal model parameter termed glucose effec- 
tiveness (So). To our knowledge, this is the first report 
that has examined the relationship between either 
skeletal muscle characteristics or adiposity and So. This 
parameter is an index of the ability of glucose to promote 
its own disappearance from plasma independent of an 
increase in insulin (3). Because glucose-mediated glu- 
cose disposal has been reported to occur almost entirely 
in skeletal muscle (1), it is somewhat surprising that 
neither fiber type nor oxidative capacity is related to So. 
It must be cautioned that Baron et al. (1) reported on 
hyperglycemia-induced glucose uptake during a steady- 
state clamp protocol, whereas So is derived from a 
dynamic assessment of glucose and insulin kinetics. 
Moreover, the specific factors that contribute to So are 
not well defined, and it must be considered that other 
aspects of skeletal muscle, including capillary density 
and membrane lipid characteristics, may contribute to 
So. It is of some interest to note that So was also 
unrelated to age, adiposity, or fat distribution in these 
subjects. The significance of these observations awaits 
further research, but it is clear that So is a relevant 
parameter, because recent investigations have reported 
that So is increased in first-degree relatives of patients 
with NIDDM (10) and decreased in patients with im- 
paired glucose tolerance (26). 

Both Lillioja et al. (15), and Marin et al. (17) observed 
that abdominal adiposity, as assessed by either waist-to- 
thigh ratio (15) or WHR (17), was positively associated 
with the percentage of type IIb fibers in the vastus 
lateralis and inversely related to insulin action. In the 
present investigation, sagittal diameter, which appears 
to be the best anthropometric index of abdominal vis- 
ceral adiposity and the related risk factors (22), was 
inversely related to the citrate synthase activity in the 
vastus lateralis only. As observed previously, both sagit- 
tal diameter and WHR were inversely related to Si. 
Thus, although the present data support the general 
relationship between abdominal obesity and insulin 
action, the nature of the relationship between skeletal 
muscle fiber type or metabolic characteristics and insu- 
lin action merits continued research. 

In conclusion, this investigation has demonstrated 
that S1 is related to both the oxidative capacity and the 
percentage of type IIb fibers in the vastus lateralis but 
not the gastrocnemius muscle. Similarly, abdominal 
adiposity (sagittal diameter) is associated with a lower 
citrate synthase activity in the vastus lateralis muscle 
only. These observations substantiate previous reports 
that skeletal muscle fiber characteristics may be a 
component of a syndrome that promotes insulin resis- 
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tance (14, 15). Additionally, the data suggest that the 
metabolic differences that exist between different muscle 
groups in humans may have functional relevance with 
respect to in vivo insulin action. 
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