Insulin Kinetics, Insulin Action, and Muscle Morphology in Lean or Slightly
Overweight Persons With Impaired Glucose Tolerance

Ingrid Toft, Kaare H. Bgnaa, Sigurd Lindal, and Trond Jenssen

Glucose intolerance is influenced by body fat mass, as well as muscle fiber composition. To examine the relation between the
metabolic profile and muscle morphology in this condition, we performed muscle biopsies and hyperglycemic clamps to
determine insulin secretion and clearance, and the insulin effects on glucose disposal and nonesterified fatty acids (NEFA) in 45
glucose intolerant persons (body mass index [BMI], 27.8 £ 3.0 kg/m?) and 45 normoglycemic controls (BMI, 25.8 + 2.7 kg/m?}
(P = .001}. After adjustment for BMI, glucose-intolerant subjects had lower first-phase insulin release (726 v 954 pmol/L,
P = .04). Glucose-intolerant subjects and controls differed in fasting insulin, insulin clearance, and insulin sensitivity to glucose
disposal before, but not after, standardizing for BML. During the clamp, glucose-intolerant subjects had less NEFA suppression
and elevated levels of NEFA compared with controls (85% + 9% v 90% * 6%, P = .02; and 70 = 42 pmol/L v 45 = 28 numol/L,
P = .01). Glucose-intolerant subjects also had a higher percentage of insulin-insensitive, type 2b muscle fibers, which are not
adapted for fat oxidation (7% = 9% v9% x 9%, P = .003). BMI was not associated with NEFA suppression or the percentage of
type 2b muscle fibers in either group. In conclusion, glucose-intolerant persons have impaired first-phase insulin release, an
elevated percentage of type 2b muscle fibers, and increased NEFA availability. Reduced insulin clearance, hyperinsulinemia,

and insulin resistance were associated with small increments in BMI.
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WIDE RANGE of abnormalities in the regulation of
glycemic control have been observed in persons with
impaired glucose tolerance.!? Some studies reported impair-
ment in peripheral insulin sensitivity and compensatory hyper-
insulinemia,!* together with impaired pancreatic 3-cell func-
tion and development of non-insulin-dependent diabetes
(NIDDM).”® Other studies found abnormalities in the biphasic
insulin response to intravenous glucose,’® such as defect
first-phase insulin release from 3 cells!>!? and hyperinsulinemia
in second-phase insulin release.'> Most studies demonstrate a
link between obesity and impaired glucose tolerance, %1315
High proportions of body fat increase the turnover of
nonesterified fatty acids (NEFA),'6!7 which impairs glucose
utilization by the fatty acid/giucose cycle.!® Skeletal muscle is
an important site for glucose utilization, as up to 70% of an
orally administered glucose load is metabolized in muscle
tissue.!? NEFA disposal occurs primarily in muscle and liver.2?
Muscle fiber composition may therefore influence both muscle
glucose and fat utilization. White, fast-twitch, type 2b muscle
fibers are characterized by low insulin sensitivity,?® high
glycolytic and low oxidative capacity, and reduced capillary
supply, and are not adapted to fat oxidation.?? In contrast, red,
slow-twitch, type 1 muscle fibers are insulin-sensitive,?! have
high oxidative capacity, and are well supplied with capillaries.?
The fast-twitch, type 2a muscle fibers contain both oxidative
and glycolytic fibers. Increased proportions of type 2b fibers
have been found in the muscles of obese persons®® and in
persons with NIDDM.?* The percentage of type 2b muscle
fibers has been associated with the amount of body fat,2:26
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waist-to-hip ratio,”>% levels of plasma glucose® and insu-
1in,2426 and insulin sensitivity.23-26

The present study was performed to examine whether
impaired glucose tolerance in lean or slightly overweight
persons is linked with abnormalities in insulin delivery, insulin
efficiency, and muscle morphology. The metabolic profile and
muscle morphology in 45 glucose-intolerant persons and 45
normoglycemic controls were studied for comparison of insulin
secretion, insulin clearance, insulin sensitivity for glucose
disposal and suppression of NEFA, and muscle fiber distribu-
tion.

