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Abstract

In type 2 diabetes (T2D) patients, physical activity improves glycemic control 
partly via enhanced insulin-induced whole-body glucose uptake (WBGU). 
Enhancement of insulin-induced microvascular recruitment (IMVR) in skeletal 
muscle may contribute to this improvement. In this study, we examined the effects 
of an exercise program on WBGU and skeletal muscle IMVR. Twelve sedentary 
T2D patients followed a twice-weekly combined aerobic and resistance exercise 
program for 12 weeks. At baseline and post-exercise, all participants underwent 
a hyperinsulinemic-euglycemic clamp with stable glucose isotopes to assess 
glucose infusion rate (GIR), suppression of endogenous glucose production 
(EGP) and rate of glucose disappearance (glucose Rd). Skeletal muscle IMVR 
was assessed with contrast-enhanced ultrasound by determining microvascular 
blood volume (MBV) during fasting and hyperinsulinemia. Before the 
intervention, insulin did not significantly change MBV or microvascular blood 
flow. There was a trend (p=0.060) in increase in microvascular flow velocity. 
The exercise program significantly reduced weight, BMI, fat percentage and 
waist circumference, and increased GIR and levels of Ser1177 p-eNOS in skeletal 
muscle tissue, but did not significantly alter suppression of EGP, glucose Rd, or 
skeletal muscle IMVR. In conclusion, exercise increased GIR, which was mainly 
driven by an acceleration of insulin-induced WBGU.  
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Introduction

In patients with type 2 diabetes (T2D), physical activity improves glycemic 
parameters1,2 partly by enhancing insulin-induced whole-body glucose uptake 
(WBGU)3. However, compliance has proven to be a major challenge in studies 
with long exercise programs and most T2D patients eventually need medication 
for adequate glucose control4. Therefore, it is important to reveal mechanisms 
behind exercise-induced improvement in insulin-induced WBGU to ultimately 
identify new therapeutic options. The mechanisms by which physical activity 
improves insulin-induced WBGU have been investigated extensively and 
cannot be ascribed to a single factor. The exercise-induced increase in insulin-
induced WBGU, which occurs predominantly in the skeletal muscle, is believed 
to result from improvements in muscle insulin signaling, increased glucose 
uptake transporter (GLUT)-4 mRNA expression and protein content as well as 
increased enzyme activity of hexokinase and glycogen synthase5. 

It is likely that there are additional mechanisms by which physical activity 
enhances insulin-induced WBGU. A possible mechanism could be an increased 
delivery of insulin to the skeletal muscle interstitial space. The delivery of 
insulin to the myocyte is affected by blood flow, blood flow distribution 6,7 and 
trans-endothelial transport (TET) of insulin 8, processes regulated by nitric 
oxide (NO) bio-availability at different sites within the microcirculation 9. The 
process in which insulin increases the number of blood-perfused capillaries 
in skeletal muscle tissue is called insulin-induced microvascular recruitment 
(IMVR) and results from dilation of pre-capillary arterioles via insulin-induced 
NO production 2,10. In this way insulin facilitates muscle glucose uptake via 
improved delivery of insulin and glucose to myocytes11. In insulin resistant 
individuals, such as obese subjects and T2D patients, skeletal muscle IMVR 
is impaired and even shifted to insulin-induced microvascular decruitment12-15. 
This impairment is the result of pathway-selective insulin resistance; i.e. 
impaired insulin-mediated production of NO production, whereas insulin-
mediated production of endothelin-1 (ET-1) is not affected11. 

It was recently shown that 6-weeks of resistance training improves forearm 
muscle microvascular blood flow after an oral glucose challenge, which was 
associated with improved glycemic control2. However, in this study, the 
influence of insulin per se on microvascular blood flow was not assessed. In 
the present study, we investigated whether 12 weeks of combined aerobic and 
resistance training in T2D patients improves skeletal muscle IMVR and if this 
mediates exercise-induced improvements in insulin-induced WBGU. 
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Methods

The study was approved by the local medical ethics committee of the Amsterdam  
University Medical Centers, location VUMC and was conducted according to 
the Declaration of Helsinki16. Prior to inclusion, all participants signed a written 
informed consent form. 

