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Sprint interval and endurance training are equally
effective in increasing muscle microvascular density and
eNOS content in sedentary males
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Key point

• Optimal vascular function is critical for health, and endurance training (ET) has previously
been shown to be an effective method of improving this.

• Sprint interval training (SIT) has been proposed as a time efficient alternative to ET but its
effect on skeletal muscle microvasculature has not been studied and no direct comparison with
ET has been made.

• ET and SIT in this study were equally effective at decreasing arterial stiffness and increasing
skeletal muscle capillarisation and eNOS content.

• The main results suggest that both training modes improve skeletal muscle microvascular and
macrovascular function, with SIT being a time efficient alternative.

Abstract Sprint interval training (SIT) has been proposed as a time efficient alternative to end-
urance training (ET) for increasing skeletal muscle oxidative capacity and improving certain
cardiovascular functions. In this study we sought to make the first comparisons of the structural
and endothelial enzymatic changes in skeletal muscle microvessels in response to ET and SIT.
Sixteen young sedentary males (age 21 ± SEM 0.7 years, BMI 23.8 ± SEM 0.7 kg m−2) were
randomly assigned to 6 weeks of ET (40–60 min cycling at ∼65% V̇O2peak, 5 times per week)
or SIT (4–6 Wingate tests, 3 times per week). Muscle biopsies were taken from the m. vastus
lateralis before and following 60 min cycling at 65% V̇O2peak to measure muscle microvascular end-
othelial eNOS content, eNOS serine1177 phosphorylation, NOX2 content and capillarisation using
quantitative immunofluorescence microscopy. Whole body insulin sensitivity, arterial stiffness
and blood pressure were also assessed. ET and SIT increased skeletal muscle microvascular
eNOS content (ET 14%; P < 0.05, SIT 36%; P < 0.05), with a significantly greater increase
observed following SIT (P < 0.05). Sixty minutes of moderate intensity exercise increased eNOS
ser1177 phosphorylation in all instances (P < 0.05), but basal and post-exercise eNOS ser1177

phosphorylation was lower following both training modes. All microscopy measures of skeletal
muscle capillarisation (P < 0.05) were increased with SIT or ET, while neither endothelial nor
sarcolemmal NOX2 was changed. Both training modes reduced aortic stiffness and increased
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whole body insulin sensitivity (P < 0.05). In conclusion, in sedentary males SIT and ET are
effective in improving muscle microvascular density and eNOS protein content.
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Abbreviations AIx, augmentation index; AIx@75bpm, augmentation index normalised to 75 beats per minute; BMI,
body mass index; CC, capillary contacts; CD, capillary density; C/F I, capillary-to-fibre ratio on an individual-fibre basis;
cPWV, central pulse wave velocity; ET, endurance training; SIT, sprint interval training; NAD(P)Hox, NAD(P)Hoxidase;
NOX2, subunit of the NAD(P)Hox complex; NO, nitric oxide; O2

−, superoxide anion; OGTT, oral glucose tolerance
test; pPWV, peripheral pulse wave velocity; PWV, pulse wave velocity; ser1177, serine1177 (main phosphorylation site
of eNOS); UEA-I–FITC, Ulex europaeus I lectin–FITC conjugate; V̇O2peak, peak oxygen consumption; WGA-350, wheat
germ agglutinin-350; W max, maximal power output on incremental exercise test.

Introduction

It is well established that endothelial function is dependent
on nitric oxide (NO) bioavailability (McAllister &
Laughlin, 2006), which in turn is determined by the
balance between NO synthesis and scavenging by super-
oxide anions and related reactive oxygen species. As
endothelial function plays a role in insulin sensitivity,
blood pressure regulation and the molecular mechanisms
leading to atherosclerosis (McAllister & Laughlin, 2006;
Wagenmakers et al. 2006; Barrett et al. 2009; Barrett
et al. 2011) an optimal balance between NO production
and scavenging is important in the maintenance of a
healthy phenotype. Experiments with isolated arteries and
cultured endothelial cells have shown that endothelial
nitric oxide synthase (eNOS) is the rate limiting enzyme
for endothelial NO synthesis. The eNOS protein content
and serine1177 (ser1177) phosphorylation state together
determine eNOS activity and NO production. A major
source of superoxide production and NO scavenging
in the vascular wall is NAD(P)Hoxidase (NAD(P)Hox)
(Brandes & Kreuzer, 2005; Silver et al. 2007), but sub-
stantial expression of this enzyme is assumed to only occur
in obesity, cardiovascular pathology and ageing (Brandes
& Kreuzer, 2005; Silver et al. 2007). However, the lack
of a validated method means that currently there is little
information on the protein content of these enzymes in
the endothelial layer of the microvasculature of human
skeletal muscle.

There is substantial evidence in the literature that the
adoption of a sedentary lifestyle, obesity, ageing and
chronic diseases lead to an attenuation of endothelial NO
production by reductions in eNOS expression and protein
content (McAllister & Laughlin, 2006) and increases in
NAD(P)Hox expression and protein content (Brandes &
Kreuzer 2005, Silver et al. 2007) in the macrovasculature.
Whether these adaptations also occur in the muscle
microvasculature is currently unknown. In obese and
elderly individuals and patients with type 2 diabetes and
cardiovascular disease, an attenuated NO production in
the muscle microvasculature has been implicated in the

development of skeletal muscle insulin resistance (Barrett
et al. 2009; Barrett et al. 2011), and anabolic resistance
to insulin and amino acids leading to sarcopaenia and
reductions in muscle capillary density (Wagenmakers
et al. 2006). An attenuated endothelial NO production
has also been implicated in the reduction in exercise
hyperaemia that is known to occur in elderly humans
(Schrage et al. 2007; Crecelius et al. 2010) with Spier
et al. (2007) providing evidence that this impairment
indeed occurs in isolated muscle arterioles of old rats
and can be restored by exercise training. Krentz et al.
(2009) have also made the observation that functional
impairments in NO-dependent muscle microvascular
function precede macrovascular impairments in humans
and, therefore, suggested that the muscle microvasculature
should be regarded as a primary target for therapeutic
interventions.

