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A B S T R A C T   

Aerobic training can improve vascular endothelial function in-vivo. The aim of this study was to elucidate the 
mechanisms underlying this improvement in isolated human microvascular endothelial cells. Sedentary males, 
aged 57 ± 6 years completed 8 weeks of intense aerobic training. Resting muscle biopsies were obtained from the 
thigh muscle and used for isolation of endothelial cells (pre n = 23, post n = 16). The cells were analyzed for 
mitochondrial respiration, H2O2 emission, glycolysis, protein levels of antioxidants, NADPH oxidase, endothelial 
nitric oxide (NO) synthase and prostacyclin synthase (PGI2S). In-vivo microvascular function, assessed by 
acetylcholine infusion and arterial blood pressure were also determined. Endothelial mitochondrial respiration 
and H2O2 formation were similar before and after training whereas the expression of superoxide dismutase and 
the expression of glutathione peroxidase were 2.4-fold (p = 0.012) and 2.3–fold (p = 0.006) higher, respectively, 
after training. In-vivo microvascular function was increased by 1.4-fold (p = 0.036) in parallel with a 2.1-fold 
increase in endothelial PGI2S expression (p = 0.041). Endothelial cell glycolysis was reduced after training, as 
indicated by a 65% lower basal production of lactate (p = 0.003) and a 30% lower expression of phospho-
fructokinase (p = 0.011). Subdivision of the participants according to blood pressure at base-line (n = 23), 
revealed a 2-fold higher (p = 0.049) rate of H2O2 production in endothelial cells from hypertensive participants. 
Our data show that exercise training increases skeletal muscle microvascular endothelial cell metabolism, 
antioxidant capacity and the capacity to form prostacyclin. Moreover, elevated blood pressure is associated with 
increased endothelial mitochondrial ROS formation.   

1. Introduction 

Regular exercise training is known to improve vascular function, 
lower blood pressure, and reduce the risk of cardiovascular disease [1, 
2]. Studies show that the exercise-induced improvement in vascular 
function, to a large extent, depends on an improved endothelial func-
tion, hereunder an enhanced ability of endothelial cells to produce va-
sodilators such as nitric oxide (NO) and prostacyclin [3–5]. Moreover, 

recent evidence from animal models convincingly points at a close as-
sociation between endothelial function and cell metabolism [6,7]. 
Endothelial cells primarily rely on glycolytic energy yield and studies in 
animal models demonstrate that endothelial cell glycolysis, is altered 
with changes in cell-function, primarily through regulation by 6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) [8,9]. The 
mitochondria in endothelial cells are, however, also essential as they 
provide several compounds of vital importance for cellular function 

Abbreviations: ACH, acetylcholine; ADP, adenosinediphosphate; AmR, amplex ultrared; ATP, adenosintriphosphate; CS, citrate synthase; CI, complex I; CII, 
complex II; FCR, flux control ratio; GPX-1, glutathione peroxidase 1; H2O2, hydrogenperoxide; HRP, horse radish peroxide; LVC, Leg vascular conductance; OXPHOS, 
maximal respiration with 5 mM ADP; PFK-1, Phosphofructokinase 1; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PGI2S, prostacyclin 2 syn-
thase; O2, oxygen; ROS, reactive oxygen species; SOD2, superoxide dismutase2. 
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[10]. In addition, mitochondrial dysfunction can lead to increased for-
mation of reactive oxygen species (ROS), which can compromise cell 
viability, reduce the bioavailability of NO, and impair the regulation of 
vascular tone with implications for hypertension [11,12]. Moreover, 
treatment of animals with a mitochondria targeted antioxidant reduces 
arterial stiffness indicating that mitochondrial ROS can reduce arterial 
elasticity thereby contributing to hypertension [13]. Although oxidative 
stress is considered central in the development of hypertension and 
cardiovascular disease, the specific contribution of 
mitochondria-derived ROS in human microvascular endothelial cells 
remains evasive. Specifically, it is unknown, whether ROS formation in 
endothelial cells is altered by exercise training and how this may relate 
to in-vivo vascular endothelial function. In general, although tran-
scriptomics has been conducted on endothelial cells from various tissues 
[7,14], there are to date no studies involving functional determinations 
of endothelial metabolism in human skeletal muscle microvascular cells. 
Knowledge of mechanisms underlying vascular endothelial dysfunction 
in humans and the impact of exercise training, is of importance for a 
translational understanding and for optimization of lifestyle-related 
strategies. 

The aim of the present study was to assess the effect of a period of 
intense aerobic exercise training on redox status and metabolism of 
skeletal muscle-derived microvascular endothelial cells isolated from 
muscle biopsies obtained in middle-aged men. The hypothesis was that 
aerobic exercise training reduces the mitochondrial formation of ROS in 
skeletal muscle-derived microvascular endothelial cells and increases 
glycolysis. To test this hypothesis, microvascular endothelial cells were 
isolated from skeletal muscle samples obtained from the thigh of middle- 
aged men before and after 8 weeks of intense aerobic exercise training. 
The endothelial cells were analyzed for mitochondrial respiration, ROS 
formation, markers of glycolytic metabolism, and target proteins for 
redox balance and endothelial function. The results were related to in- 
vivo microvascular function and to arterial blood pressure. 