METHODS
Subjects

Ninety persons (57 males and 33 females) who participated in a
population screening in 1987 (The Tromsg Health Survey?’) were
recruited to the present study. Forty-five subjects had fasting plasma
glucose levels less than 7.8 mmol/L and 2-hour postload glucose levels
between 7.8 and 11.1 mmol/L after an oral load of 1 g of dextrose per
kilogram body weight, to a maximum of 75 g dextrose. Forty-five
subjects with fasting glucose levels less than 6.0 mmol/L. and postload
glucose levels less than 7.8 mmol/L served as normoglycemic controls.
Fifty-two subjects had mild, untreated hypertension (systolic blood
pressure < 190 mm Hg, diastolic blood pressure > 90 mm Hg and < 110
mm Hg). None had type II diabetes or ischemic heart disease and none
were on medication. None had a body mass index (BMI) greater than 30
kg/m? and all appeared healthy on clinical examination. Each partici-
pant completed a questionnaire about physical activity, smoking, and
alcohol habits. The study was approved by the Regional Board of
Research Ethics. All subjects gave written informed consent to partici-
pate in the study. Metabolic studies were started at 8§ AM after an
overnight fast. Muscle biopsies were performed within 1 week after the
metabolic studies.

Clinical and Laboratory Measurements

Body weight was measured in light clothing without shoes. The same
weight was used for all participants. The waist-to-hip ratio was
calculated as body circumference at the level midway between the
inferior border of the rib cage and superior border of the iliac crest,
divided by the maximal circumference of the buttocks.?® Measurements
were determined early in the morning after an overnight fast.

Blood was arterialized by placing the hand in a heating device,?® and
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blood samples were drawn from a cannulated dorsal hand vein. Plasma
glucose was analyzed bedside with a Yellow Spring Instruments glucose
analyzer (2300 STAT PLUS; Yellow Springs, OH). All other blood
samples were stored at —70°C. Plasma insulin,® C-peptide,’! and
proinsulin3? were measured as previously described.*34 Serum NEFA
were analyzed by an acyl-coenzyme A oxydase—based colorimetric kit
(Wako Nefa C Kit, Osaka, Japan). Serum triglycerides were measured
on a Hitachi 737 Automatic Analyzer, Tokyo, Japan, with a kit from
Boehringer Mannheim, Mannheim, Germany.

Insulin kinetics and action were assessed with an oral glucose
tolerance test and a hyperglycemic clamp. Plasma glucose, insulin, and
C-peptide responses after the oral glucose challenge were calculated as
the arbitrary incremental area units over the 2-hour sampling time. As
an approximate estimate of insulin clearance during the oral glucose
tolerance test, we assessed the molar ratio of the area under the
C-peptide curve: the area under the insulin curve.3>36

