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Abstract

To investigate the association between muscle fiber capillarization and indices

of insulin sensitivity in healthy older adults. A skeletal muscle biopsy was

taken from the m. vastus lateralis of 22 healthy (nondiabetic) male older

adults. In addition, all participants underwent an Oral Glucose Tolerance Test

(OGTT). Muscle fiber capillarization was assessed by immunohistochemistry.

Participants were divided into a group with relatively low (LOW) or high

(HIGH) muscle fiber capillarization (capillary-to-fiber perimeter exchange

(CFPE) index), based on the median value for the entire group. All partici-

pants were healthy, nonobese, and had a normal glucose tolerance, according

to the individual OGTT results. Whereas no differences in blood glucose con-

centrations were observed between groups during the OGTT, the postprandial

increase in plasma insulin concentrations was significantly greater in the LOW

compared to the HIGH muscle fiber capillarization group (P < 0.05). Skeletal

muscle fiber capillarization may determine insulin sensitivity in humans.

Introduction

Skeletal muscle capillarization may regulate a number of

physiological processes as the number of capillaries can

be a limiting factor in the delivery of oxygen, substrates,

and/or hormones (Gudbjornsdottir et al. 2003). Transcap-

illary transport of insulin is an important determinant of

glucose uptake in skeletal muscle tissue (Yang et al. 1994;

Barrett et al. 2009). Consequently, a lower level of muscle

fiber capillarization may be an important determinant of

glucose intolerance or whole-body insulin resistance. In

accordance, previous studies report a relationship between

skeletal muscle fiber capillarization and insulin sensitivity

in young (Lillioja et al. 1987) and older individuals

(Marin et al. 1994; Hedman et al. 2000; Prior et al.

2009). However, the subjects’ characteristics in previous

studies are quite heterogeneous with respect to age, body

weight/composition, training status, and disease state,

which may drive the observed associations (Lillioja et al.

1987; Marin et al. 1994; Hedman et al. 2000; Prior et al.

2009). Whether muscle fiber capillarization modulates

glucose homeostasis in a more homogeneous group of

healthy, nondiabetic, older adults has so far not been

established. In this study, we investigated whether glucose
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tolerance differs between participants with a relatively low

versus high skeletal muscle fiber capillarization in healthy,

nondiabetic, older adults. We hypothesized that a low

skeletal muscle fiber capillarization is associated with

impaired insulin sensitivity.

Research Design and Methods

Twenty-two healthy male older adults (age: 70 � 6 year,

height: 1.76 � 0.06 m, BMI: 27.3 � 2.6 kg�m�2) were

included in this study. Participants were excluded in case of

(silent) cardiac, peripheral vascular disease or orthopedic dis-

order. All participants were recruited in local area of Maas-

tricht University (the Netherlands) via an advertisement in

local newspapers and had not participated in any structured

exercise training program in the past 5 years and were all liv-

ing independently. All participants were informed of the nat-

ure and possible risks of the experimental procedures before

their written informed consent was obtained. This study was

approved by the Medical-Ethical Committee of Maastricht

University and complied with the guidelines set out in the

Declaration of Helsinki. This study is part of a greater study

investigating the impact of nutrition and exercise on skeletal

muscle health in older adults (Leenders et al. 2013).

Procedures and Analyses

All participants arrived at the laboratory in the morning

following an overnight fast, after which a single muscle

biopsy was taken from the m. vastus lateralis. After local

anesthesia was induced in the skin, a percutaneous needle

biopsy sample (50–80 mg) was collected from the vastus

lateralis muscle, approximately 15 cm above the patella.

Any visible nonmuscle tissue was removed immediately,

and biopsy samples were embedded in Tissue-Tek (Sakura

Finetek, Zoeterwoude, the Netherlands), frozen in liquid

nitrogen-cooled isopentane, and stored at �80°C until

further analyses. Next, a standard Oral Glucose Tolerance

Test (OGTT) was performed, as described previously

(Leenders et al. 2013). Blood samples were taken from an

antecubital vein at baseline (t = 0 min), and after 30, 60,

90, and 120 min following glucose ingestion. The partici-

pants were instructed to refrain from strenuous physical

activity for at least 3 days prior to the test day. To assess

habitual physical activity, participants completed a 2-day

physical activity diary 1 week prior to the test day.