Endurance training (ET) is recognised as an efficient
means to increase eNOS gene expression, protein content
and NO production in feeding and resistance arteries
(McAllister & Laughlin 2006), thereby increasing the
vasodilatory response to insulin (Rattigan et al. 2001;
Barrett et al. 2009) and flow mediated dilatation, and
reducing the risk for the development of hypertension
and atherosclerosis (McAllister & Laughlin, 2006; Thijssen
et al. 2010). ET is also the traditional means to increase
the production in skeletal muscle of vascular endothelial
growth factor (VEGF), which generates an NO-dependent
signal stimulating angiogenesis (Andersen & Henriksson,
1977; Hood et al. 1998; Milkiewicz et al. 2005; Egginton,
2009; Wagner, 2011). However, it is not known whether
ET increases eNOS content in the endothelial layer of the
muscle microvasculature or its phosphorylation at ser1177

in the basal state or in response to moderate intensity
cycling exercise in man. In addition the effect of ET on
muscle microvascular NAD(P)Hox content has not been
investigated.

Recently sprint interval training (SIT) has received
much attention as it elicits similar muscle metabolic
(increases in activity of mitochondrial enzymes, aerobic
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Table 1. Subject characteristics, insulin sensitivity, haemodynamic and peak oxygen uptake pre- and post-6 weeks of training

Endurance Sprint interval

Variable Pre-training Post-training Pre-training Post-training

Age (year) 21 ± 1 – 22 ± 1 –
Height (cm) 177 ± 3 – 174 ± 2 –
Weight (kg) 71 ± 4 71 ± 5 75 ± 3 75 ± 3
BMI (kg m−2) 22.6 ± 1.6 22.6 ± 1.2 24.8 ± 0.8 24.8 ± 0.9
V̇O2peak (ml kg−1 min−1) 41.7 ± 4.1 48.2 ± 5.0∗ 41.9 ± 1.8 45.1 ± 2.3∗

Wmax (W) 218 ± 11 253 ± 16∗ 221 ± 11 241 ± 14∗

ISI Matsuda 3.7 ± 0.5 4.7 ± 0.7∗ 3.9 ± 0.3 5.8 ± 0.4∗

Glucose AUC (mmol l−1 (120 min)−1) 16835 ± 992 14783 ± 950∗ 17634 ± 710 14551 ± 398∗

Insulin AUC (mmol l−1 (120 min)−1) 8434 ± 880 6813 ± 711∗ 8847 ± 1140 5792 ± 688∗

Resting heart rate (bpm) 60 ± 2 57 ± 2∗ 65 ± 2 61 ± 3∗

Mean arterial pressure (mmHg) 78 ± 2 76 ± 3∗ 81 ± 3 77 ± 3∗

Systolic blood pressure (mmHg) 114 ± 4 113 ± 5 117 ± 3 115 ± 3
Diastolic blood pressure (mmHg) 61 ± 3 57 ± 3∗ 62 ± 3 59 ± 3∗

Values are means ± SEM, n = 8 per group. ∗P < 0.05, main effect of training.

capacity and insulin sensitivity) and macrovascular
adaptations (reduced arterial stiffness and blood pressure)
as ET, despite a marked reduction in time commitment
(Burgomaster et al. 2008; Rakobowchuk et al. 2008; Babraj
et al. 2009; Gibala et al. 2012; Shepherd et al. 2013). In
rodent models, High intensity interval training has also
been shown to increase aortic eNOS content (Haram et al.
2009). However, to date no studies have made comparisons
between the effects of SIT and ET on the microvascular
enzymes controlling NO production and skeletal muscle
microvascular density in man.

The main aims of the present study were twofold.
First, we sought to determine the effects of 6 weeks of
traditional ET and SIT on skeletal muscle microvascular
density and microvascular enzyme content (eNOS and
NOX2) in previously sedentary men. We employed
a novel method recently developed in our laboratory
(Cocks et al. 2012) to measure the protein content of
these enzymes in the endothelial layer of the muscle
microvasculature using quantitative immunofluorescence
microscopy. Secondly, we aimed to investigate the effect
of 1 h of continuous cycling exercise at 65% V̇O2peak

on eNOS ser1177 phosphorylation both in the untrained
state and after the two training interventions. eNOS
ser1177 is the main activation site previously shown to be
phosphorylated by endurance exercise in mouse arteries
(Zhang et al. 2009). Finally, the effects of SIT and ET on
arterial stiffness and blood pressure were considered to
investigate earlier claims that SIT is an effective means
to improve macrovascular functions (Rakobowchuk et al.
2008; Kessler et al. 2012). We hypothesised that micro-
vascular density and eNOS content would increase in
response to both modes of training, that eNOS ser1177

phosphorylation would be lower after training as the

increase in microvascular density and metabolic training
adaptations will reduce shear stress per microvessel, and
that NOX2 content would be unaltered due to the healthy
nature of the participants.

Methods

The percutaneous muscle biopsies taken in this study
before and after both training modes and under basal
conditions and after 1 h of endurance exercise have
been used both for the measurements described in
this manuscript and for measurements of the content
of intramuscular triglycerides (IMTGs), perilipin-2 and
perilipin-5 and usage of total IMTGs and IMTGs
associated with perilipin-2 and perilipin-5 during end-
urance exercise. The latter are reported in a parallel
manuscript (Shepherd et al. 2013). Measures such as
insulin sensitivity and V̇O2peak also made in the indicated
human volunteers are relevant for the interpretation of
both studies and are presented in both manuscripts.