Hyperglycemic clamps®’3® were used to measure the early insulin
peak released from pancreatic 3 cells (first-phase insulin release), the
steady-state insulin plateau during sustained glucose stimulation (second-
phase insulin release), the approximate insulin clearance during intrave-
nous glucose stimulation, insulin sensitivity to glucose disposal, and
suppression of plasma NEFA under physiologic hyperinsulinemia,
mimicking the postprandial situation. Plasma glucose levels were kept
at 10 mmol/L for 3 hours by a variable glucose infusion, and blood
samples for insulin and C-peptide measurements were drawn at —30, 0,
2.5,5,7.5,10, 15, 20, 40, 60, 80, 100, 120, 140, 160, and 180 minutes.
First-phase insulin release was calculated as the area under the insulin
curve over the initial 10-minute sampling time. The approximate insulin
clearance during this 10-minute period was calculated as the molar ratio
of the area under the C-peptide curve: the area under the insulin curve.
Second-phase insulin release was calculated as the area under the
insulin curve from 120 to 180 minutes of the clamp period, and an
estimate of insulin clearance was similarly calculated for this period.
Insulin sensitivity to glucose disposal was expressed as the insulin
sensitivity index, calculated by dividing the mean glucose infusion rate
at 120, 140, 160, and 180 minutes of the clamp (umol/kg/min) by the
average plasma insulin concentration (pmol/L) during the same period.
Suppression of plasma NEFA during physiologic glucose and insulin
stimulation was expressed as the percent suppression of NEFA during
the third hour of the hyperglycemic clamp, calculated by the formula:
((INEFA]_30.0 — [NEFAJy29-130)/[NEFA] 30,0 )) - 100, where [NEFA] 30,9 is
the mean baseline concentration at 30 and 0 minutes before initiation of
the clamp, and [NEFA]20.150 is the mean NEFA concentration at 120
and 180 minutes of the clamp. We also performed a euglycemic,
hyperinsulinemic clamp?’ in 43 participants to confirm that the insulin
sensitivity indexes obtained from the two clamp techniques were
comparable.®® The insulin sensitivity indexes calculated by the two
clamp techniques were highly correlated (r = .77, P = .0001); the
slope (SE) of the regression line was 2.44 = 0.37 (P = .0001), and the
intercept was —0.02 = 0.04 (P = 0.5).

Muscle Biopsy

Muscle biopsies were obtained from the right vastus lateralis muscle
with a percutaneous needle biopsy (modified Bergstrdm needle®®) under
local anesthesia. The samples were trimmed, mounted, frozen in
isopentane-cooled liquid nitrogen, and stored at —70°C. Transverse
10-um thick sections were cut with a cryotome at —20°C. For analysis
of muscle fiber composition, sections were stained for their myofibrillar
adenosine triphosphatase activity*? after preincubation at pH 4.3 and
9.4. The three fiber types were classified according to their staining
characteristics in nonselected visual fields and in the same section.

Fiber area and fiber roundness were measured with fully automated
morphometric techniques (Computer-aided microscopy, Quantimet
500+ ; Leica, Cambridge, UK). Fiber roundness, a measure of nonspe-
cific myopathies,*! was calculated as the ratio of fiber perimeter squared
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to fiber area. A decreased ratio reflects an increased degree of
roundness. The mean of the values found for roundness of type 1, type
2a, and type 2b fibers is expressed as the mean fiber roundness of
all fiber types. The average of the fiber areas measured for the three
fiber types is expressed as the mean fiber area. The mean (SD) number
of fibers counted and measured per biopsy was 352 * 148. (magnifica-
tion, X6.3).

The percentage of perimysial connective tissue space, reflecting
myopathy,*? was determined as the mean of the percentages of
connective tissue area compared with total muscle tissue area, measured
in four artifact-free visual fields (magnification, X 10} with densitomet-
ric analysis of Gomori trichrome-stained sections® (Quantimet 500+
Leica).

Capillary density was estimated in hematoxylin-stained sections
(magnification, X16). Extracellular nuclei account for the nuclei in
capillary endothelial cells, and may be used to estimate the degree of
capillarization. The numbers of extracellular nuclei and muscle fibers
were counted in artifact-free areas of 0.15 mm? The mean (=SD)
number of fibers counted for measurement of capillarization was 22 *
9. The average area of these fibers was measured with Quantimet 500+.
Capillary density data were expressed as the number of extracellular
nuclei per square millimeter muscle tissue, the number of extracellular
nuclei per muscle fiber, and the muscle fiber area (um?) per extracellular
nuclei.

All morphologic measurements were performed by one of the authors
(L.T.), who was blinded to case status.