Study participants
Fifteen obese and sedentary T2D patients participated in a prospective 12 week 
exercise program. Prior to inclusion all participants were examined during a 
screening visit. A medical history and physical examination was performed. 
In order to be eligible to participate in this study, all subject had to meet 
the following inclusion criteria: T2D according to the ADA criteria, age> 45 
years (females post-menopausal), BMI >30 kg/m2, HbA1c < 80 mmol/mol, 
stable metformin monotherapy and no changes in other medications in the 
last 3 months prior to inclusion. None of the participants had a history of 
cardiovascular disease or severe lung emphysema. None of the participants used 
an platelet inhibitor or anticoagulants. Subjects did not participate in a lifestyle 
program (diet or exercise) in the past 6 months before study enrollment. In 
addition, study participants were asked not to change their dietary behaviors.

Exercise program
The exercise program consisted of a twice-weekly 60 minute workout for 12 
weeks, which combined 30 minutes of endurance with 30 minutes of strength 
training guided by a physical therapist. The exercise program was accustomed 
for each participant according to the abilities of the subject at baseline, based 
on PACE-score and questionnaires. After the first 7 weeks an interim evaluation 
and setting of new goals took place. The program aimed at 5% reduction of total 
body fat percentage and reduction in BMI and waist circumference. Compliance 
to the training was defined as an ≥75% participation rate (at least 18 of 24 
sessions) and was documented by the physical therapist. If these criteria were 
not met patients were excluded before analysis. 

Study design
Anthropomorphic parameters, blood pressure and laboratory blood tests were 
measured before and after the exercise program. In addition, we performed 
an hyperinsulinemic-euglycemic clamp in combination with continuous 
cardiovascular monitoring with peripheral plethysmography and contrast-
enhanced ultrasonography just before and during (t=210-270 minutes) the 
clamp. At the end of the hyperinsulinemic-euglycemic clamp, during continuous 
insulin infusion, a skeletal muscle biopsy was obtained from the vastus lateralis 
muscle. To minimize the influence of acute effects of an exercise bout, patients 
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were requested to refrain from any exercise during a seven-day period before 
the post-exercise measurement (week 13). There were no changes in medication 
use allowed during the study. Participants refrained from taking metformin and 
diuretics on the morning of both test days.  

Hyperinsulinemic-euglycemic clamp 
We performed a hyperinsulinemic-euglycemic clamp with stable isotopes to 
measure hepatic and peripheral insulin sensitivity as described previously17,18. 
Briefly, after an overnight fast of at least 10 hours, participants were admitted 
to the Clinical Research Unit of the VU University Medical Center at 08.30 a.m. 
Two indwelling cannulas were inserted; one in each antecubital vein. Blood 
was drawn prior to infusion to determine background isotope enrichment. 
Then, a primed continuous infusion of [6,6-2H2]-glucose (prime: 11 μmol kg-1; 
continuous: 0.11 μmol kg−1min−1) was started and continued until the end of the 
clamp. After a 2 hour equilibrium period, we started a primed [1200mU m-2] 
continuous insulin [NovoRapid, Novo Nordisk, Bagsvaerd, Denmark] infusion 
at a rate of 40 mU m−2 min−1 for the total duration of at least 120 minutes. 
The clamp was extended when glucose concentration did not reach 5 mmol/L 
within the hour. If this happened during the first clamp, the second clamp was 
extended for a similar period. Venous glucose concentrations were measured 
every 5 min at bedside and glucose 20% was started to maintain a plasma 
glucose concentration of 5 mmol/L. 

Body impedance analysis
Body fat percentage was assessed using the single frequency bioelectrical 
impedance analyzer (BIA) Maltron BF-906 [Maltron International Ltd, Essex, 
UK]. Measurements were done in the morning on each test day.

Finger plethysmography 
A non-invasive finger plethysmographic monitoring device [Nexfin, BM Eye, 
Amsterdam, The Netherlands] was used to calculate stroke volume (SV), heart 
rate (HR), cardiac output (CO) and systemic vascular resistance (SVR) from 
the obtained pulse waveform. The operating mechanism of this device has been 
described previously19. Continuous monitoring was performed during 5 minutes 
before and during the hyperinsulinemic-euglycemic clamp. Afterwards, a stable 
period of 30 seconds within these 5 minutes was analyzed.