Participants

Sixteen young sedentary males (defined as performing
less than 1 h of organised exercise per week; in sports
clubs, university or commercial gyms or sports classes)
participated in the study (Table 1). Participants were
randomly assigned to either ET or SIT groups, in a
matched fashion based on age and V̇O2peak (n = 8). The
participants gave written informed consent to a protocol
adhering to the Declaration of Helsinki and approved by
the Black Country NHS Research Ethics Committee.
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Pre-training testing protocol

Participants first completed an incremental exercise test
to exhaustion on an electromagnetically braked cycle
ergometer to determine maximal aerobic power output
(W max) and V̇O2peak using an online gas collection
system (Oxycon Pro, Viasys, Würzberg, Germany). Briefly,
participants started cycling at 95 W for 3 min; following
this the workload was increased by 35 W every 3 min
until volitional fatigue. V̇O2peak corresponds to the highest
value achieved over a 15 s recording period. After sufficient
rest, participants in the SIT group performed a Wingate
test (30 s ‘all out’ effort against a resistance equivalent to
0.075 kg body mass) to familiarise themselves with the SIT
training protocol.

Three to seven days after the incremental exercise test
and following an overnight fast, macrovascular function
was assessed (blood pressure and arterial stiffness).
Following this a 2 h oral glucose tolerance test was
completed. The next day, again following an overnight
fast, a muscle biopsy was taken at rest from the m.
vastus lateralis. Participants then performed 60 min of
cycling on an electromagnetically braked cycle ergometer
at 65% of pre-training V̇O2peak. A second biopsy was
taken immediately after exercise from the same leg as the
pre-exercise biopsy.

Post-training testing protocol

Post-training V̇O2peak testing was performed the day before
the final training session. Approximately 48 h after the
final training session the post-training testing protocol
was conducted with procedures, methods and timings
identical in all respects to the pre-training testing protocol.
Power output of the 60 min steady state cycling exercise
bout was set at the same absolute intensity as during the
pre-training exercise bout.

Arterial stiffness

Supine brachial artery blood pressure measurements
were made in triplicate using an automated
sphygmomanometer (Omron 7051T, Omron Corp.,
Kyoto, Japan) following 15 min of supine rest. Central
(carotid-femoral, cPWV) and peripheral (carotid-radial,
pPWV) pulse wave velocity (PWV) were assessed using
a semi-automated device and software (SphygmoCor,
AtCor Medical, Sydney, Australia). PWV is defined as
the speed of travel of a pulse between two sites along the
arterial branch (O’Rourke et al. 2002) and is a measure
of artery stiffness. A single high fidelity applanation
tonometer was used to obtain a proximal (carotid artery)
and distal (radial or femoral artery) pulse, recorded
sequentially over 10 waveforms. Simultaneously the

QRS complex was measured using electrocardiography
(ECG). The time between the R wave of the ECG and
the foot of the proximal waveform is subtracted from
the time between the R wave and the foot of the distal
waveform to obtain the pulse transit time. To determine
the distance used for PWV, the distance from the proximal
measurement site (carotid artery) to the suprasternal
notch was subtracted from the distance between the
distal (radial/femoral artery) measurement site and the
suprasternal notch using an anthropometric measuring
tape. PWV measurements were made in triplicate.
The day to day variability measured as coefficient of
variation for cPWV and pPWV in our laboratory was 4%
and 4%, respectively. Radial artery pressure waveforms
were acquired (SphygmoCor, AtCor Medical, Sydney,
Australia) and the aortic waveform reconstructed using a
validated transfer function (O’Rourke et al. 2002). The
augmentation index (AIx), an assessment of systemic wave
reflection and thus arterial stiffness (Laurent et al. 2006),
was then determined using pulse wave analysis (PWA). To
control for the potentially confounding influence of heart
rate (Wilkinson et al. 2000), the AIx was normalised to a
heart rate of 75 bpm (AIx@75bpm). Resting heart rate was
obtained during PWA using the SphygmoCor software.
PWA measurements were made in triplicate. The day to
day variability measured as coefficient of variation in our
laboratory was 8% for AIx@75bpm.

Oral glucose tolerance test and Matsuda insulin
sensitivity index

Following the insertion of a cannula into an antecubital
vein, a baseline 25 ml blood sample was taken. Participants
then ingested a 25% glucose beverage containing 75 g
glucose made up in 300 ml of water. Further blood samples
(10 ml) were collected at 30, 60, 90 and 120 min while
participants rested, following the procedure originally
proposed by Matsuda & DeFronzo (1999) for the
assessment of whole body insulin sensitivity. Plasma was
separated by centrifugation (10 min at 1800 g) and stored
at −80◦C until analysis. Plasma insulin concentrations
were determined by enzyme linked immuno-sorbent assay
(ELISA) using a commercially available kit (Invitrogen,
UK). Plasma glucose concentrations were analysed using
an automated analyser (IL ILab 650 Chemistry Analyzer,
Diamond Diagnostics, Holliston, MA, USA).