Statistical Analyses

All data were checked with regard to their frequency distribution, and
transformed to normal distribution by logarithmic transformation when
appropriate. Two-sample ¢ tests were used to test differences between
the glucose-intolerant group and the normoglycemic control group.
Associations between BMI and the metabolic variables were examined
in the two groups separately using Pearson’s correlation coefficients and
simple linear regression analysis. To test for an interaction between
glucose tolerance (yes/no) and BMI, regression analysis was performed
on the full dataset with the product term of glucose tolerance (yes/no,
coded as 0 or 1) and BMI (kg/m?), as assessed with a model that also
included both terms separately. Analysis of covariance (ANCOVA) with
BMI as a covariate was used to adjust for the difference in mean BMI
among persons with impaired glucose tolerance and normal glucose
tolerance. Independent relations were also examined in multiple linear
regression models. Frequency differences in categorical variables
obtained from the questionnaire were tested with the chi-square test.
Results are given as the mean +SD unless otherwise noted. A two-sided
P value less than .05 was considered statistically significant. Data were
analyzed using the SAS software package (Statistical Analysis System,
Cary, NC).#

RESULTS

The glucose-intolerant participants differed from the normo-
glycemic control group in BMI (P = .001), systolic (P = .01)
and diastolic (P = .05) blood pressure, fasting levels of plasma
glucose (P = .002) and insulin (P = .05), and integrated re-
sponses of glucose (P = .0001) and insulin (P = .05) during the
oral ghicose tolerance test (Table 1). Waist-to-hip ratio did not
differ significantly between the groups. No group differences
were found for physical activity (Table 1), smoking habits, and
alcohol intake (data not shown).

In both glucose-intolerant and normoglycemic persons, BMI
was highly correlated with the measures of insulin kinetics and
insulin action, and the slope of the correlation was similar in the
two groups (Table 2). BMI and waist-to-hip ratio were intercor-
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Table 1. Characteristics

Persons With Persons With
Impaired Glucose  Normal Glucose
Characteristic Tolerance Tolerance
No. 45 45
Gender (M/F) 26/19 31/14
Age (yr) 57.4 =58 54.3 + 9.5
BMI {kg/m?) 27.8 + 3.0 25.8 + 2.7t
Waist-to-hip ratio 0.99 = 0.12 0.95 = 0.1
Systolic blood pressure
(mm Hg) 144 + 20 134 + 21*
Diastolic biood pressure
{mm Hg) 90 =12 86 + 12*
Fasting glucose level (mmol/L) 5.8+0.8 5.4 + 0.43t
Fasting insulin level {pmol/L) 64 = 53 48 + 16*
Area under the glucose curve
(mmol/L} 16.9 + 4.5 11.0 + 3.2¢
Area under the insulin curve
{pmol/L) 1,106 + 682 813 = 466*
Physical activity, leisure (%)
Inactive (<0.5 hjwk) 49 42
Some (0.5-2 h/wk) 36 49
Regular {>2 h/wk} 15 9
NOTE. Data are means =+ SD.
*P < .05.
tP<.,01.
P <.001.

related in both groups (Table 2). NEFA levels and NEFA
suppression during the clamp were not associated with BMI
(data not shown). Blood pressure, gender, and age were not
associated with any of the metabolic variables in the present
study (data not shown).

Insulin Kinetics

Fasting plasma levels of insulin and proinsulin were higher in
the glucose-intolerant group than in the normoglycemic group
(Table 3), but the differences did not remain significant when
BMI was included as a covariate. Insulin release during the
initial 10 minutes of the hyperglycemic clamp was lower in the
glucose-intolerant group compared with the normoglycemic
control group; the difference was statistically significant when
controlling for the group difference in BMI (Table 3). Insulin
release during the third hour of the hyperglycemic clamp did not
differ significantly between groups. The approximate insulin
clearance, assessed as the peripheral C-peptide:insulin molar
ratio after oral glucose stimulation, was lower in the glucose-
intolerant group (2.3 = 1.5) compared with normoglycemic
controls (2.9 = 1.5) (P = .01); the adjusted means did not differ
significantly (Table 3). The C-peptide:insulin ratios during the
initial 10 minutes of the hyperglycemic clamp and during the
third hour of the clamp were 2.7 = 1.3 and 3.6 = 2.1 in the
glucose-intolerant group, compared with 2.6 = 2.1 (P = .30)
and 4.1 = 2.8 (P =.10) in the normoglycemic group. The
differences were not significant when BMI was included as a
covariate.