Whole-body and regional fat and fat-free mass were

determined by DXA scan (Discovery A, QDR Series;

Hologic, Bradford, MA). Leg strength was assessed by

performing a one-repetition maximum (1RM) strength

test on a leg press apparatus (Leenders et al. 2013). All

participants completed the entire research protocol, there

were no drop-outs.

Blood analyses

Plasma insulin and glucose concentrations were deter-

mined by using an Insulin RIA Kit (LINCO Research

Inc., St Charles, MO) and COBAS FARA analyzer (Uni

Kit III; Roche, Basel, Switzerland) and a test kit from

ABX Diagnostics (Montpellier, France), respectively.

Blood HbA1c contents were analyzed by high-perfor-

mance liquid chromatography (Bio-Rad Variant II 4,

Munich, Germany). Indices of whole-body insulin sensi-

tivity and/or oral glucose tolerance were assessed by fast-

ing blood glucose and insulin concentrations using the

oral glucose insulin sensitivity (OGIS) index and the insu-

lin sensitivity index (ISI) were calculated from the data

derived from the OGTT, as described previously (Gutt

et al. 2000; Mari et al. 2001).

Immunohistochemistry

Samples were stained with antibodies against myosin

heavy-chain type I (clone A4.951 (slow isoform), neat;

DSHB); laminin (1:1000; Abcam ab11575, Abcam, Cam-

bridge, MA) and CD31 (ab28364 1:30, Abcam, Cambridge,

MA). For immunofluorescent detection, secondary anti-

bodies used were as follows: myosin heavy-chain type I

(clone A4.591) (goat antimouse Alexa Fluor 488, 1:500,

Invitrogen); laminin (goat antirabbit Alexa Fluor 488,

1:500, Invitrogen); and CD31 (goat antirabbit Alexa Fluor

647, 1:500, Invitrogen, Molecular Probes, Carlsbad, CA).

Histochemical methods were adapted from previous pub-

lished methods (Nederveen et al. 2016; Snijders et al.

2017). Slides were viewed with the Nikon Eclipse Ti Micro-

scope (Nikon Instruments, Inc), equipped with a high-

resolution Photometrics CoolSNAP HQ2 fluorescent cam-

era (Nikon Instruments, Melville, NY). Images were cap-

tured and analyzed using the Nikon NIS Elements AR 3.2

software (Nikon Instruments, Inc.). The quantification of

muscle fiber size and type distribution was performed on

176 � 19 and 145 � 19 type I and type II muscle fibers

per subject, respectively. In addition, CFPE index was

determined on ≥50 muscle fibers per subject. CPFE index

was calculated as described previously (Hepple et al. 1997).

Statistics

Data are expressed as means�SD. Based on the median

value for the entire group, participants were divided into

two equal groups with relative LOW (mean: 5.2 � 0.6

capillaries�1000 lm�1) or HIGH (mean: 7.0 � 0.9 capil-

laries�1000 lm�1) CFPE index. All Kolmogorov–Smirnov

test was used to check for normality. All dependent

parameters were normally distributed according to Kol-

mogorov–Smirnov test, with the exception of age and
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mean energy expenditure. For all normally distributed

parameters, an independent samples t test was used to

examine differences, body composition, muscle strength,

muscle fiber size, and blood profile between the LOW

and HIGH groups. A nonparametric Mann–Whitney U

test was performed to assess difference in age and mean

energy expenditure between the LOW and HIGH group.

OGTT results were analyzed using repeated measures

ANOVA with time (T0, T30, T60, T90, and T120 min) as

within-subject factor and group (LOW vs. HIGH) as

between-subject factor. Bonferroni correction was applied

to correct for multiple testing. Pearson correlation analy-

ses was used to established whether mixed muscle fiber

CFPE index was associated with different indices of glu-

cose homeostasis/insulin sensitivity, fiber type distribu-

tion, and whole-body fat mass in the entire group of

subjects. Significance was set at P < 0.05. Calculations

were performed using SPSS version 21.0 (Chicago, IL).