Area under the curve (AUC) for insulin and glucose
during the oral glucose tolerance test was calculated using
the conventional trapezoid rule. The Matsuda index, a
variable which is generally accepted and widely used as a
non-invasive alternative to measure whole body insulin
sensitivity has been shown to have a high correlation
with insulin sensitivity measured with the hyperglycaemic
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euglycaemic clamp (Matsuda & DeFronzo, 1999), which
is the gold standard method. The Matsuda index was
calculated using the formula:

Matsuda ISI

= 10000
√

(FPG × FPI)(mean OGTT insulin)(mean OGTT glucose)

Where FPG is fasting plasma glucose concentration
(mg dl−1), FPI is fasting plasma insulin concentration
(μU ml−1), and mean OGTT glucose and insulin is the
mean plasma glucose (mg dl−1) and insulin (μU ml−1)
concentration of all samples taken during the oral glucose
tolerance test (0, 30, 60, 90 and 120 min).

Muscle biopsy

While participants rested a muscle biopsy was taken from
the lateral portion of the m. vastus lateralis, approximately
25–50% of the distance from the lateral joint line
and the greater trochanter under local anaesthesia (1%
lidocaine) using the percutaneous needle biopsy technique
(Bergstrom, 1975) as recently described (Tarnopolsky
et al. 2011). Post exercise biopsies where taken from
an incision ∼2 cm proximal to the first incision. Excess
blood and visible collagen or fat were removed before
samples were embedded in Tissue-Tek OCT Compound
(Sakura Finetek Europe, Zoeterwoude, Netherlands) and
immediately frozen in liquid nitrogen cooled isopentane
(Sigma-Aldrich, Poole, UK). Samples were then stored at
−80◦C until analysis was performed.

Dietary controls

Twenty-four hours prior to and throughout the 2 days of
the pre- and post-training testing protocol participant’s
diets were standardised. Using commercially available
diet analysis software (WISP), 3 day diet diaries were
logged and average daily energy intake was calculated. The
standard diet was matched to the participant’s habitual
energy intake and was composed of 50% carbohydrate,
35% fat and 15% protein.

Training

Training programmes were initiated ∼48 h after
completion of the pre-training testing protocol. Training
for the ET group consisted of 40–60 min continuous
cycling on an electromagnetically braked cycle ergometer
at an intensity eliciting ∼65% V̇O2peak. Participants trained
5 times a week. Following 3 weeks of training a second
incremental exercise test was conducted and workload
was changed accordingly. The duration of the sessions
was increased from 40 min during the first 10 sessions,

to 50 min for sessions 11–20 and 60 min for sessions
21–30. The SIT group performed repeated Wingate tests
(Burgomaster et al. 2008), interspersed with 4.5 min
recovery (cycling at 30 W). The number of Wingate tests
performed each session was increased from four for the
first six sessions to five during sessions 7–12 and six
during session 13–18. All training sessions were super-
vised by members of the research team and significant
encouragement was provided during the Wingate tests.

Quantitative immunofluorescence

Serial 5 μm sections were cut at −30◦C using a micro-
tome and collected on to room temperature uncoated glass
slides. Pre- and post-training sections were placed on the
same slide for analysis of eNOS and NOX2 content. For
analysis of p-eNOS ser1177 pre- and post-training and pre-
and post-exercise sections were placed on the same slide.
Two sections from each condition (pre- or post-training
and -exercise) were placed on each slide and analysis was
performed in duplicate. Transverse orientated samples
were used for all analysis. Sections were left to dry for
1 h before treatment.

The procedures for immunofluorescence staining and
subsequent image analysis have been described in detail
by Cocks et al. (2012). Briefly, sections were incubated
with antibodies against eNOS (Transduction Laboratories,
Lexington, KY, USA), p-eNOS ser1177 (Cell Signalling
Technology, Beverly, MA, USA) and NOX2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), which have been
previously validated for immunofluorescence (Cocks et al.
2012). Sections where then incubated with appropriately
labelled secondary antibodies (Invitrogen, Paisley, UK), in
combination with Ulex europaeus I lectin–FITC conjugate
(UEA-I–FITC; Sigma-Aldrich, UK) and wheat germ
agglutinin-350 (WGA-350; Invitrogen, UK) as markers
of the endothelium and plasma membrane, respectively.

For analysis, slides were viewed using a Nikon E600
microscope using a 40×0.75 numerical aperture objective.
Images were captured using a SPOT RT KE colour
three shot CCD camera (Diagnostic Instrument Inc.,
Sterling Heights, MI, USA). Camera exposure time and
gain was adjusted so that no pixel saturation was pre-
sent in any channel and identical camera settings were
used for all images within each participant. Image
analysis was performed using Image Pro Plus 5.1 software
(Media Cybernetics Inc., Bethesda, MD, USA). End-
othelial specific fluorescence was determined using the
Ulex europaeus I lectin–FITC (UEA-I–FITC; endothelial
marker) image, which was extracted and overlaid onto
the corresponding eNOS, p-eNOS ser1177 or NOX2
image. Cell membrane specific fluorescence for NOX2
was determined using WGA-350 as a stain to create an
outline of the cell membrane. The latter was extracted
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and overlaid onto the corresponding NOX2 image.
Fluorescence intensity of the eNOS, p-eNOS ser1177 or
NOX2 signal was quantified within the endothelium or
cell membrane specific area. The reader was not blinded
to condition as image analysis was automated removing
the potential effects of investigator bias (Cocks et al.
2012). The mean fluorescence levels of pre-training and
pre-training pre-exercise (p-eNOS ser1177 only) samples
were normalised to a value of 1, and the relative level
of post-training and post-exercise (p-eNOS ser1177 only)
samples were calculated.