In the total study population (N = 90), the C-peptide:insulin
ratio after oral glucose challenge correlated inversely with BMI
(r = —.52, P = .0001), waist-to-hip ratio (r = —.28, P = .01),
triglycerides (r = —.28, P = .009), and fasting NEFA levels
(r=—.22, P =.05). Of these variables, only BMI remained
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significantly (P = .0001) associated with postload C-peptide:
insulin ratio in a multiple linear regression analysis.

Insulin Action

The insulin sensitivity index for glucose disposal was lower
in the glucose-intolerant group than the normoglycemic group,
but the difference was not significant when BMI was included
as a covariate (Table 3). The correlation between insulin
sensitivity index and BMI in the total study group (N = 90) was
r=—.56, P = .0001 (Fig 1).

The decrease in plasma NEFA concentrations during physi-
ologic hyperglycemia and insulin stimulation, assessed as the
percentage NEFA suppression during the hyperglycemic clamp,
was decreased in the glucose-intolerant group (85% = 9% v
90% = 6%, P = .02; Table 3). The corresponding NEFA levels
during insulin stimulation were 70 = 42 pmol/L in the
intolerant group and 45 * 28 pumol/L in the control group
(P = .01). Adjustment for differences in the insulin plateaus
achieved during the hyperglycemic clamp did not influence the
results. Fasting NEFA levels did not differ significantly (Table
3). Triglyceride levels were significantly higher in the glucose-
intolerant group than in the control group, also when BMI was
taken into account (Table 3).

Table 2. Correlations Between BMI and Variables Related to Insulin
Kinetics and Insulin Action in Persons With Impaired {n = 45)
and Normal {n = 45) Glucose Tolerance

BMI
Persons With Persons With
Impaired Glucose Normal Glucose

Tolerance Tolerance .
Interaction
Variable r B (SE) r B{SE) (Pvalue$§)

Waist-to-hip ratio b50F .02x.01 31 .01=x.01 .36

Fasting glucose .36* .07 =.03 .46t .07 =.02 .96

Fasting insulin 50+ .08 .02 .44* .05=.01 21

Fasting proinsulin .30* .08 .03 .35% .09=*.04 77
Fasting triglycerides .28* .04+ .02 .34* .02 *.02 73
1st-phase insulin .25% 04 .03 .27¢ .06 .03 .82
2nd-phase insulin 41t 10+.03 .38t .08 .03 54
Insulin clearancey —.54% —.09 = .02 —.35*% —.05 = .02 .28
ISI —-57% —.15 = .03 —.441 —.08 = .02 .15

NOTE. rindicates Pearson correlation coefficient between BMI and
waist-to-hip ratio or the metabolic variables. B {SE) indicates the
corresponding regression coefficient (standard error) from simple
linear regression with BMI as an independent variable. 1st-phase
insulin: insulin release during the initial 10 minutes of a hyperglyce-
mic clamp; 2nd-phase insulin, insulin release at 120 to 180 minutes
during hyperglycemic clamp; ISI, insulin sensitivity index for glucose
disposal during 120 to 180 minutes of a hyperglycemic clamp (umol/
kg/min/pmol/L). Data for insulin levels, triglyceride levels, insulin
clearance, and insulin sensitivity index were logarithmically trans-
formed.

*P < .05,

tP<.01.

1P < .001.

§P value for product term of glucose tolerance (2 categories) and
BMtin linear regression analysis.

fThe incremental area under the C-peptide curve (pmol/L) divided
by the incremental area under the insulin curve (pmol/L) during the 2
hours sampling time of an oral glucose tolerance test, used as an
approximate indication of hepatic insulin extraction.
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Table 3. Fasting Insulin Levels, First- and Second-Phase Insulin
Release, C-Peptide:Insulin Ratio, and Insulin Action in Persons With
Impaired (n = 45) and Normal (n = 45) Glucose Tolerance

Persons With Persons With
Impaired Glucose Normal Glucose
Tolerance Tolerance
Unadjusted Adjusted* Unadjusted Adjusted*