Contrast-enhanced ultrasound (CEUS)
We measured insulin-induced skeletal muscle IMVR by real-time contrast-
enhanced ultrasonography (CEUS). A Siemens-Acuson Sequoia 512 [Siemens-
Acuson, Mountain AIew, CA, USA] equipped with 17L5 and 4Vc1 transducers 
was used. With the subject lying in a supine position, the vastus lateralis 
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muscle was imaged 15 cm proximal of the knee joint. The 17L5 transducer 
was used to obtain an anatomical image which was used to put the probe in a 
similar position during the first and second clamp.  Subsequently, SonoVue® 
microbubbles (GMP produced) were diluted by NaCl 0.9% (10ml of Sonovue® 
combined with 10 ml NaCl) and infused at a constant rate of 1.5 ml/min during 
approximately 12 minutes. Thereafter, the 4Vc1 transducer with low frequency, 
which gives optimal microbubble resonance, was used for the contrast-enhanced 
measurements. When steady-state concentration of the microbubbles was 
attained, 3 real-time inflow curves were generated at a mechanical index of 
0.20 with a duration of 45 seconds after destruction of the microbubbles with a 
high mechanical index ultrasound pulse of 1.9. We performed this measurement 
before and at the end of the hyperinsulinemic-euglycemic clamp. Gain (0), 
focal depth (2-4cm), ultrasound frequency (2Mhz) and dynamic range (50dB) 
were standardized and kept at equal values across all measurements. Acoustic 
intensities (AI) were analyzed using the Image Processing toolbox in MATLAB, 
version R2012a [Mathworks, Natick, MA, USA] as described previously15. The 
raw log-compressed AI values were linearized to arbitrary units (AU) on a 
per-pixel level before data were fitted to the exponential function20. Mean AI 
during the first 0.5 seconds was subtracted from the total signal to correct for 
large vessels and background noise. CEUS determines a relative measure of 
microvascular blood volume (MBV), microvascular flow velocity (MFV) and 
microvascular blood flow (MBF), which is the product of MBV*MFV. IMVR is 
the percentage increase in MBV during hyperinsulinemia. 

Skeletal muscle biopsy
To obtain skeletal muscle samples from the upper leg we performed a needle 
biopsy [5mm Bergström needle] of the vastus lateralis muscle at approximately 
15 centimeter from the knee joint. After application of local anesthesia an incision 
of 5mm in length was made through the skin, the subcutaneous adipose tissue 
and the muscle fascia. Thereafter the Bergstrom needle was applied to obtain 
specimens from skeletal muscle. Biopsy specimens were stored immediately in 
liquid nitrogen for analysis of protein expression (α-actinin, GLUT-4, eNOS, 
Ser1177 p-eNOS) by Western blotting.

Western blotting  
After extraction the biopsies were fast frozen in liquid nitrogen and stored 
at -80ºC. The tissue is then homogenized and protein concentration of the 
supernatant was measured by pierce 660 nm protein assay kit. Next, 10 ug 
protein is loaded on 4–15% Criterion™ TGX™ Precast Biorad Protein Gel. After 
separation samples were transferred to PVDF membrane and blocked for 1 hour 
at room temperature with 5% Milk in Tris-buffered saline with 0.1% Tween 
(TBST). After blocking membranes were incubated with primary antibody 
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p-eNOS Ser1177 (sc-12972) 1:250, eNOS ab5589: 1:500, GLUT4 (PA1-1065): 
1:1000, Anti-α-Actinin A7811 Sigma: 1:1000, overnight at 4° C. Membranes were 
washed and incubated in secondary antibody Rabbit Immunoglobulins, Goat 
Anti-, Polyclonal, HRP 1:1000 for one hour at room temperature and washed 
again. Protein bands were visualized using enhanced chemiluminescence. 