Capillarisation

Capillaries were quantified manually using the UEA-I
FITC and WGA-350 images as capillary and sarcolemmal
markers, respectively. The following indexes were
measured (Hepple et al. 1997): (1) number of capillaries
around a fibre (capillary contacts), (2) capillary-to-fibre
ratio on an individual-fibre basis, (3) the number
of capillaries sharing a fibre (sharing factor) and (4)
capillary density. Quantification of capillarisation was
performed only on transverse fibres (longitudinal fibres
were discounted from the analysis). In line with previous
studies assessing capillarisation, at least 50 complete fibres
(pre 52 ± 1, post 52 ± 1 fibres per subject) were included
in each analysis (Porter et al. 2002). Fibre cross-sectional
area and perimeter were measured on calibrated images
using ImagePro Plus 5.1 software.

Statistics

All variables except p-eNOS ser1177 were analysed using a
two-way mixed analysis of variance (ANOVA), with the
between factor ‘group’ (ET vs. SIT) and repeated factor
‘training status’ (pre-training vs. post-training). p-eNOS
ser1177 was analysed using a three-way mixed ANOVA with
the factors ‘group’ (ET vs. SIT), ‘training status’ (pre-
vs. post-training) and ‘exercise time’ (0 versus 60 min).
All analyses were performed using statistical analysis
software (SPSS for windows version 16.0; SPSS, Chicago,
IL, USA). Significance was set at P ≤ 0.05. Data are pre-
sented as means ± SEM. All measures of arterial stiffness
were measured in 15 participants due to an unacceptable
pulse recording in one participant. Due to unsuccessful
UEA-I FITC staining in one participant, p-eNOS ser1177

and NOX2 within the endothelium is presented for 15
participants. The primary aim of the study was to compare
the effects of ET and SIT on muscle microvascular eNOS
content and microvascular density. The study was powered
to detect between group (SIT versus ET) differences in
the increase in these variables in response to training.
G ∗ Power 3.1 software (G ∗ Power Software Inc., Kiel,
Germany) was used to calculate the required sample size.

The study was designed to detect a between group effect of
f = 0.30, representative of a medium sized effect (Cohen,
1992) adopting an alpha of 0.05 and power of 0.80. In
light of the paucity of studies investigating the effects of
training on microvascular eNOS content we deemed an f
of 0.30 to be a physiologically relevant difference.

Results

Training effect

Training increased V̇O2peak (ET 15%, SIT 8%) and W max

(ET 16%, SIT 9%) with main effect of training (P < 0.05;
Table 1) and no difference between groups. Resting heart
rate was reduced in both SIT and ET groups following
training (main effect of training, P < 0.05; Table 1).
Mean and diastolic blood pressures were both reduced
by training, with no difference between groups (P < 0.05;
Table 1). Systolic blood pressure was not altered by either
training method (P = 0.211; Table 1).

Insulin sensitivity

The Matsuda insulin sensitivity index was significantly
improved by ET (31%) and SIT (27%), respectively, with
no difference between training methods (main effect of
training, P < 0.05; Table 1). Both glucose and insulin area
under the curve (AUC) were reduced by both methods of
training (main effect of training, P < 0.05; Table 1).

eNOS content and eNOS ser1177 phosphorylation

A main effect of training and group on eNOS content
was observed (P < 0.05), while there also was a significant
interaction (P < 0.05). When within group differences
were examined, both SIT and ET significantly increased
eNOS content (36%, P < 0.05, 16%, P < 0.05), and when
between group differences were probed eNOS content
post-SIT was significantly greater than eNOS content
post-ET (P < 0.05) (Fig. 1). One hour of moderate
intensity exercise significantly increased eNOS ser1177

phosphorylation both before and after training (main
effect of time, P < 0.05). Both pre- and post-exercise eNOS
ser1177 phosphorylation was lower following training
(main effect of training, P < 0.05), with no difference
between groups. There was no effect of group or
training on the change in phosphorylation from pre- to
post-exercise (Fig. 2) meaning that the relative increase in
eNOS ser1177 phosphorylation was unchanged by training.

NOX2 content

Microvascular and sarcolemma-associated NOX2
expression was unaltered by training, with no difference
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between groups (microvascular, P = 0.805; membrane,
P = 0.085) (Fig. 3).

Capillarisation

Muscle fibre cross-sectional area and sharing factor were
unchanged by training, with no difference between groups
(fibre area, P = 0.202; sharing factor, P = 0.085). Capillary

contacts increased by 20% and 21% in the ET and SIT
groups, respectively, with no difference between groups
(main effect of training, P < 0.05). The capillary-to-fibre
ratio on an individual-fibre basis was increased in both ET
and SIT by 22% and 24%, respectively, with no difference
between groups (main effect of training, P < 0.05). Finally,
capillary density was increased 32% in the ET group and
27% in the SIT group, with no difference between groups

Figure 1. Effects of endurance training (ET) and sprint interval training (SIT) on eNOS content
A, widefield microscopy images of skeletal muscle pre- (left) and post- (right) endurance training (top) and sprint
interval training (bottom). Skeletal muscle eNOS expression was revealed using Alexa-Fluror 594 conjugated
secondary antibody (red). Bar = 50 μm. B, mean fluorescence intensity of eNOS is summarised. The mean level of
eNOS pre-training was assigned a value of 1, and the relative intensity of eNOS post-training was calculated (ET
n = 8, SIT n = 8). ∗P < 0.05, different from pre-training. †P < 0.05, different from ET post-training

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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(main effect of training, P < 0.05, Table 2). Representative
images from pre- and post-training in both ET and SIT
groups are presented in Fig. 4.

Arterial stiffness

AIx@75bpm was significantly decreased following
training, with no difference observed between training
methods (main effect of training, P < 0.05; Fig. 5A).
cPWV was decreased by 5% and 7% following ET and SIT,
respectively (main effect of training, P < 0.05; Fig. 5B),
whereas pPWV was not significantly altered following
either training mode (P = 0.404; Fig. 5C).