Results

Subjects’ characteristics

No significant differences were observed between LOW

and HIGH for age (71 � 7 vs. 69 � 5 year), height

(1.76 � 0.05 vs. 1.76 � 0.07 m, respectively), whole-body

lean mass (62.8 � 3.8 vs. 59.8 � 5.7 kg, respectively), leg

lean mass (19.7 � 1.2 vs. 19.3 � 1.9 kg, respectively),

and 1RM leg press strength (212 � 28 vs. 207 � 21 kg,

respectively). In addition, type I and type II muscle fiber

size (average per fiber) were comparable between the

LOW (5907 � 1362 and 5130 � 935 lm2, respectively)

and the HIGH (5759 � 963 and 5171 � 1295 lm2,

respectively) groups. Interestingly, the percentage of type

I muscle fibers was significantly lower in the LOW

(45 � 4%) compared with the HIGH (64 � 5%) group

(P < 0.01). Body mass index (BMI) was significantly

higher in the LOW (28.9 � 2.0 kg�m�2) compared with

the HIGH (25.8 � 2.4 kg�m�2) group (P < 0.01). In

addition, whole-body fat mass was significantly higher in

the LOW (23.1 � 4.8 kg) compared with the HIGH

(17.2 � 5.0 kg) group (P < 0.05). Habitual physical

activity level, expressed as mean energy expenditure per

day, did not differ between groups (LOW: 1.57 � 0.27 vs.

HIGH: 1.48 � 0.16 MET�d�1, respectively). No differ-

ences were observed in HbA1c between groups (LOW:

5.5 � 0.5 vs. HIGH 5.5 � 0.4%, respectively).

Oral glucose tolerance test

At baseline, no differences in fasting plasma glucose

(5.8 � 0.5 vs. 5.4 � 0.5 mmol/L, respectively) and insu-

lin (18.9 � 4.9 vs. 14.3 � 4.3 mU/L, respectively)

concentrations were found between the LOW and HIGH

group, respectively. In response to glucose ingestion,

plasma glucose levels increased significantly over time

(main effect of time P < 0.0001) and returned back to

baseline level at t = 120 min, with no differences between

the groups (Fig. 1A). In agreement, plasma glucose area

under the curve did not differ between groups (Fig. 1C).

Based upon the individual plasma glucose values from the

OGTT all participants were normal glucose tolerant.

Plasma insulin concentrations increased significantly over

time, with peak levels being reached at t = 60 min, in

both groups (Fig. 1B). Although no significant time x

group interaction (P = 0.125) was observed, we did find a

main effect for group (P < 0.05), indicating that overall

insulin concentrations were higher in the LOW versus the

HIGH group (Fig. 1B). In accordance, plasma insulin

concentrations expressed as area under the curve were

significantly higher in the LOW versus the HIGH group

(Fig. 1D). In addition, ISI and OGIS were significantly

lower in the LOW (ISI: 2.0 � 0.8 and OGIS: 395 � 42,

respectively) compared with the HIGH (ISI: 4.0 � 2.1

and OGIS: 450 � 38, respectively) group (both P < 0.05).

A significant positive correlation was observed between

mixed CFPE index and OGIS (r = 0.473, P = 0.030;

Fig. 1E) and ISI (r = 0.453, P = 0.039; Fig. 1F) in the

complete group of subjects. Indicating that greater muscle

fiber capillarization is associated with greater insulin sen-

sitivity. Furthermore, the proportion of type I muscle

fibers was significantly correlated with OGIS (r = 0.461,

P = 0.036), ISI (r = 0.477, P = 0.029), and whole-body

fat mass (r = �0.591, P < 0.01). Finally, we observed a

significant correlation between whole-body fat mass and

CFPE index (r = �0.618, P < 0.01), OGIS (r = �0.706,

P < 0.01), and ISI (r = �0.684, P < 0.01).

Discussion

This study shows that relative low muscle fiber capillar-

ization is associated with indices of lower whole-body

insulin sensitivity in healthy older adults.

Previous studies have demonstrated a relationship

between muscle fiber capillarization and insulin sensitivity

(Lillioja et al. 1987; Marin et al. 1994; Hedman et al.