Variable Mean = SD Mean Mean = SD Mean

Fasting insulin levels
{pmol/L)

Fasting proinsulin
levels (pmol/L)

First-phase insulin
release (pmol/L)

Second-phase
insulin release
(pmol/L)

C-peptidezinsulin
ratio after oral glu-
cose challenge

Insulin sensitivity
index

NEFA suppression
during hypergly-
cemic clamp (%)

NEFA levels during
hyperglycemic
clamp (pmol/L)

Fasting NEFA levels
{pmol/L)

Fasting trigiyceride
levels (mmol/L)

64 * 53 60 48 = 16t 52

75*69 7.0 4.7 + 3.6% 5.1

802 = 606 726 910 * 644 9541

1,013 = 744 940 857 + 504 930

23+15 2.5 2.9 + 1.4t 2.6

0.17 £0.17 0.18 0.22 +0.10+ 0.19

85 +9 85 90 = 61 901

70 = 42 69 45 + 281 48t

497 + 1568 490 437 + 1b4 451

1.45+07% 141 1.09+056%f 1.14t

NOTE. First- and second-phase insulin release: Areas under the
insulin curve during the initial 10 minutes {(first phase) and during 120
to 180 minutes (second phase) of the hyperglycemic clamp. C-peptide:
insulin ratio after oral glucose challenge: the incremental area under
the C-peptide curve (pmol/L) divided by the incremental area under
the insulin curve {pmol/L) during the 2-hour sampling time of an oral
glucose tolerance test. Insulin sensitivity index for glucose disposal is
calculated as pmol glucose/kg body weight/min/pmol/L insulin during
120 to 180 minutes of the hypergiycemic clamp. NEFA suppression:
percent reduction of NEFA levels at 120 to 180 minutes during
hypergiycemic clamp, compared with baseline NEFA levels.

*Adjusted by ANCOVA for BMI.

TP < .05.

$P<.01.

Muscle Morphology

Muscle fiber composition was not associated with BMI. The
glucose-intolerant group had a higher percentage of type 2b
fibers (9% = 9%) compared with the control group (7% * 9%)
(P = .003), whereas the percentages of type 1 and 2a fibers, as
well as the ratio of type 1 to type 2 fibers, did not differ in the
groups (Table 4). In the total study group (N = 90), the
percentage of type 2b muscle fibers correlated with NEFA
suppression during the hyperglycemic clamp (r = —.25,
P = .05), NEFA levels during the hyperglycemic clamp (r = .30,
P = .01), and fasting plasma glucose (r = .24, P = .03). The
percentage of type 2b fibers did not correlate with the insulin
sensitivity index for glucose disposal.

Type 1 fiber area was greater in the glucose-intolerant group
(5,135 = 1,625 v 4,466 = 1,536 ym?; P = .04). Type 2a and 2b
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fiber area and mean fiber area of all fiber types did not differ in
the groups (Table 4). No differences in muscle fiber roundness
or in the percentage of perimysial connective tissue were
observed (Table 4).

The estimated number of capillaries per square millimeter of
muscle tissue was lower in the glucose-intolerant group
(201 = 49) compared with the control group (238 % 91)
(P = .04), whereas the estimated number of capillaries per
muscle fiber and fiber area per capillary were similar (Table 5).
No associations were found between capillarization data and the
metabolic variables.

DISCUSSION

In the present study, subjects with impaired glucose tolerance
had a higher BMI than the control group, and the results of the
present study suggest that small differences in BMI index have a
physiologic impact on insulin and glucose homeostasis.