Discussion

The most important novel findings of the present study
are that: (1) 6 weeks of ET and SIT in young pre-
viously sedentary adult males increased skeletal muscle
capillarisation to a similar extent, (2) SIT increased
the eNOS protein content of the muscle microvascular
endothelium more than ET, (3) 1 h of moderate
intensity exercise increased eNOS ser1177 phosphorylation
irrespective of training status, but with lower pre- and
post-exercise eNOS phosphorylation occurring following
both modes of training, (4) neither intervention as
expected induced a change in the protein expression
of NOX2. Finally our results confirm previous reports
showing that both ET and SIT significantly decrease
arterial stiffness and brachial artery blood pressure and
increase insulin sensitivity. Our integrative approach
suggests that SIT is a time efficient alternative training
mode for increasing aerobic exercise capacity and
changing cardiovascular function in a direction consistent
with health benefits in young healthy males.

Aerobic capacity and capillarisation

The 6 week ET and SIT interventions both induced
significant improvements in V̇O2peak. These findings are in
agreement with a number of recent studies demonstrating
that SIT and ET both induce improvements in aerobic
capacity (Burgomaster et al. 2008; Gibala et al. 2012). ET
has long been known to improve capillarisation of several

leg skeletal muscles (Andersen & Henriksson, 1977; Ingjer,
1979). This study is the first to show that SIT improves all
measures of capillarisation within the m. vastus lateralis
to a similar extent as ET in healthy sedentary young
men. Future studies will be required to investigate if this
effect also occurs in other muscles. The observation of
an increased V̇O2peak and muscle capillarisation is very
important as they occur in the SIT group despite a
marked reduction in total exercise duration of the training
sessions and total workload of individual training sessions
and the cumulative training intervention. Skeletal muscle
angiogenesis has been suggested to be the result of several
stimuli including contractile activity, shear stress resulting
from exercise hyperaemia, low O2 tension and metabolic
activity (Egginton, 2009; Wagner, 2011).

Increases in capillarisation and mitochondrial density
are well described adaptations to endurance training
and both contribute to the increases in aerobic exercise
capacity (Bassett & Howley, 2000). This study is the first
to show that enhanced muscle capillarisation is also an
adaptation that contributes to the increase in aerobic
exercise capacity with SIT, while the parallel study executed
in the same individuals also showed similar increases in
the SIT and ET group in mitochondrial density (Shepherd
et al. 2013). This implies that SIT and ET increase two
of the major determinants of aerobic exercise capacity at
the muscle level and are equally effective in the current
study despite a massive difference in the nature of the
exercise. The elevated capillarisation following the two
training modes may also contribute to the improved
delivery of nutrients and hormones to the muscle fibres
and therefore contribute to the improvements in insulin
sensitivity.

Microvascular enzyme content

This study utilised a new quantitative immuno-
fluorescence microscopy method recently developed in
our laboratory (Cocks et al. 2012) to study changes with ET
and SIT in the protein content of enzymes that control NO
production in the microvascular endothelium of skeletal
muscle. Analytical methods such as Western blotting and
sandwich enzyme immunoassay techniques which are
applied to extracts of whole muscle homogenates do not

Figure 2. Effects of acute exercise and endurance training (ET) and sprint interval training (SIT) on eNOS
serine1177 phosphorylation
A, widefield microscopy images of skeletal muscle pre-training pre-exercise (Pre, pre), post-training pre-exercise
(Pre, post), pre-training post-exercise (Pre, post) and post-training post-exercise (Post, post) in endurance training
(top) and sprint interval training (bottom). Skeletal muscle eNOS serine1177 (ser1177) phosphorylation was revealed
using Alexa-Fluror 594 conjugated secondary antibody (red). Bar = 5 μm. B, mean fluorescence intensity of eNOS
ser1177 is summarised (ET n = 7, SIT n = 8). The mean level of eNOS ser1177 pre-training pre-exercise was assigned
a value of 1, and the relative intensity of eNOS ser1177 post-training or post-exercise was calculated. ∗P < 0.05,
main effect of training. †P < 0.05, main effect of time.
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reveal the relative distribution of these enzymes between
muscle fibres and the microvessels and also do not provide
information on whether changes in protein expression
following training are the result of changes in endothelial
protein content or the result of changes in microvascular
density. The method used in the present study is the first to
generate important information on changes in the protein
content and phosphorylation of eNOS and NAD(P)Hox

in response to training interventions within the end-
othelial layer of the microvasculature of human skeletal
muscle.

eNOS content

Six weeks of ET and SIT significantly increased the protein
content of eNOS within the microvascular endothelium of

Figure 3. Effects of endurance training (ET) and sprint interval training (SIT) on NOX2 content
A, widefield microscopy images of skeletal muscle pre- (left) and post- (right) endurance training (top) and
sprint interval training (bottom). Skeletal muscle NOX2 content was revealed using Alexa-Fluror 594 conjugated
secondary antibody (red). Bar = 50 μm. B, mean fluorescence intensity of NOX2 within the endothelium is
summarised (ET n = 7, SIT n = 8). C, mean fluorescence intensity of NOX2 within the muscle membrane is
summarised (ET n = 7, SIT n = 8). The mean level of NOX2 pre-training was assigned a value of 1, and the relative
intensity of NOX2 post-training was calculated.
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Table 2. Capillarisation pre- and post-training

Endurance Sprint interval

Variable Pre-training Post-training Pre-training Post-training

FA (mm2) 5131 ± 525 4607 ± 398 4437 ± 172 4339 ± 332
CC 5.07 ± 0.47 6.07 ± 0.55∗ 4.53 ± 0.23 5.50 ± 0.35∗