2. Materials and methods 

2.1. Study design 

Twenty-three male participants were included in the study (Fig. 1). 
Participants were included if they were habitually inactive (less than 2 h 
moderate intensity exercise per week the last ten years) males, aged 
45–60 years, with a systolic and diastolic blood pressure <140 and < 90 
mmHg, respectively. Exclusion criteria were smoking, prescription 
medication, history or symptoms of cardiovascular disease, renal 
dysfunction, hypercholesterolemia and diabetes mellitus. Cells were 
isolated from 23 participants pre training and from 16 participants post 
training. Only participants from whom cells could be obtained both 
before and after were included in the analysis of training effects (see 
section on Subgroup analysis below). 

The study was approved by the Ethics Committee of the Capital 
Region of Copenhagen (H-18057185) and conducted in accordance with 
the guidelines of the Declaration of Helsinki; ClinicalTrials.gov identi-
fier: NCT03778489. Written informed consent was obtained from all 
participants before enrollment into the study. 

2.2. Experimental protocol 

Participants refrained from caffeine, alcohol and exercise for 24 h 
before both experiment days. 

Familiarization day: Participants were screened via medical ex-
amination, 12-lead ECG and blood sampling from an antecubital vein. 
The participants conducted a familiarization to the maximal oxygen 
uptake test (VO2max). Familiarization was done at least three days before 
Experimental day 1. 

Experimental day 1: On the experimental day 1, participants 
arrived in a fasted state to ensure standardization and to avoid the in-
fluence of food-intake. Body composition was assessed using a dual- 
energy X-ray absorptiometry (DXA) scan (Lunar iDXA, GE Medical 
Systems Lunar, Madison, Wisconsin, USA) and VO2max was determined. 
The test was conducted on a cycle ergometer (Monarch 839E, Varberg, 

Fig. 1. Flowchart of study procedure and drop-out rates. Fig. 1 depicts flow chart of participant drop-out and study procedure showing the main outcome and 
secondary outcome. 
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Sweden) and was initiated with a 4 min warm up at 75 W followed by 6 
min at 120 W. After the warm-up, the test began at 150 W and the 
workload increased with 25 W⋅min− 1 until voluntary exhaustion was 
achieved. The participants then rested for 10 min before cycling at 110% 
of the final workload until volitional exhaustion. This supramaximal test 
was used to verify that VO2max had been achieved [15]. Throughout the 
test, heart rate was monitored by a heart rate monitor (Polar; Kempele, 
Finland) and O2 and CO2 were measured every 5 s (Oxycon Pro System, 
Jaeger, Würzburg, Germany). 

Experimental day 2: On the experimental day 2, the participants 
came to the laboratory after a light breakfast. After local anaesthesia 
(lidocaine, 20 mg/mL; AstraZeneca; Copenhagen, Denmark), a muscle 
biopsy was obtained from m. vastus lateralis for the isolation of endo-
thelial cells. 

Catheters (20 gauge; Arrow International; Reading, PA) were placed 
in the femoral artery and vein of the experimental leg for infusion of 
acetylcholine. The procedure was conducted in the same leg pre- and 
post-training. 

2.3. Home blood pressure measurements 

Participants were provided with blood pressure monitor equipped 
with a cuff, sized 22–42 cm (OMRON M3, OMRON Healthcare; Køge, 
Denmark) to take home for blood pressure measurements. Participants 
were instructed in correct placement of the cuff on the upper arm. 
Measurements of blood pressure were obtained after 20 min of rest in 
supine position. Participants were instructed to make six measurements 
on three mornings and three evenings on days without any intense 
physical activity for at least 24 h prior to measurements. These mea-
surements were conducted prior to the experimental day 2, before and 
after the 8 week training period. 

2.4. In-vivo measurements of endothelial function 

Acetylcholine (Miochol-E, Bausch & Lomb Inc., Berlin, Germany) 
was infused into the femoral artery at a dose of 50 μg min− 1 kg leg 
mass− 1 to evaluate the functional in-vivo measurements of endothelial 
function. After 3 min of infusion, femoral arterial blood flow was 
measured by ultrasound Doppler (Vivid E9; GE Healthcare) and blood 
pressure by intravascular pressure transducers (Pressure monitoring set; 
Edwards Lifescience, Irvine, CA, USA) to calculate leg vascular 
conductance (LVC). The blood pressure during infusions was obtained 
using PowerLab data acquisition system (ADInstruments, Colorado 
Springs, CO) and viewed in Labchart 8 (ADInstruments). LVC was 
calculated as: 

LVC=
leg blood flow

(mean arterial pressure − venous blood pressure)

2.5. Exercise training 

The exercise training protocol consisted of ~50 min of intense aer-
obic interval cycle training on stationary bicycles (Body Bike Interna-
tional, Frederikshavn, Denmark). The training was conducted three 
times per week for 8 weeks and all participants completed a minimum of 
20 sessions. The training protocol consisted of 6 intervals per session 
conducted at intensities between 60 and 95% of HRpeak (Table 1S), 
obtained during the VO2max performance test and subsequently during 
spinning session of the training period. 