2000; Prior et al. 2009). However, these studies included

participants from various age categories, body composi-

tion (lean and obese), and/or disease states (healthy, type

II diabetes patients, chronic stroke patients), all of which

may have confounded this association (Lillioja et al. 1987;

Marin et al. 1994; Hedman et al. 2000; Prior et al. 2009).

We confirm previous studies showing that low muscle

fiber capillarization is associated with lower whole-body

indices of insulin sensitivity. However, we show for the

first time that this relationship is also present in a relative
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homogeneous group with respect to age, disease state,

lean tissue mass, muscle strength, fiber size, and/or

HbA1c level. To reach similar blood glucose levels, the

postprandial increase in insulin concentrations at

t = 60 min was almost twofold higher in the LOW versus

the HIGH group (Fig. 1B). This was further supported by

significantly higher insulin AUC during the 2 h OGTT,

and lower whole-body insulin sensitivity indices (ISI and

OGIS) in the LOW group. Despite the absence of differ-

ences in lean mass and/or fiber size between groups the

level of capillarization was accompanied by postprandial

insulin levels. Interestingly, the proportion of type I mus-

cle fibers was significantly lower in the LOW (45 � 4%)

compared with the HIGH (64 � 5%) group. In addition,

a positive correlation was observed between the propor-

tion of type I muscle fibers and indices of insulin sensitiv-

ity (e.g., OGIS and ISI). This is in line with previous

reports showing a relationship between fiber type distri-

bution and insulin sensitivity (Lillioja et al. 1987; Stuart

et al. 2013). Due to their oxidative nature, type I muscle

fibers are typically associated with a greater number of

capillaries than type II muscle fibers. With aging type II

muscle capillarization has been shown to decrease signifi-

cantly (Groen et al. 2014; Nederveen et al. 2016). As

muscle capillaries are frequently shared between different

muscle fiber types, a higher percentage of type I muscle

fibers will also likely result in an enhanced perfusion of

type II muscle fibers subsequently increasing the overall

perfusion capacity, and possible insulin sensitivity, of the

entire skeletal muscle bundle. The relationship between

fiber-type composition and whole-body fat mass observed

might suggest that these are both part of a more general-

ized syndrome resulting in a decrease in insulin sensitivity

and abnormal glucose tolerance.

Although in this study all subjects were considered

nonobese (BMI <30 kg�m�2), we do observe a small, but

significant, difference in BMI and whole-body fat mass

between the LOW and HIGH group. Furthermore, we

observe a negative association between whole-body fat

mass and indices of insulin sensitivity and CFPE index.

Although muscle fiber capillarization, fat mass, and insu-

lin sensitivity are clearly interconnected, a previous study

with a larger sample size has already demonstrated that

while fat mass and muscle fiber capillarization are related,

they both appear to have independent effects on whole-

body insulin sensitivity (Lillioja et al. 1987).

Although this study does not establish causality and we

should not ignore the small (but significant) difference in

BMI (fat mass) between the two groups, we speculate that

capillary networks may be of more relevance for insulin-

A C E

B D F

Figure 1. Plasma glucose (A and C), insulin concentrations (B and D), and insulin sensitivity indices (E and F) during an oral glucose tolerance

test (OGTT) in healthy older adults with a relative low and high level of muscle fiber capillarization. Data are presented as Means�SEM. Low:

relative low muscle fiber capillarization is based on capillary-to-fiber exchange (CFPE) index. High: relative high muscle fiber capillarization based

on CFPE index. * Significant effect of group P < 0.05. ** Significantly different compared with Low P < 0.05. Different letters indicate

significant differences from one another. Pearson correlation between CFPE and Oral Glucose Insulin sensitivity (OGIS) (E) and Insulin Sensitivity

Index (ISI) (F).
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induced postprandial glucose uptake when compared with

the absolute amount of lean mass. Therefore, future stud-

ies should be aware that interindividual differences in

muscle fiber capillarization, in a homogeneous group of

(healthy) older adults, may be a decisive factor in a num-

ber of physiological processes involving the delivery of

oxygen, substrates, and/or hormones to skeletal muscle.

In conclusion, the present findings suggest that skeletal

muscle tissue capillarization represents an important fac-

tor in glucose tolerance, and may determine whole-body

insulin sensitivity in the older population.
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