C/FI 1.90 ± 0.20 2.32 ± 0.23∗ 1.66 ± 0.10 2.07 ± 0.15∗

SF 2.69 ± 0.06 2.68 ± 0.03 2.78 ± 0.02 2.71 ± 0.03
CD (caps mm−2) 663.0 ± 26.5 872.9 ± 33.6∗ 642.0 ± 34.2 816.3 ± 24.0∗

Values are means ± SEM. ∗P < 0.05, main effect of training. FA, fibre cross-sectional area; SF, sharing factor; CD, capillary density;
CC, capillary contacts; C/FI, capillary-to-fibre ratio on an individual-fibre basis.

human skeletal muscle (Fig. 1) with a significantly larger
increase occurring following SIT (36%) than following
ET (16%). The effect of ET in our study in humans is
in line with previous work in rats showing that end-
urance training increases the eNOS content, measured
with Western blots applied to isolated second to fifth
order arterioles isolated from the gastrocnemius muscle
(McAllister et al. 2005). This increase in eNOS content
may potentially lead to increases in NO production
upon stimulation by insulin, exercise induced shear stress

and exercise induced VEGF production as previously
hypothesised (Hood et al. 1998; Vincent et al. 2004;
Wagenmakers et al. 2006; Spier et al. 2007). However,
future studies making parallel measurements of eNOS
content, eNOS ser1177 phosphorylation and muscle micro-
vascular blood volume and flow will be required to confirm
that higher eNOS content has functional consequences for
muscle microvascular blood flow regulation.

The larger improvement in microvascular eNOS
content following SIT is in agreement with previous work

ET  

SIT 

Post training Pre training 

Pre training Post training 

Figure 4. Effects of endurance training (ET) and sprint interval training (SIT) on skeletal muscle
capillarisation
Composite widefield microscopy images of skeletal muscle pre- (left) and post- (right) endurance training (top)
and sprint interval training (bottom). Skeletal muscle microvessels were visualised using Ulex europaeus–FITC
conjugated lectin (green) and the skeletal muscle membrane was revealed using wheat germ agglutinin-350
(blue). Bar = 50 μm.
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in the macrovasculature showing that High intensity inter-
val training increased eNOS content of the aorta more than
ET in low aerobic capacity rats (Haram et al. 2009). Given
the greater microvascular eNOS expression induced by
SIT, it cannot be excluded that SIT is more effective than
ET at improving the vasodilatory response of the muscle
microvasculature to increases in insulin (meal ingestion)
and exercise induced shear stress.

Figure 5. Effect of endurance training (ET) and sprint interval
training (SIT) on systemic wave reflections and central and
peripheral artery stiffness
A, systemic wave reflections measured using augmentation index
normalised to 75 bpm (AIx@75bpm) following ET and SIT. B, central
artery (aortic) stiffness measured using pulse wave velocity (PWV)
following ET and SIT. C, peripheral artery (brachial artery) stiffness
measured using pulse wave velocity following ET and SIT. ∗P < 0.05,
main effect of training.

eNOS phosphorylation

This is the first study to report changes in microvascular
eNOS ser1177 phosphorylation induced by acute exercise
before and after 6 weeks ET and 6 weeks SIT. We show
that pre- and post-exercise microvascular eNOS ser1177

phosphorylation was reduced by both modes of training.
Shear stress in cultured endothelial cells has been suggested
to be one of the most important regulators of eNOS
ser1177 phosphorylation (Mount et al. 2007). Therefore, the
reduction in microvascular eNOS ser1177 phosphorylation
following training that we observe may potentially be
the result of a reduction of the size of the shear stress
stimulus. As the absolute intensity of the acute cycling
exercise was the same before and after training (1 h at 65%
of pre-training V̇O2peak) and the muscle capillary density
was higher post-training (Fig. 2), it is likely that blood flow
per capillary will be reduced after training both at rest and
during cycling exercise. Previous one leg knee extensor
training studies (Kiens et al. 1993) have shown that the
femoral venous blood flow was lower in the trained than
the non-trained leg during exercise at 65% of the V̇O2peak

for the knee extensors, implying that total local muscle
blood flow may be lower as well. It should be noted that
the relative increase in eNOS ser1177 phosphorylation in
response to acute exercise was unaltered by training (Fig.
2). Further studies are required to fully understand the
mechanisms behind ET and SIT induced changes in eNOS
phosphorylation, capillary density and skeletal muscle
perfusion during exercise.

NOX2 content

ET and SIT did not lead to changes in the protein content of
the membrane associated subunit of NAD(P)Hox NOX2
in the skeletal muscle microvasculature (Fig. 3B). As in
the previous study (Cocks et al. 2012), NOX2 was also
observed to be present in the sarcolemma (Fig. 3C) and
again SIT and ET did not change the protein content in the
sarcolemma. Despite being sedentary, it is unlikely that the
young healthy individuals in the present study exhibited
high levels of NAD(P)Hox, which may explain the absence
of a training effect. NAD(P)Hox is an inducible enzyme
and its expression is increased by obesity (Silver et al.
2007), inflammation and cardiovascular disease (Brandes
& Kreuzer, 2005). This suggests that any changes observed
in microvascular function with training, at least in lean
sedentary young men, is mediated by increases in eNOS
protein content, rather than a reduction in the scavenging
of NO by superoxide anions resulting from a training
induced decrease in NAD(P)Hox content.