2.6. Cell isolation and culture 

Human skeletal muscle microvascular endothelial cell cultures were 
isolated and cultured as previously described [16] with minor modifi-
cations. In brief, the muscle tissue was digested with 0.2% collagenase 
type II (LS004177, Worthington Biochemicals, Lakewood Township, 

NJ), 0.01% DNase (DN25, Sigma-Aldrich, Steinheim, Germany), and 
0.25% trypsin (15090-046, Life Technologies, Waltham, MA, USA) in 
Dulbecco’s modified Eagle medium (DMEM; 11880-028, Gibco, Thermo 
Fischer Scientific, UK). The suspension was centrifuged and the pellet 
was passed through a 70 μm filter (352350, Falcon, Life sciences, Ros-
kilde, DK). The cell-suspension was seeded out into 35 mm dishes 
(140675, NUNC, Roskilde, DK) with 50 mg per dish coated with 
attachment factor (S006100, Gibco, Thermo Fischer Scientific, UK). 
After 5 days in cell culture endothelial cells were harvested after having 
first removed smooth muscle cells. Endothelial cells were isolated in 
primary growth medium (PGM) [DMEM supplemented with 1% Pen 
Strep (15140-122, Invitrogen, Carlsbad, CA, USA), 10% horse serum 
(16050-122, Gibco, Thermo Fischer Scientific, UK), and 10% fetal 
bovine serum (10270-106, Gibco, Thermo Fischer Scientific, UK)] and 
dynabeads (14013, Invitrogen, Carlsbad, CA, USA) coated with Ulex 
Europaeus Agglutinin I (UEA I) (Biotinylated B-1065, Vector labora-
tories, Burlingham, CA, USA) and an antibody to FLK-1 (VEGF receptor 
2; SC-1158, Santa Cruz biotechnology, USA), respectively. Cells were 
washed and seeded onto 35-mm dishes (2 × 104 cells/dish). Cells were 
ready for experiments after four or five days in first or second passage. 

2.7. Immunocytochemistry- purity of cells 

To assess purity of the cell cultures the isolated microvascular 
endothelial cells were seeded out onto glass slides, fixed with 2% 
formaldehyde for 10 min (Sigma Aldrich, Merck, Germany) and stained 
for nuceli with DAPI (Vector laboratories, Burlingham, CA, USA) and 
with the endothelial-specific lectin Ulex Europaeus Agglutinin I (UEA I) 
(Biotinylated B-1065, 1:50, Vector laboratories, Burlingham, CA, USA) 
or VE Cadherin (33168, 1:50, Abcam, Cambridge, UK). Purity was 
assessed as % of nuclei stained for UEA-1 or VE Cadherin (Fig. 2). 

2.8. Cell viability 

All cells were tested for viability prior to measurements of respira-
tion and H2O2 emission. Trypan blue 0.4% ((15250061), Gibco, Thermo 
Fischer Scientific, UK) was added to the cell suspension at 1:1 vol/vol 
and viable cells were counted added to a hemocytometer and expressed 
as % of total [17]. 

2.9. Measurement of mitochondrial respiration and H2O2 emission 

Mitochondrial respiration and H2O2 emission were measured 
simultaneously in intact and permeabilized human microvascular 
endothelial cells at first or second passage using O2k-Fluo LED2 module 
(Oxygraph-2k; Oroboros, Innsbruck, Austria) as previous described 
[16]. All measurements were achieved at oxygen concentrations above 
100 nmol O2 in the chamber at 37 ◦C. The respiration was measured in 
buffer Z containing EGTA (1 mM); MgCl2 (5 mM); K+-MES (105 mM); 
KCl (30 mM); KH2PO4 (10 mM) and albumin (5 mg/ml) at pH 7.1. 
Initially, exogenous superoxide dismutase (SOD; 5U/mL) (Sigma-Al-
drich, MERCK, Germany), Amplex Ultra Red (AmR; (10 μM) (Thermo-
Fisher Scientific, Massachusetts, USA)), Horse Radish Peroxidase (HRP) 
(Sigma-Aldrich, Merck, Germany) (1U/mL) were added to enabling 
fluorometric measurements. Afterwards the cells (300,000 cells) were 
added. Physiological concentration of glucose 5 mM, saponin (0.025%), 
glutamate (10 mM), malate (2 mM) were then added. Succinate (1 mM 
and 10 mM) (state 2) were titrated in 2 steps, followed by saturating 
ADP (5 mM) and magnesium (Mg; 5 mM) (state 3). Thereafter, inhibitors 
and uncouplers; oligomycin (2.5 μM) (state 4O), FCCP (0.5 μM) (State 
3u), rotenone (0.5 μM) and antimycin A (2.5 μM) were added. 

2.10. Flux control ratio (FCR) and leak-control ratio 

The FCR is a ratio of oxygen flux in different respiratory control 
states [16]. FCR’s provide an indication of coupling control and 
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mitochondrial efficiency [18]. The leak-control ratio is an indication of 
uncoupling of the mitochondria at constant OXPHOS capacity [19]. 

2.11. Lactate measurements 

Cell culture dishes media was measured for 4 h. Glucose and lactate 
levels were measured using ABL725 analyser (Radiometer Copenhagen, 
Denmark). The lactate release was calculated as change in lactate over 4 
h. 

2.12. Protein expression 

Cells were lyzed with 100 μl of lysate buffer (R70AA-1, MSD inhib-
itor pack, Rockville, USA) before frozen a − 80 ◦C to further analysis for 
protein determination. Endothelial cell lysates were prepared for 
Western Blot analysis by adding concentrated sample buffer (0.5 M Tris- 
base, DTT, SDS, glycerol, and bromophenol blue) and heated for 3 min at 
96 ◦C prior to loading. Samples were loaded into precast Criterion TGX 