Statistical analysis
All data were analyzed with SPSS version 22. All data are presented as median 
[minimum-maximum]. Wilcoxon rank tests were used to identify significant 
differences between pre and post-exercise measurements. Both paired and unpaired 
analysis were performed on the data obtained by Western blots, since failed biopsies 
or failed western blots resulted in a low number of pairs (both analysis are shown 
in the paper). Spearman-rank test was used to detect correlations between insulin 
sensitivity and MBV. Non-parametric tests were used because of the small sample 
size. A two‐tailed p < 0.05 was considered significant.  

Results

Study participants
We included 15 T2D patients in this exercise study. Three patients were excluded 
from analysis. Two patients were excluded based on their low compliance score 
(<75%); in one patient we were unable to reach glucose levels of 5mmol/L. 
The characteristics at baseline and at the end of the exercise protocol of the 
remaining 12 participants are shown in table 1. 

Anthropometric data and blood samples
The exercise protocol resulted in small but significant reductions in body weight 
(from 101.3[75.4-115.7] to 100.5[73.6-113.5]kg; p=0.008), BMI (from 32.7[29.6-
39.1] to 32.2[29.9-38.5]kg/m2; p=0.008), fat percentage (from 39.1[24.2-48.4] 
to 37.5[24.6-45.3]% p=0.028) and waist circumference (from 112[94-130] 
to 109[93-123]cm; p=0.003). Hip circumference, waist/hip ratio, lean mass, 
blood pressure, HbA1c, fasting glucose, fasting insulin and cholesterol values 
were not significantly different post-exercise (table 1). 

Metabolic effects of exercise
The area under the curve (AUC) of glucose infusion rate (GIR) from the first 
±25 minutes of the clamp protocol until the end of the protocol was significantly 
higher post-exercise compared with baseline (baseline: 52.74 [5.3- 144.6]; 
post-exercise: 64.1 [14.5- 144.7] ml/kg; p=0.015), which was largely based on 
the first hour of the clamp (figure 1). The exercise program did not result in 
changes in suppression of endogenous glucose production (EGP) or rate of 



128

Chapter 6

glucose disappearance (glucose Rd) calculated from isotope concentrations in 
blood samples from the last 25 minutes of the hyperinsulinemic-euglycemic 
clamp (table 2). Other glycemic parameters, such as HbA1c, fasting glucose and 
fasting insulin levels were also unaltered (table 1). 

Cardiovascular effects of insulin 
At baseline, insulin infusion did not significantly change blood pressure, 
cardiac output, stroke volume, heart rate or systemic vascular resistance. In 
addition, skeletal muscle MBV and MBF did not significantly change during the 
hyperinsulinemic-euglycemic clamp. Median MFV was doubled after insulin 
infusion (fasting: 0.0322[0.0085-0.1360]; hyperinsulinemia: 0.0674[0.0118-
0.3740], with a near significant p-value of p=0.060 (table 3).

Figure 1: Plasma glucose and glucose infusion rate (GIR) during the hyper-
insulinemic-euglycemic clamp at baseline and post-exercise 
Area under the curve was calculated from 25 minutes from initiation of the clamp until the end of 

the clamp. Values are presented as mean +/- SEM. 
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Table 1: patient characteristics baseline compared with post-exercise

Variables Baseline Post-exercise p-value*

Age (years) 54[46-69] (-) (-)

Sex (male/female) 6/6 (-) (-)

Diabetes duration (years) 6[0-16] (-) (-)

Metformin dosage (mg) 1250[500-2000] (-) (-)

Cholesterol lowering medications (n) 6 (-) (-)

Blood pressure lowering medications (n) 6 (-) (-)