We found that raising the peripheral blood sugar concentra-
tion to a level of 10 mmol/L by intravenous glucose infusion
seemed to give a lower early insulin peak in the glucose-
intolerant group compared with controls, but the difference was
not significant. When controlling for BMI, first-phase insulin
release was significantly lower in the glucose-intolerant group.
The finding of decreased early $-cell insulin release in subjects

07  y=-15(x}+2.1, r2=0.31
r=—0.56, P=0.0001
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Fig 1. Relationship between insulin sensitivity (ISI) for glucose
disposal and BMI. Values for ISI are transformed to normal distribu-
tion by logarithmic transformation. (®) Normal glucose tolerance
(n = 45); (O) impaired glucose tolerance (n = 45).
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Table 4. Muscle Fiber Composition and Morphology in Persons With
Impaired (n = 45) and Normal (n = 45} Glucose Tolerance

Persons With Persons With
Impaired Glucose  Normal Giucose
Fiber Type Tolerance Tolerance
Type 1
% 54 = 14 58 = 12
Area (um2) 5,135 = 1,625 4,466 = 1,636*
Roundness 1.56 = 0.16 1.53 = 0.11
Type 2a
% 37 £ 12 3610
Area (um?) 5,609 = 2,020 5,254 + 1,988
Roundness 1.563 £ 0.11 1.52 + 0.09
Type 2b
% 99 7 =9t
Area (pm?) 4,604 + 1,850 4,212 = 1,517
Roundness 1.56 + 0.16 1.54 + 0.12
Ratio of type 1 to type 2 fibers 1.48 = 1.28 152 = 0.82
Fiber area (um?), all fiber types 5,093 = 1,628 4,721 + 1,644
Fiber roundness, all fiber types 1.64 + 0.12 1.53 + 0.08
Perimysial connective tissue (%) 8+4 9+5

NOTE. Fiber roundness: ratio of fiber perimeter squared to fiber
area. All muscle fiber data refer to musculus vastus lateralis.

*P <.05.

TP <.01.

with impaired glucose tolerance confirms the results of several
previous reports. 311124546 The decreased early insulin re-
sponse was not reflected by the area under the insulin curve
after oral glucose challenge, which was found to be elevated in
the glucose-intolerant group, probably due to the corresponding
decrease in estimated insulin clearance. BMI was highly
associated with the postload C-peptide:insulin ratio, and it is
possible that glucose-intolerant subjects had reduced insulin
clearance and increased postload peripheral insulin concentra-
tions because they were slightly overweight compared with the
control group. Enlarged body fat mass increases the amount of
circulating NEFA through NEFA mobilization from, eg, 20 to
30 kg extra fat tissue.! The flux of NEFA to the liver will
thereby increase. Central obesity is of particular importance for
the hepatic NEFA supply, since abdominal fat tissues have high
sensitivity for the lipolytic action of catecholamines.*’” Some

Table 5. Muscle Capillarization and Vessel Wall Thickness in Persons
With Impaired (n = 45) and Normal (n = 45) Glucose Tolerance

Persons With Persons With
Impaired Glucose  Normal Glucose
Variable Tolerance Tolerance
Estimated no. of capillaries per
mm?2 muscle tissue 201 = 49 238 + 91*%
Estimated no. of capillaries per
muscle fiber 1.65 = 0.62 170+ 0.77
Estimated muscle fiber area per
capillary (pm?) 3,467 = 870 3,136 = 1,086

NOTE. Data for capillarization are calculated from the number of
extracellular endothelial nuclei in hematoxylin-stained sections of
muscle tissue from musculus vastus lateralis. Muscle fiber area per
capillary was calculated as the mean fiber area divided by the number
of capillaries per fiber.

. ¥*P<.05.
tP<.01.
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previous studies suggest that increased hepatic NEFA flux
suppresses hepatic insulin extraction*#® and that hyperinsulin-
emia associated with obesity is partly accounted for by lower
insulin clearance.?>% Qur data support this view, since BMI,
waist-to-hip ratio, and levels of triglycerides and NEFA were all
found to correlate with the estimate of postload insulin clear-
ance. Thus, the finding of increased postload insulin response in
a glucose-intolerant population should not necessarily be inter-
preted as the presence of insulin resistance and normal early
insulin release, as often is done.*3