stain-free gels (4–15%) (Bio-Rad, Hercules, USA), Stain-free (TGX) im-
ages of the gels were obtained for normalization of protein content. 
Then, proteins were semi-dry transferred to a polyvinylidene difluoride 
membrane (Immobilon Transfer Membrane, Millipore, Massachusetts, 
USA). The membranes were incubated overnight at 4 ◦C with primary 
antibodies diluted in either: 5% fish (endothelial nitric oxide synthase; 
eNOS, 5589, Abcam, 1:1000), 3% BSA (catalase; 1877, Abcam, 1:2500; 
citrate synthase; CS, 96600, Abcam, 1:500; prostacyclin 2 synthase; 
PGI2S, 23668, Abcam, 1:300; NADPH oxidase 2 glycoprotein 91; 
NADPH oxidase 2 gp91phox, 129068, Abcam, 1:1000; PFK-1; phospho-
fructokinase 1; PFK-1, 166722, Santa Cruz, 1:2000), or 2% milk (su-
peroxide dismutase 2; SOD2, 06-984, Merck Millipore, 1:5000) and 5% 
milk (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PFKFB3, 
181861, Abcam, 1:1500; glutathione peroxidase-1; GPX-1, 22604, 
Abcam, 1:500), respectively. After washing, a secondary horseradish 
peroxidase conjugated antibody (Jackson Immunoresearch, Pennsylva-
nia, USA) was added for 1 h. Membrane staining was visualized by in-
cubation with a chemiluminescent horseradish peroxidase substrate and 
bands were visualized with Luminata Forte (Merck Millipore, Darm-
stadt, Germany), or SuperSignal™ West Femto Maximum Sensitivity 
Substrate (ThermoFisher Scientific, Massachusetts, USA). The images 
were digitized on a ChemiDoc MP system (Bio-Rad, Hercules, USA). All 
proteins were expressed in arbitrary units normalized to the average of 
all samples loaded on the gel. 

2.13. Proliferation assay 

Proliferation of the endothelial cells was determined by incorpora-
tion of 5-Bromo-2′-Deoxyuridine (BrdU) according to the manufac-
turer’s protocol (B23151, ThermoFisher Scientific, Massachusetts, USA). 
Microvascular endothelial cells were grown on 96-wells and incubated 
in duplicates with supplemented medium 200 (M200PRF500 and S-003, 
Gibco, Thermo Fischer Scientific, UK). After 24 h cells were washed and 
incubated for 48 h with supplemented medium 200, then BrdU was 
added for 6 h. Incorporation of BrdU into the DNA was detected by a 
commercial kit via immunoassay (Roche, Germany). 

2.14. Statistical analysis 

Statistical analyses were performed with R (version 3.4.1; R Foun-
dation for Statistical Computing, Vienna, Austria) using the interface 
RStudio (version 1.1.463; RStudio Team, Boston, USA). The current 
study was part of a larger study (manuscript submitted). Comparisons 
were made pre- and post- training with no blood pressure history taken 
into account (Fig. 1). The homogeneity of variance and normal distri-
bution were confirmed through residual and Q–Q plots. A Tukey posthoc 
procedure was used to detect pairwise differences and fdr-adjusted p- 
values are reported. Sixteen participants were included for analysis of 
training, except for protein levels where twelve participants are 
included. For proliferation, cells from nine participants are included and 
lactate measurements six participants are included. 

2.14.1. Subgroup analysis 
A subgroup analysis was performed based on blood pressure to assess 

potential differences between normotensive participants (n = 12) and 
participants with stage 1 hypertension (n = 11, Fig. 1). This data was 
used to divide the participants into 2 groups, one with regular and the 
other with elevated blood pressure. The division into subgroups was 
made according to the classification of AHA/ACC for stage 1 hyperten-
sion (130–139 systolic or 80–89 mm Hg diastolic) [20]. Sufficient 
endothelial cell numbers could not be obtained from all muscle biopsies, 
therefore the number of paired pre-post training samples was 16, 
whereas the number of pre-training (baseline) samples for subgroup 
analysis according to blood pressure was 23 (Fig. 1 and Table 1a,1b). A 
Tukey posthoc correction and fdr-adjusted p-values are reported. Graphs 
were created with GraphPad Prism version 9.2.0 for Windows 

Fig. 2. Representative micrograph showing immunocytochemical identi-
fication of microvascular endothelial cell suspensions used for analysis. 
(A) Arrows show endothelial specific lectin Ulex Europaeus Agglutinin I (UEA I) 
(green) staining for identification of endothelial cells (B) arrows show VE 
Cadherin (green) staining for identification of endothelial cells. Both (A) and 
(B) have DAPI (blue) staining for cell nuclei. Remaining antibody-coated 
magnetic dynabeads appear as green circle shapes. Overall, staining proced-
ures identified that approximately 95% of the cells showed endothelial cell 
positive stain. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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(1995–2021 GraphPad Software, Inc.). The level of significance was set 
at p < 0.05 at a power level of 0.8. Tendencies are reported when 0.05 ≤
p < 0.1. Participant characteristic is presented as mean ± SD. The rest of 
the data are presented as mean ± SEM. 

3. Results 

3.1. Baseline characteristics and functional effects of training 

Participant characteristics at baseline are presented in Table 1. 
Twenty-three sedentary men were recruited (Table 1) and out of these 
endothelial cells could be analyzed from 23 participants pre-training 

and from 16 participants post-training (Fig. 1). Participant characteris-
tics as well as, the effects of training on maximal oxygen uptake, blood 
pressure, and vascular reactivity to acetylcholine, are also reported 
elsewhere (Møller S et al. manuscript in review). The period of training 
increased the absolute VO2max by 14% (from 2.9 to 3.4 l/min; p <
0.001). At a group level, mean arterial blood pressure remained unal-
tered, but when participants were separated into groups according to 
baseline blood pressure, a 5% (100 mmHg–95 mmHg) reduction (p =
0.01) in blood pressure was observed with training in the hypertensive 
group only. Training induced a 41% increase in leg vascular conduc-
tance with infusion of acetylcholine (50 μg min− 1 kg leg mass− 1; p =
0.036), with no difference between groups. 