Weight (kg) 101.3[75.4-115.7] 100.5[73.6-113.5] 0.008

BMI [(kg/m²) 32.7[29.6-39.1] 32.2[29.9-38.5] 0.008

Waist circumference (cm) 112[94-130] 109[93-123] 0.003

Hip circumference (cm) 115[105-123] 11[103-125] 0.385

Waist/Hip ratio 0.96[0.89-1.08] 0.95[0.84-1.07] 0.079

Fat percentage (%) 39.1[24.2-48.4] 37.5 [24.6-45.3] 0.028

Lean mass (kg) 60.1[43.1-81.1] 59.9[45.8-78.8] 0.530

Diastolic Blood Pressure (mmHg) 88 [77-109] 84[64-102] 0.071

Systolic Blood Pressure (mmHg) 134[113-166] 130[104-161] 0.388

Mean arterial pressure (mmHg) 100[86-128] 99[77-122] 0.239

HbA1c (mmol/mol) 50[41-64] 47,5[38-76] 0.723

Fasting glucose (mmol/L) 7.3[5.2-12.7] 7.2[4.7-16.0] 0.444

Fasting insulin (pmol/L) 92[42-143] 77[52-147] 0.401

Fasting FFA (mmol/L) 0.67[0.20-0.85] 0.58[0.30-1.20] 0.724

GGT (mmol/L) 30[13-149] 24[12-173] 0.349

ALAT (mmol/L) 38[18-66] 29[17-71] 0.083

Cholesterol (mmol/L) 4.7[2.9-6.2] 4.3[2.9-6.3] 0.205

HDL (mmol/L) 1.14[0.78-1.91] 1.10[0.86-2.05] 0.477

LDL (mmol/L) 2.8[0.70-4.1] 2.5[0.8-3.6] 0.447

TG (mmol/L) 1.3[0.8-4.9] 1.6[0.8-4.2] 0.798

Data are numbers or median [minimum - maximum] ; *Wilcoxon-rank test ALAT = alanine-

aminotransferase; BMI = body mass index; GGT = gamma-glutamyltransferase; HbA1c = 

hemoglobin A1c; HDL = high-density lipoprotein; LDL = low-density lipoprotein TG = triglycerides
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Table 2: hyperinsulinemic-euglycemic clamp baseline compared with post-
exercise 

Variable Baseline Post-exercise p-value*

Mean glucose concentration (mmol/L) 5.02 [4.88-5.26] 5.00 [4.81-5.67] 0.272

Mean insulin concentration  (pmol/L) 542 [419-851] 527 [283-712] 0.169

Glucose Rd (μmol/min) 18.5 [9.9-68.7] 22.4 [12.2-53.5] 0.272

GIR AUC (ml/kg) 55.9 [5.3-144.6] 64.1 [14.5144.7-] 0.015

EGP clamp (μmol/min) 7.8 [4.5-42.6] 9.7 [5.5-33.9] 0.754

EGP suppression (%) 47.0 [24.1-55.4] 47.3 [31.5-59.8] 0.953

Data are median [minimum-maximum]; *Wilcoxon-rank test AUC = area under the curve EGP = 

endogenous glucose production; Rd = rate of disappearance; GIR = glucose infusion rate  

Table 3: insulin-mediated (cardio)vascular effects

Variable Fasting Hyperinsulinemia p-value*

Diastolic BP (mmHg) 69 [61-85] 71 [57-89] 0.562

Systolic BP (mmHg) 134 [108-157] 134 [114-165] 0.666

Cardiac output  (L/min) 7.2 [4.9-9.3] 7.1 [4.6-8.5] 0.432

Heart rate (bpm) 66 [51-89] 66 [46-88] 0.721

Stroke volume (ml) 105 [91-118] 100 [86-122] 0.533

SVR  (dyn·s/cm5) 1217 [830-1642] 1144 [870-1610] 0.814

MBV (AI) 3.04*10-4[1.50*10-5-2.44*10-3] 1.47*10-4[0.30*10-6-1.28*10-3] 0.136

MFV  (1/s) 0.0322[0.0085-0.1360] 0.0674[0.0118-0.3740] 0.060

MBF (AI/s) 9.13*10-6[4.62*10-7-8.05*10-5] 7.16*10-6[3.38*10-7 - 8.70*10-5] 0.814

Data are median [minimum-maximum]; *Wilcoxon-rank test Bpm = beats per minute; MBV = 

microvascular blood volume; MFV = microvascular flow velocity; MBF = microvascular blood flow; 

SVR=systemic vascular resistance   
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Table 4: (cardio)vascular measurements baseline compared with post-exercise