Arterial stiffness

The present study is the first to show that ET and
SIT induce similar changes in central artery stiffness
in young healthy sedentary males. Traditional moderate
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intensity ET has previously been shown to improve
central arterial stiffness (Kakiyama et al. 2005; Currie
et al. 2009). However, to date SIT studies have failed
to show any training induced improvements in central
artery stiffness (Rakobowchuk et al. 2008; Whyte et al.
2010). This discrepancy may be due to the following
factors. Firstly in the study by Whyte et al. (2010) training
duration was only 2 weeks in comparison to the 6 weeks
intervention employed in the current study. Secondly,
Rakobowchuk et al. (2008) used a different method to
measure central stiffness from those employed in the
current study (cPWV vs. carotid artery distensibilty)
(Rakobowchuk et al. 2008). A considerable variability
has been observed between different methodologies to
measure central arterial stiffness (Hayashi et al. 2005;
Cecelja & Chowienczyk, 2009), and this may also
contribute to the discrepancy between the studies.

No change was observed in our study in pPWV
following either ET or SIT. This is in agreement with an
earlier study that has shown that 16 weeks of ET in middle
aged men had no effect on stiffness of muscular peri-
pheral arteries of the leg (Hayashi et al. 2005). However, in
contrast to the current study another study investigating
the effects of 6 weeks SIT in young sedentary males has
observed reductions in stiffness of the popliteal artery
stiffness (Rakobowchuk et al. 2008). Differences in arteries
used (prone to develop stiffness or not) are likely to explain
the differences between these studies (Debasso et al. 2004).

Our study is the first to investigate the effect of SIT on
the AIx and compare the effects of 6 weeks ET and SIT
and shows that both were equally effective in improving
the AIx, an assessment of systemic wave reflection and
thus arterial stiffness (Nurnberger et al. 2002). The only
other study that has investigated the effect of ET was a
study of Edwards et al. (2004) in coronary artery disease
patients, which showed that 12 weeks of ET improved the
AIx. However, to the authors’ knowledge this is the first
time that the AIx has been measured following a period
of sustained exercise training in a young healthy sedentary
group and that a comparison has been made between the
effects of ET and SIT.

Limitations

We decided not to include an untrained control group
with repeated measurements in this study for comparison.
This would have strengthened the design, but reduced
the feasibility of completing the study (e.g. due to costs,
time demands and recruitment difficulties). The study was
powered to detect a medium effect size between groups for
muscle microvascular eNOS content and muscle micro-
vascular density, and as a result it should be noted that
the sample size of the study may not have been high
enough to detect between-group differences in other
variables displaying a larger variability (e.g. increases in

V̇O2peak and insulin sensitivity). Translational studies with
a larger number of participants are required before it can
be concluded that SIT and ET are similarly effective in
inducing adaptation in all the variables investigated in this
study. We also acknowledge that the conclusions made in
this study should also be restricted to previously sedentary
young adult males. Finally, the results of the current study
and others (Rakobowchuk et al. 2008; Kessler et al. 2012)
indicate that both SIT and ET improve a number of cardio-
vascular functions, but additional larger scale and longer
term studies are required before it can be concluded that
SIT and ET are equally effective in reducing cardiovascular
disease risk in a variety of populations.

In conclusion this study generates novel information
that 6 weeks of SIT is as equally effective as 6 weeks of
ET in increasing skeletal muscle microvascular density.
The study also shows for the first time that ET and SIT
both lead to significant increases in microvascular eNOS
content, with SIT leading to a greater increase than ET.
The study finally generates the novel information that the
structural adaptations that occur in the muscle micro-
vasculature in response to SIT and ET lead to a reduced
eNOS ser1177 phosphorylation state both at rest and in
response to 1 h of endurance exercise at 65% V̇O2peak. The
increase in microvascular eNOS may contribute to the
increases in insulin sensitivity observed following both
modes of exercise observed in this study and several earlier
studies. The SIT intervention used in this study involved
a maximum time commitment of 1.5 h per week, while
the ET involved 5 h of exercise per week leading to the
conclusion that SIT is a time efficient alternative to achieve
these effects in young previously sedentary men. Together
with previous reports that SIT and ET elicit similar muscle
metabolic (increases in activity of mitochondrial enzymes,
aerobic capacity and intramuscular triglyceride break-
down during exercise; Burgomaster et al. 2008; Gibala
et al. 2012; Shepherd et al. 2013), and macrovascular
adaptations (Rakobowchuk et al. 2008; Kessler et al. 2012),
this suggests that SIT is a time efficient alternative training
mode to simulate many of the known effects of ET on
fitness, the macrovasculature and the metabolic function
of skeletal muscle and its microvasculature.
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Translational perspective

Hard evidence exists that 3–5 h of endurance exercise per week increases fitness and delays or prevents
the onset of chronic diseases. However, the majority of the adult population does not meet current
physical activity recommendations. ‘Lack of time’ is the number one cited reason for the widespread
failure to maintain life-long physical activity levels. Sprint interval training (SIT) has recently been
proposed to serve as an effective time efficient alternative to traditional endurance-based training
(ET). SIT has been shown to lead to similar increases in V̇O2max, which is the strongest predictor
of all-cause mortality, in healthy individuals and diseased populations. SIT also leads to similar
increases in mitochondrial enzymes, whole body insulin sensitivity and indicators of macrovascular
function and health. A growing body of literature suggests that reduced microvascular density and
impairments in the endothelium of the muscle microvasculature play an important role in the
development of chronic diseases. Therefore, the observations of Cocks and colleagues that SIT in
sedentary young males is more effective than ET in increasing muscle microvascular eNOS content
and is equally effective at increasing microvascular density are very important. As microvascular
density and nitric oxide generation by eNOS in response to stimuli are important for regulating
microvascular blood flow and surface area, SIT could be an effective and time-efficient training mode
to achieve health benefits in individuals with obesity, anabolic resistance leading to sarcopaenia, type
II diabetes, cardiovascular disease and hypertension. Long-term studies investigating the health
benefits of SIT in these populations are clearly warranted.
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