The average number of training sessions for the participants was 23 
± 0.4 corresponding to a compliance of 96% (Table 2S). Twenty-one 
percent of the training time were above 90% of HRmax. 

3.2. Cell purity and viability 

Staining procedures identified that approximately 95% of the cells 
were positive for the lectin and VE Cadherin (Fig. 2). Mean cell viability 
was 94 ± 1.1%, and 95 ± 1.5%, before and after the training period, 
respectively. The cell viability was similar between the two subgroups. 

3.3. Mitochondrial respiration and H2O2 production in intact and 
permeabilized microvascular endothelial cells in normotensive and 
hypertensive individuals 

Mitochondrial respiration, H2O2 emission, and H2O2 emission per 
respiration were similar in intact or permeabilized cells obtained before 
and after training (Fig. 3A–F). The CS protein content (Fig. 4A), and the 
intrinsic mitochondrial respiration were also similar in cells obtained 
before and after training. A linear regression analysis revealed a rela-
tionship (p = 0.016) between baseline mean arterial blood pressure and 
H2O2 emission (Fig. 6A). 

Based on the finding that H2O2 emission correlated with blood 
pressure, the participants were divided into two groups according to 
blood pressure (Fig. 6A). The division made corresponded to a normo-
tensive group and a group with stage 1 hypertension; systolic and dia-
stolic blood pressure >130 and >80 mmHg, respectively. Accordingly, 
the group with elevated blood pressure had a 14 mmHg higher (p <
0.001) mean arterial blood pressure (MAP) than the normotensive group 
at baseline. All other participant characteristics, apart from age, were 
similar between the subgroups. Subsequent analysis of the participants 
according to blood pressure revealed a 2-fold (p = 0.049; intact cells) 
and 53% (p = 0.048; permeabilized cells) higher H2O2 emission per 
respiration in the participants with elevated blood pressure compared to 
the normotensive participants (Fig. 6D + G). In the permeabilized cells, 
the absolute mitochondrial H2O2 emission was 44% higher (p = 0.011, 
Fig. 6F) in the participants with elevated blood pressure. Mitochondrial 
respiration (Fig. 6B + E), CS content (Fig. 4A) and intrinsic respiration 
were similar in endothelial cells from the two groups. The change in leg 
vascular conductance in response to acetylcholine infusion correlated 
inversely with the absolute H2O2 emission in intact cells (p = 0.022, 
Fig. 6I). After the 8 weeks of training, mitochondrial H2O2 emission in 
permeabilized cells was 47% lower in the hypertensive group only (p =
0.036. Fig. 6H). 

In order to assess the reproducibility of the measurements, mito-
chondrial respiration and H2O2 emission was determined on the same 
batch of isolated cells on two different occasions. The comparison was 
made on cells obtained both before and after training from four partic-
ipants. The two measurements were made several months apart where 
the cells had been frozen in liquid nitrogen and thawed between mea-
surements. The coefficient of variation was 11% for mitochondrial 
respiration and 22% for H2O2 emission. 

Table 1a 
Baseline characteristics before and after training. 
Table 1a. Baseline characteristics before and after training (n = 16). Table 1b 
shows the baseline characteristics for the subdivision of participants according 
to regular blood pressure (NORM; n = 12) and stage 1 hypertension (HYP; n =
11). Sufficient endothelial cell numbers could not be obtained from all muscle 
biopsies, therefore the number of paired pre-post training samples was 16. The 
number of pre-training (baseline) samples for subgroup analysis according to 
blood pressure was 23 (NORM; n = 12 and HYP; n = 11). *Significantly different 
from pre training, p<0.05. ** Significantly different from pre training, p<0.01. 
*** Significantly different from pre training, p<0.001. # Significantly different 
from the normotensive group at baseline, p<0.05. ### Significantly different 
from the normotensive group at baseline, p<0.001. VO2max; maximal oxygen 
consumption. All data are presented as mean ± SD.   

n =
16 

Pre training n =
16 

Post training 

Anthropometrics data 
Age (years)  57 ± 6   
Weight (kg)  88.1 ± 10.2  87.1 ± 10.8 
Height (meters)  1.81 ± 0.07   
BMI  26.9 ± 2.4  26.6 ± 2.5* 
VO2max (ml O2/min)  2952 ±

475.2  
3358 ±
483.4*** 

Fitness (ml O2/min/kg)  33.9 ± 6.2  39.0 ± 6.3*** 
Body composition 
Muscle mass (kg)  59.6 ± 5.8  60.3 ± 5.6* 
Visceral fat (kg)  1.7 ± 0.80  1.5 ± 0.8** 
Total fat percentage (%)  29.4 ± 6.4  27.7 ± 6.5*** 
Blood Pressure 
Systolic (mmHg)  126.3 ± 10.2  126.3 ± 7.9 
Diastolic (mmHg)  76.5 ± 7.4  75.9 ± 4.7 
Mean arterial pressure 

(mmHg)  
93.1 ± 8.2  92.7 ± 5.4  

Table 1b 
Baseline characteristics in the subgroup of hypertensive and normotensive 
individuals.   

n =
12 

NORM n =
11 

HYP 

Anthropometrics data 
Age (years)  54.3 ± 5.5  60.3 ± 3.0# 
Weight (kg)  85.4 ± 9.1  86.7 ± 10.0 
Height (meters)  1.79 ± 0.08  1.82 ± 0.05 
BMI  26.6 ± 2.4  26.2 ± 2.1 
VO2max (ml O2/min)  2983 ±