Variable Baseline Post-exercise p-value*

Diastolic BP change (mmHg) 2 [-10-9] 2 [-7-9] 0.742

Systolic BP change (mmHg) 6 [-25-13] 7 [-12-19] 0.169

CO change (L/min) -0.2 [-0.8-0.8] -0.1 [-0.8-0.9] 0.937

HR change (bpm) 1 [-8-9] 0 [-8-5] 0.406

SV change (ml) -2.5 [-15-9] -1 [-16-9] 0.556

SVR change (dyn·s/cm-5) 29 [-209-217] 49 [-123-271] 0.308

MBV fasting 3.04*10-4 [1.54*10-5-2.44*10-3] 7.51*10-5 [6.96*10-6-1.55*10-3] 0.433

MBV hyperinsulinemia 1.47*10-4 [2.68*10-6-1.28*10-3] 9.86*10-5[4.30*10-6-6.12*10-4] 0.583

MFV fasting 0.032 [0.009-0.136] 0.092 [0.009-1.040] 0.041

MFV hyperinsulinemia 0.067 [0.012-0.374] 0.064 [0.024-0.560] 0.814

MBF fasting 9.11*10-6 [4.62*10-7-8.05*10-5] 1.61*10-5 [3.65*10-7-1.55*10-4] 0.071

MBF hyperinsulinemia 7.16*10-6 [3.38*10-7-8.70*10-5] 7.21*10-6 [1.23*10-6—1.42*10-4] 0.937

IMVR (%) -50.4 [-89.5-227.4] -28.4 [-90.8-520.3] 0.583

Data are median [minimum-maximum]; *Wilcoxon-rank test; Change = difference between 

hyperinsulinemic and fasting condition; bpm= beats per minute; BP=blood pressure;  CO=cardiac 

output; HR=heart rate; SV=stroke volume: SVR=systemic vascular resistance   
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Figure 3: post-exercise correlation between microvascular blood volume (MBV) 
during fasting and hyperinsulinemia with  glucose infusion rate (GIR) Spearman r. 

Figure 4: correlation between the exercise-induced change in microvascular 
blood volume (MBV) during fasting and the exercise-induced change in glucose 
infusion rate (GIR) Spearman r. 

Cardiovascular effects of the exercise program 
The exercise program did not change insulin-induced effects on blood pressure, 
cardiac output, stroke volume, heart rate or systemic vascular resistance (table 
3). Fasting MBV, MBV during hyperinsulinemia and IMVR did not change due 
to the exercise program. However, fasting MFV increased significantly, which 
also led to a near significant change in fasting MBF. MFV and MBF during 
hyperinsulinemia did not change by the exercise protocol (table 4). 

Exercise-induced changes in protein expression (Western blots)
The exercise protocol increased α-actinin (p=0.03; Wilcoxon-rank test) and 
phosphorylated eNOS expression (p=0.02; Mann-Whitney U test) Expression 
of (un-phosphorylated) eNOS and GLUT-4 protein content was not significantly 
increased (figure 2).
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Correlations between insulin sensitivity and muscle perfusion
To study the possible contribution of muscle blood volume to glucose uptake, 
we assessed baseline and post-exercise correlations between GIR and MBV. At 
baseline, we did not detect significant correlations between GIR and muscle 
MBV (baseline: r=0.455; p=0.138; hyperinsulinemia: r=0.492;p=0.208; 
IMVR: r=0.000; p=1.000). After the exercise intervention, MBV during fasting 
(r=0.608; p=0.036) and hyperinsulinemia (r=0.643; p=0.024) were positively 
correlated with GIR (figure 3), but no correlation was detected between GIR 
and IMVR (r=0.294; p=0.354). Furthermore, the exercise-induced change in 
GIR was significantly associated with the exercise-induced change in fasting 
MBV (r=601;p=0.039) (figure 4)., but not significantly correlated with the 
exercise-induced change in  MFV or MBF during fasting conditions, nor with 
the exercise-induced change in MBV, MFV and MBF during hyperinsulinemia.