Our data indicate that glucose-intolerant persons may have
normal insulin sensitivity, but that minor increments in body
weight are associated with impairment in insulin-stimulated
glucose uptake. Glucose intolerance is therefore not exclusively
an insulin-resistant state as often postulated.!*685 Previous
reports did not adjusted for differences in BMI!-*? or weight gain
accompanying the development of glucose intolerance,* and
elevated plasma insulin levels were frequently interpreted
solely as a marker of insulin resistance .65

The association between BMI and measures of insulin
kinetics and insulin action may be explained by the following
hypothesis: enlargement of fat deposits leads to raised NEFA
flux,'¢ and thus, increased hepatic NEFA turnover. Increased
hepatic NEFA turnover may reduce the hepatic insulin extrac-
tion®#84 and lead to hyperinsulinemia.’! Hyperinsulinemia
may in turn downregulate the peripheral insulin receptors’>>3
and lead to decreased insulin sensitivity. Oxidative and nonoxi-
dative NEFA turnover (NEFA reesterification) parallels plasma
NEFA concentrations in healthy, as well as in insulin-resistant
subjects.!” Increased NEFA oxidation contributes to impaired
insulin sensitivity for glucose disposal through the Randle
cycle.!® Recent studies on B-cell function have shown impair-
ment of insulin secretion during long-term NEFA exposi-
tion.*%5 Such a mechanism would further deteriorate the
glycemic control in glucose-intolerant persons. In addition,
increased NEFA availability is of importance for the develop-
ment of thromboarterial disease. Elevated hepatic NEFA turn-
over increases triglyceride and very-low-density lipoprotein
(VLDL)-cholesterol synthesis,® and perhaps also the hepatic
synthesis of plasminogen activator inhibitor type 1 (PAI-1).3*

In the present study, glucose-intolerant subjects had de-
creased insulin-induced NEFA suppression. They also had more
type 2b fibers in their skeletal muscles compared with controls,
as previously observed in subjects with non—insulin-dependent
diabetes mellitus (NIDDM)?** and obesity.”” The percentage of
type 2b muscle fibers found in the relatively lean glucose-
intolerant subjects participating in the present study was lower
than what others have observed in more obese persons,2457-58
This may explain why we did not find an association between
the percentage of type 2b muscle fibers and insulin sensitivity
for glucose disposal, as previously found in obesity?657 and
NIDDM.? However, we did observe an association between the
percentage of type 2b muscle fibers and insulin-induced NEFA
suppression. The mechanism for this relationship is not clear.
Impaired muscular NEFA uptake due to 2% higher proportion
of type 2b muscle fibers, which do not metabolize fatty acids,?
would account for about half of the group difference observed in
NEFA availability during the clamp.

Glucose-intolerant persons differed from normoglycemic
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controls in capillary density assessed as capillaries per square
millimeter muscle tissue, but there were no associations be-
tween muscle capillarization and the metabolic variables. The
degree of muscle capillarization may nevertheless influence
glycemic control, as previously reported.?»26% Measures of
muscle capillarization are vulnerable to variations in capillary
flow and capillary function, as well as the staining and counting
method, and the fact that our study groups had a low degree of
insulin resistance made it difficult to detect a relationship
between muscle capillary density and insulin-stimulated glu-
cose disposal.

In summary, we found that lean or moderately overweight
glucose-intolerant persons had lower first-phase insulin release
compared with glucose-tolerant persons, whereas second-phase
insulin release and insulin sensitivity for glucose disposal did
not differ, when standardizing for BMI. However, glucose-
intolerant persons had decreased insulin clearance, increased
insulin levels, and impaired insulin sensitivity to glucose
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disposal before standardizing for BMI. They also had an
increased percentage of type 2b muscle fibers, which was
associated with impaired NEFA suppression during hyperglyce-
mic clamp. The present study suggests that lean or moderately
overweight glucose-intolerant persons have impaired B-cell
function for early insulin release, and an increased percentage
of type 2b muscle fibers, which contributes to increased NEFA
availability. We hypothesize that further elevation of NEFA
availability associated with weight gain in persons with glucose
intolerance plays an important role for the development of
hyperinsulinemia and insulin resistance, and for deterioration of
glycemic control.
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