518.0  
2875 ± 374.4 

Fitness (ml O2/min/kg)  35.3 ± 7.1  33.3 ± 4.1 
Body composition 
Muscle mass (kg)  54.9 ± 5.2  57.5 ± 1.8 
Visceral fat (kg)  1.5 ± 0.22  1.8 ± 0.17 
Total fat percentage (%)  27.6 ± 6.2  31.0 ± 4.3 
Blood Pressure 
Systolic (mmHg)  117.2 ± 6.2  135.6 ±

6.6### 
Diastolic (mmHg)  71.8 ± 3.4  84.0 ± 4.1### 
Mean arterial pressure 

(mmHg)  
86.9 ± 2.6  101.2 ±

4.6###  
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3.4. Flux control ratios 

The leak-control ratio increased by 35% (from 0.47 to 0.63, p =
0.046, Table 3S), which is an indication of uncoupling of the mito-
chondria at constant OXPHOS capacity. The FCR increased by 9% (from 
0.86 to 0.94, p = 0.048) with training. Subgroup analysis of the par-
ticipants according to baseline blood pressure showed an increase in 
FCR by 12% in the hypertensive group only (p = 0.047, Table 3S). 

3.5. Expression of endothelial proteins and lactate formation 

The SOD2 protein expression and GPX-1 protein expression was 2.4- 
and 2.3-fold higher (p = 0.012 and p = 0.006, Fig. 5C, 5E), respectively, 
in endothelial cells obtained after, compared to before, training. Pros-
tacyclin synthase protein amount was 2.1-fold higher (p = 0.041, 
Fig. 5B) in cells obtained after compared to before training. PFK-1 
protein expression was 30% lower (p = 0.011) after compared to 

Fig. 3. Mitochondrial respiration and hydrogen peroxide (H2O2) emission in intact and permeabilized human microvascular endothelial cells before and 
after 8-weeks of training. (A) mitochondrial respiration in intact cells, (B) mitochondrial H2O2 emission in intact cells, (C) mitochondrial H2O2/O2 emission in 
intact cells (n = 16), (D) mitochondrial respiration in permeabilized cells (E) mitochondrial H2O2 emission in permeabilized cells (F) mitochondrial H2O2/O2 
emission in permeabilized cells at LEAK respiration in Complex I + II (n = 16). H2O2; hydrogen peroxide, LEAKCI + CII (10 mM); Leak state with complex I and 
complex II substrates (10 mM succinate) the maximal complex I and complex II leak respiration. Data are presented as mean ± SEM. 
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before training (Fig. 4B). This was accompanied by a 63% lower (p =
0.004, Fig. 4C) lactate release. PFKFB3 protein was not detectable in the 
cells (Fig. 7H). There was no significant difference in any of the 
measured proteins in the normotensive versus the hypertensive sub-
groups measured at baseline (Fig. 7). Representative blots for the 
analyzed proteins are showed in Fig. 8. 

There was a negative correlation between SOD2 and the mitochon-
drial H2O2 emission (p = 0.043, Fig. 5H). 

3.6. Proliferation 

There was no difference in basal or growth factor stimulated prolif-
eration of endothelial cells obtained after compared to before training. 
(n = 9; Fig. 9). 

4. Discussion 

The main findings of this study were that mitochondrial respiration 
and ROS formation in muscle derived microvascular endothelial cells 
remained unaltered with training, however, training enhanced the 
cellular expression of the antioxidant SOD and GPX-1, indicating an 
improved redox balance. Moreover, the period of training improved in- 
vivo endothelial function, increased prostacyclin synthase expression 
and reduced glycolytic capacity of the microvascular endothelial cells. 
Subgroup analysis of the data according to blood pressure, revealed a 
higher level of ROS formation in endothelial cells from participants with 
elevated, compared to regular, blood pressure. 

Exercise training is known to have a substantial impact on the 
function of resistance vessels in skeletal muscle, an effect which, in part, 
may be due to a reduction in oxidative stress [21–23]. No previous 
studies have, however, examined the influence of exercise training on 
isolated microvascular endothelial cells in humans to determine po-
tential underlying mechanisms. In accordance with previous findings 
[24,25], exercise training led to an improved in-vivo vasodilator 
response to femoral infusion of acetylcholine [24,25]. Although emis-
sion of H2O2 in the isolated microvascular endothelial cells remained 
unaltered, there was a higher expression of both SOD2 and GPX protein 
after training, indicating an improved redox balance. A direct causal 
relationship between the in vivo response to acetylcholine and redox 
balance cannot be extracted from the current data, however, we 
observed moderate inverse relationships between the vasodilator 
response to acetylcholine and the magnitude of H2O2 emission as well as 
between the expression of SOD2 and H2O2 emission. Combined, our 
results thus point at an association between microvascular function and 
the redox balance in endothelial cells which can be improved with a 
period of endurance training in middle-aged men. 

An interesting finding was revealed when the baseline results of the 
participants were subdivided according to arterial blood pressure. Spe-
cifically, endothelial cells from participants with elevated blood pres-
sure, presented a higher basal formation of ROS, both in intact and 

permeabilized cells, suggesting a greater level of endothelial oxidative 
stress. In addition, the correlation between the vasodilator response to 
acetylcholine and H2O2 emission was more pronounced for the hyper-
tensive participants. Although H2O2 emission was unaltered by training 
at the whole group level, division of the participants according to blood 
pressure revealed that H2O2 emission was reduced only in the hyper-
tensive group. Thus it appears that the reduction in H2O2 formation with 
training specifically occurs, when H2O2 initially are high. The lack of 
effect of training on ROS production in the normotensive group may be 
related to the known beneficial effects of ROS in adaptations to exercise 
training [26–28], thus, the balance is kept at a given level so that 
signaling is retained, without an excessive, damaging level. 