Discussion

In the present study, a combined aerobic and resistance training of 120 minutes 
per week for the duration of 12 weeks in T2D patients reduced body weight, BMI, 
fat percentage and waist circumference. In addition, GIR as well as α-actinin 
and p-eNOS protein expression during the hyperinsulinemic-euglycemic clamp 
were significantly increased. However, this was not accompanied by significant 
changes in suppression of EGP, glucose Rd nor in skeletal muscle MBV or 
IMVR. Interestingly, we detected significant post-exercise correlations between 
GIR with skeletal muscle MBV during fasting and hyperinsulinemia, which 
did not exist at baseline. Furthermore, the exercise-induced change in GIR 
is significantly correlated with the exercise-induced change in fasting MBV. 
These results suggest that MBV is not altered by this exercise program, but 
does become more relevant to WBGU when other rate-limiting steps of skeletal 
muscle glucose uptake improve. The increase in skeletal muscle levels of Ser1177 
p-eNOS suggests that TET of insulin may be improved. 

In contrast to previous papers, our study did not reveal improvements in 
glucose Rd, suppression of EGP, fasting glucose or HbA1c. A Cochrane review 
on the effects of exercise in T2D demonstrates a clinically relevant decrease in 
HbA1c of 0.6%21. This reduction in HbA1c was achieved over relatively short 
time periods and over a range of exercise intensities. In the present study, our 
sample size may have been too small to detect significant changes in glucose Rd 

or HbA1c, since glucose Rd and HbA1c both non-significantly improved post-
exercise and a significant increase in GIR was demonstrated. Nonetheless, other 
factors may also have contributed to limited glycemic benefits. In most studies 
incorporated in the Cochrane review, participants exercised at least three times 
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per week, whereas our participants were subjected to a twice weekly – total of 
120 minutes - training program. This may be relevant since structured exercise 
training of more than 150 minutes per week has been associated with greater 
HbA1c reductions than that of 150 minutes or less per week1. In addition, in our 
participants diabetes was well-controlled - with lower baseline HbA1c compared 
with most studies included in the Cochrane review -, which diminishes the 
possibility to improve glycemic parameters. 

GIR improved significantly by the exercise program. Glucose Rd and GIR 
both reflect peripheral insulin sensitivity, where Rd  in contrast with GIR 
is independent of EGP. However, differences in (suppression of) EGP are 
an unlikely cause of the detected differences in both parameters of insulin 
sensitivity, since suppression of EGP itself was measured and not altered by the 
exercise program. The differences may be explained by the period in which GIR 
and glucose Rd were measured, i.e. from the first 25 minutes after initiation of the 
hyperinsulinemic clamp until the end of the clamp (GIR) versus during the last 
25 minutes of the clamp (glucose Rd). This indicates that exercise may shorten 
the time it takes insulin to reach the myocyte and hereby enhance early glucose 
uptake rather than glucose uptake at the end of the clamp. The mechanism by 
which this early glucose uptake is achieved may be an increase in capillary TET 
of insulin or an early enhancement in MBV or MBF that was not detected by us, 
since CEUS measurements were conducted at the end of the clamp. The post-
exercise increase in insulin-induced Ser1177 p-eNOS in skeletal muscle tissue 
supports both hypotheses, since endocytosis and transcytosis of insulin as well 
as insulin-induced increase in perfusion are NO-mediated22. The significant 
and positive correlation between the exercise-induced change in MBV during 
fasting conditions with the exercise-induced change in GIR indicates that 
higher MBV during fasting conditions may be important for skeletal muscle 
glucose uptake during the first phase of the clamp. Physiologically, this period 
seems relevant, since rapid glucose uptake after a meal reduces glucose plasma 
levels and thereby prevents organ exposure to hyperglycemia. An alternative 
non-physiological but statistical explanation for the differences in GIR and 
glucose Rd, is the longer duration and additional number of measurements (i.e. 
blood samples) by which GIR was calculated compared with the calculations of 
glucose Rd, which resulted in an increase in power.  