Measurements conducted in intact cells reflect ROS formation from 
all sources, primarily NADPH oxidase and mitochondria, whereas the 
increase in ROS, which occurs upon enhanced respiration in per-
meabilized cells, can be interpreted to mainly reflect mitochondria 
derived ROS. NADPH oxidase expression in the cells was not different 
between the normotensive and the hypertensive individuals, and not 
influenced by training, implying that the higher H2O2 formation in the 
cells from participants with elevated blood pressure, primarily origi-
nated from mitochondria. 

With regard to the lack of difference in NADPH oxidase expression 
between the normotensive and hypertensive individuals; some studies 
[29,30], although not all [29] have implicated NADPH oxidase as a 
source of oxidative stress and a cause of the pathogenesis in hyperten-
sion. It is plausible that the lack of difference in NADPH oxidase between 
the groups in the present study, was due to the fact that the hypertensive 
group was relatively healthy, non-obese and early stage hypertensive. 

Endothelial cell metabolism is known to be highly important for 
endothelial function and pro-angiogenic states are associated with an 
enhanced glycolytic capacity [8,9,31]. Aerobic exercise training induces 
angiogenesis in skeletal muscle, but whether training leads to a change 
in endothelial metabolism has remained unknown. We observed a 
decrease in endothelial glycolysis with training, as evidenced by 
decreased basal lactate release from the cells and a decreased PFK-1 
content. The explanation for the reduced glycolysis can only be specu-
lated on but it is plausible that it reflects reduced angiogenic potential. 
We have in previous studies shown that capillary growth in skeletal 
muscle leads to increased capillarization after four weeks of training and 
that the angiogenic potential then is reduced [32]. Although this pos-
sibility was not supported by a corresponding change in proliferation of 
the isolated endothelial cells after the 8 weeks of training, it is somewhat 
uncertain to what extent in vitro assessed proliferation corresponds to in 
vivo angiogenic status. 

In rodents, the glycolytic enzyme PFKFB3 has been identified as a 
key regulator of endothelial cell glycolysis [8], and was therefore also 
analyzed in the current study. However, PFKFB3 was not detectable in 
human skeletal muscle microvascular endothelial cells, despite abun-
dant expression in human umbilical vein endothelial cells and in rodent 
skeletal muscle derived microvascular endothelial cells loaded in similar 

Fig. 4. Microvascular endothelial cell metabolism before and after training. (A) CS protein, (B) PFK-1 protein expression before and after (n = 12 in each 
group) training, (C) lactate release from microvascular endothelial cells obtained before (grey bars, closed circles, n = 6) and after (white bars, open circles, n = 6) 
training. Values correspond to a mean of lactate release during 4 h. * denotes significantly different from before training, p < 0.05. ** Significantly different cor-
relation, p < 0.01. CS; Citrate synthase, PFK-1; phosphofructokinase-1. Data are presented as mean ± SEM. 
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amounts. These observations are intriguing and point at specific 
species-related differences in the regulation of glycolysis. Future work 
should assess whether a different isoform is responsible for glycolytic 
regulation in human microvascular cells. 

To obtain further insight into the influence of exercise training on 
endothelial cells, the expressions of selected proteins related to vascular 
function were measured. One such protein was the NO forming enzyme 
eNOS. We and others have shown that the expression of eNOS in whole 
skeletal muscle homogenates is increased with exercise training [4,33]. 
The current finding that eNOS content in the isolated endothelial cells 
was unaltered was therefore, to some extent, unexpected. However, 

eNOS expression is highly dependent on shear stress [34] and once 
endothelial cells are taken out of their shear stress environment in-vivo, 
the expression of eNOS is likely to be altered, an effect which may well 
have overruled that of a potential training effect. In contrast, the pros-
tacyclin forming enzyme PGI2 synthase was higher in the endothelial 
cells after training. Many vasodilator mechanisms (e.g. acetylcholine-, 
ATP, and adenosine-mediated vasodilation) induce their effect by pro-
moting NO and prostacyclin formation in the endothelial cells, and the 
two systems show a clear interaction [5]. Although NO is commonly 
brought up as the most important vasodilator, the present finding in 
isolated endothelial cells is in line with that of previous studies in 

Fig. 5. Redox and vasodilator proteins before and 
after training. (A) eNOS protein expression, (B) PGI2S 
protein expression, (C) SOD2 protein expression, (D) 
NOX2-gp91 protein expression, (E) GPX-1 protein 
expression, (F) catalase protein expression (n = 12 in 
each group), and (H) relationship between SOD2 
expression and H2O2 emission in intact cells (n = 23). 
* denotes significantly different from before training 
or significant correlation, p < 0.05. eNOS; endothelial 
nitric oxide synthase, NOX2-gp91; NADPH oxidase 2 
glycoprotein 91, PGI2S; prostacyclin 2 synthase, 
SOD2; superoxide dismutase 2. Data are presented as 
mean ± SEM.   
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humans, showing dynamic alterations in the prostacyclin system with 
lifestyle-related disease and exercise training, supporting the impor-
tance also of this vasodilator [4,33,35]. 

A relevant consideration, in view of the alterations in expression of 
several proteins after training, is how skeletal muscle activity influences 
endothelial cell phenotype. It is plausible that this effect is conferred by 
metabolic changes or by mechanical impact induced by the contractions, 
i.e. passive stretch or shear of the cells, as such factors have been shown 
to impact on endothelial protein expression [36,37]. Another possibility 
is skeletal muscle-endothelial cell cross-talk. Contracting skeletal muscle 
releases numerous myokines and extracellular vesicles containing pro-
teins, micro RNA and other cargo [38,39]. In cell culture, such muscle 
derived vesicles have, for example, been shown to influence prolifera-
tion and migration of endothelial cells [40]. Further studies are required 
to elucidate the specific mechanism underlying the effect of exercise 

training on microvascular endothelial cells. 

4.1. Study limitations 

A potential limitation in this study was that the cells isolated from 
the skeletal muscle samples had to be cultured prior to analysis, in order 
to obtain a sufficient amount of cells. However, the cells were analyzed 
at an early passage; 1–2 and, in addition, to maintain the influence of the 
surrounding tissue the first seed-out was conducted with all the cells of 
the tissue present. Although some changes with culture cannot be 
excluded, cells obtained before and after training and cells obtained 
from normotensive and hypertensive individuals differed with regards 
to aspects of both function and protein expression, supporting well 
maintained phenotype of the cells. 

As described in the methods, it was not possible to obtain cells both 

Fig. 6. Mitochondrial respiration and hydrogen peroxide (H2O2) emission in intact and permeabilized human microvascular endothelial cells obtained from 
normotensive participants and participants with stage 1 hypertension. (A) relationship between H2O2 emission in permeabilized cells and mean arterial blood 
pressure (n = 23), (B) mitochondrial respiration in intact cells, (C) mitochondrial H2O2 emission in intact cells, (D) mitochondrial H2O2/O2 emission in intact cells 
pre training-intervention for participants with stage 1 hypertension (n = 11) and participants with regular blood pressure (n = 12), (E) mitochondrial respiration in 
permeabilized cells (F) mitochondrial H2O2 emission in permeabilized cells (G) mitochondrial H2O2/O2 emission in permeabilized cells at LEAK respiration in 
Complex I + II pre training-intervention for participants with stage 1 hypertension (n = 11) and participants with regular blood pressure (n = 12), (H) the mito-
chondrial hydrogen peroxide (H2O2) emission in permeabilized human microvascular endothelial cells in the normotensive and hypertensive group before and after a 
period of training, (I) relationship between H2O2 emission in intact cells and change in leg vascular conductance of 50 μg min-1 kg leg mass-1 acetylcholine, (J) 
relationship between H2O2 emission in intact cells and change in leg vascular conductance of 50 μg acetylcholine for individuals with high blood pressure at baseline. 
# Significantly different from baseline in the normotensive group, p < 0.05. * Significantly different from pre or significantly different correlation. ** Significantly 
different correlation, p < 0.1. H2O2; hydrogen peroxide, LEAKCI + CII (10 mM); Leak state with complex I and complex II substrates (10 mM succinate) the maximal 
complex I and complex II leak respiration. Data are presented as mean ± SEM. 
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pre- and post-training for all of the participants and therefore training 
data could only be obtain from 16 out of the 23 participants. Conse-
quently, comparison of training effects in normotensive versus hyper-
tensive participants was not possible for several of the variables because 
of low statistical power. 

Only male participants were included in the study. Due to the age- 
range in our criteria for inclusion, female participants could have been 
in pre-, peri- or post-menopausal stages and thus, considerable varia-
tions in results from the female subjects were anticipated. Considering 
the time required for isolating endothelial cells from small biopsy 
samples the total number of participants had to be limited, and therefore 
only males were included. Future studies should focus on how the 
transition from pre- to postmenopause influence the redox balance in 
muscle microvascular endothelial cells. 

Finally, the diet of the participants was not recorded which could 
have influenced parameters such as the antioxidant levels in the endo-
thelial cells. However, participants were asked to maintain their normal 
diet during the intervention period and although an influence cannot be 
excluded, diet was accordingly, not expected to be a main factor 
affecting the outcome. 

5. Conclusion 

It is concluded that mitochondrial ROS formation in vascular endo-
thelial cells, remains unaltered with a period of exercise training in 
middle-aged men, despite an improvement in in-vivo vascular function. 
However, a period of exercise training increases the endothelial anti-
oxidant capacity and improves the capacity to form prostacyclin. 

Fig. 7. Protein expression in microvascular endothelial cells obtained from normotensive participants and participants with stage 1 hypertension. (A) CS protein 
expression, (B) PFK-1 protein expression (C) SOD2 protein expression, (D) NOX2-gp91 protein expression, (E) eNOS protein expression, (F) PGI2S protein expression, 
(G) GPX-1 protein expression, and (H) catalase protein expression (n = 7 in each group). * Significantly different from before training, p < 0.05. CS; Citrat synthase, 
eNOS; endothelial nitric oxide synthase, NOX2-gp91; NADPH oxidase 2 glycoprotein 91, PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, PFK-1; 
phosphofructokinase 1, PGI2S; prostacyclin 2 synthase, SOD2; superoxide dismutase 2. Data are presented as mean ± SEM. 
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Moreover, we conclude that sedentary men with elevated blood pressure 
present a higher emission of ROS from endothelial cells than normo-
tensive men. This suggests that mitochondrial ROS emission in endo-
thelial cells may be a factor contributing to high blood pressure. 
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