Physical activity has been shown to attenuate inflammation23, which may restore 
impaired insulin signaling of the PI3-kinase/Akt pathway leading to enhanced 
eNOS phosphorylation. Furthermore, exercise is known to increase AMPKα2 in 
T2D patients24, which may also result in higher NO bioavailability via enhanced 
eNOS phosphorylation25. In line with this hypothesis, levels of Ser1177 p-eNOS in 
skeletal muscle tissue were significantly increased post-exercise. However, we 
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did not detect a significant increase in IMVR after the exercise program. Since 
the net result of insulin signaling on skeletal muscle IMVR depends on both NO 
and ET-1 production, these results suggest a possible simultaneous increase 
in local ET-1 production (not measured by us). An alternative explanation 
is that the increase in p-eNOS results mainly from an increase in capillary 
rather than pre-capillary arteriolar p-eNOS and therefore did not result in 
increased microvascular recruitment. Since the data is derived from skeletal 
muscle tissue homogenates, we do not have information on cell-specific Ser1177 
p-eNOS, i.e. we cannot discriminate between  Ser1177 p-eNOS in myocytes and 
endothelial cells. This is likely since capillary endothelial protein is much more 
abundant in a tissue homogenate than arteriolar endothelial protein. Finally, 
the ultrasound data that we obtained is highly variable which may have led to 
false negative observations. Only one previous study has described the effects 
of a long-term exercise program on skeletal muscle perfusion measured by 
CEUS2. In this study, in which T2D patients underwent 6 weeks of resistance 
training, an increase in skeletal muscle microvascular blood flow after an oral 
glucose challenge combined with improved glycemic control was demonstrated. 
In comparison with the hyperinsulinemic-euglycemic glucose clamp, the oral 
glucose challenge involves the influence of gut-derived incretin hormones26 as 
well as β-cell function27 and therefore reflects a more physiological situation. 
However, it does not discriminate between the isolated effects of insulin and 
other physiological factors on skeletal muscle perfusion. In addition, the study 
of Russell et al. reported only MBF, whereas we report MBV, which is more 
important for the delivery of insulin and glucose to the interstitial space11. 
Finally, differences between our and their study may also be explained by the 
efficacy of the exercise program, which resulted in an increase in lean mass 
(i.e. muscle tissue) in the study of Russell et al., whereas we did not detect a 
significant difference.  

We demonstrated significant correlations post-exercise between GIR and 
skeletal muscle MBV during fasting and during hyperinsulinemia, which did 
not exist at baseline. Furthermore, the change in exercise-induced GIR is 
significantly correlated with the change in exercise-induced fasting MBV. These 
observations suggest that although MBV is not altered by this exercise program, 
it does become more relevant to WBGU when exercise improves other rate-
limiting steps of skeletal muscle glucose uptake, such as myocellular insulin 
resistance and capillary TET of insulin. Along the same line, we have previously 
demonstrated that pharmacological enhancement of skeletal muscle perfusion 
in this population at baseline, i.e. when myocellular insulin signaling is largely 
impaired in all participants, did not result in higher WBGU12. In addition, a 
prior study demonstrated that in healthy participant a 2-fold increase in leg 
perfusion in each subject resulted in a ~40% increase in leg glucose uptake 
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in the group as a whole, with the greatest increases seen in the most insulin-
sensitive subjects28. 

Our study has some limitations. First of all, the small sample size and high 
day-to-day variation in some variables may have led to false negative 
observations. We have tried to minimize this effect of the small sample size 
by using a homogeneous study group as well as paired measurements. Second, 
the frequency of the exercise moments was low compared with other exercise 
trials, which may have limited the effects on glycemic parameters and insulin-
induced skeletal muscle IMVR. Finally, in this study, we did not incorporate a 
control population that served as time-control. However, we assume that the 
observations of a reduction in weight, BMI and fat percentage are caused by 
the exercise program rather than time, since other exercise-based randomized 
control trials with type 2 diabetes patients have shown that these parameters 
remain stable in control groups29. 

In conclusion, we aimed to identify exercise-induced improvements in skeletal 
muscle IMVR as mediator of improvements in insulin-induced WBGU. However, 
in this study skeletal muscle IMVR did not change, even though the exercise 
protocol was successful in reducing body weight, BMI, waist circumference, fat 
percentage, and increased GIR as well as the protein expression of α-actinin. 
The increase in GIR is mainly driven by an acceleration of insulin-induced 
glucose uptake. In addition, the relationship between GIR with MBV after 
exercise suggests that MBV becomes more rate-limiting to WBGU when other 
rate-limiting steps of glucose improve. Future studies on this topic should 
feature a larger sample size and higher exercise frequency. 
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