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Abstract

Aims/hypothesis Biomarkers of endothelial dysfunction and low-grade inflammation are important in the pathogenesis of CVD
and can potentially be modified by physical activity and sedentary behaviour. Effects of physical activity on biomarkers of
endothelial dysfunction may be especially prominent in type 2 diabetes.

Methods In the population-based Maastricht Study (n = 2363, 51.5% male, 28.3% type 2 diabetes, 15.1% prediabetes [defined
as impaired glucose tolerance and impaired fasting glucose]), we determined biomarkers of endothelial dysfunction and low-
grade inflammation, and combined z scores were calculated. Physical activity and sedentary behaviour were measured by
activPAL. Linear regression analyses were used with adjustment for demographic, lifestyle and cardiovascular risk factors.
Results The association between total, light, moderate-to-vigorous and vigorous intensity physical activity and sedentary time on
the one hand and biomarkers of endothelial dysfunction on the other were generally significant and were consistently stronger in
prediabetes and type 2 diabetes as compared with normal glucose metabolism status (p for interaction <0.05). Associations
between physical activity and sedentary behaviour on the one hand and low-grade inflammation on the other were also significant
and were similar in individuals with and without (pre)diabetes (p for interaction >0.05).

Conclusions/interpretation Physical activity and sedentary behaviour are associated with biomarkers of endothelial dysfunction
and low-grade inflammation. For biomarkers of endothelial dysfunction, associations between physical activity and sedentary
behaviour were consistently stronger in (pre)diabetes than in normal glucose metabolism. Whether increasing physical activity or
decreasing sedentary time can positively influence biomarkers of endothelial dysfunction in individuals with prediabetes and type
2 diabetes requires further study.
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What is already known about this subject?

e  Research has shown that physical activity is inversely associated with biomarkers of endothelial dysfunction and

low-grade inflammation

e Inindividuals with type 2 diabetes, the effects of physical activity on biomarkers of endothelial dysfunction may be

especially prominent

What is the key question?

e  Whatis the relationship between both the amount and pattern of physical activity and sedentary behaviour on the
one hand and biomarkers of endothelial dysfunction and low-grade inflammation on the other, especially in

individuals with type 2 diabetes?

What are the new findings?

e There was an inverse association between physical activity and regularity of moderate-to-vigorous intensity
physical activity with biomarkers of endothelial dysfunction and low-grade inflammation

e  Sedentary time was associated with biomarkers of endothelial dysfunction, whereas sedentary time, prolonged
sedentary bouts (both positively) and sedentary breaks (inversely) were all associated with low-grade

inflammation

e  Associations of physical activity (all intensities) and sedentary time with biomarkers of endothelial dysfunction
were consistently stronger in individuals with prediabetes and type 2 diabetes than in individuals with normal

glucose metabolism

How might this impact on clinical practice in the foreseeable future?

e Increasing awareness of the importance of light intensity physical activity and sedentary time may provide an easy
and accessible treatment to decrease biomarkers of endothelial dysfunction and low-grade inflammation,
especially in individuals with prediabetes and type 2 diabetes

Keywords Cohort study - Diabetes mellitus type 2 - Endothelial dysfunction - Low-grade inflammation - Physical activity -

Sedentary behaviour

Abbreviations

2hPG 2 h plasma glucose

FPG Fasting plasma glucose

hs-CRP High-sensitivity C-reactive protein

SAA Serum amyloid A

sE-selectin ~ Soluble E-selectin

sICAM-1 Soluble intercellular adhesion molecule-1
sVCAM-1  Soluble vascular adhesion molecule-1
vWF von Willebrand factor

Introduction

Biomarkers of endothelial dysfunction and low-grade inflam-
mation play an important role in the pathogenesis of CVD
[1-6]. Lifestyle factors, notably physical activity and diet,
are thought to be important modifiable risk factors for the
development of endothelial dysfunction and low-grade
inflammation [7-9]. Physical activity in particular has been
shown to be inversely related to biomarkers of endothelial
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dysfunction and low-grade inflammation [7, 9—17], possibly
because physical activity increases blood flow and shear
stress, which improves NO bioavailability [7] and because
physical activity reduces visceral adipose tissue, which in turn
reduces low-grade inflammation [8, 18]. The effects of phys-
ical activity on biomarkers of endothelial dysfunction may be
especially prominent in individuals with type 2 diabetes
mellitus. Hyperglycaemia impairs microvascular endothelial
function and, specifically, reduces NO availability [19, 20].
Additionally, microvascular endothelial dysfunction (of
which these biomarkers are a proxy) is thought to worsen
hyperglycaemia through impairment of both insulin-induced
glucose uptake and insulin secretion, thus establishing a
vicious cycle of biomarkers of endothelial dysfunction and
hyperglycaemia [20].

Physical activity is a complex behaviour in which several
dimensions can be recognised, such as amount, intensity
(light, moderate and vigorous) and weekly pattern. In addi-
tion, sedentary behaviour should be taken into account, and
may be related to adverse health outcomes independently of
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moderate-to-vigorous intensity physical activity. Such distinc-
tions may be relevant to provide public health guidelines that
are more detailed than weekly amount of moderate-to-
vigorous intensity physical activity [21].

In view of the above, in a large population-based cohort
with an oversampling of type 2 diabetes, we investigated the
relationship between both the amount and pattern of physical
activity and sedentary behaviour on the one hand and
biomarkers of endothelial dysfunction and low-grade inflam-
mation on the other. Specifically, we focused on the influence
of prediabetes (defined as impaired glucose tolerance and
impaired fasting glucose) and type 2 diabetes on these
associations.

Methods
Study population

We used data from The Maastricht Study, an observational
prospective population-based cohort study. The rationale and
methodology have been described previously [22].

In brief, the study focuses on the aetiology, pathophysiol-
ogy, complications and comorbidities of type 2 diabetes and is
characterised by an extensive phenotyping approach. Eligible
participants were individuals between 40 and 75 years of age
and living in the southern part of the Netherlands. Participants
were recruited through mass media campaigns and from the
municipal registries and the regional Diabetes Patient Registry
via mailings. Recruitment was stratified according to known
type 2 diabetes status, with an oversampling of individuals
with type 2 diabetes, for reasons of efficiency. This study
included cross-sectional data from 3451 participants, who
completed the baseline survey between November 2010 and
September 2013. The examinations of each participant were
performed within a time window of 3 months.

The study was approved by the institutional medical ethical
committee (NL31329.068.10) and the Minister of Health,
Welfare and Sport of the Netherlands (permit no. 131088-
105234-PG). All participants gave written informed consent.

Measurements

Markers of low-grade inflammation and biomarkers of endo-
thelial dysfunction Plasma biomarkers of low-grade inflam-
mation (high-sensitivity C-reactive protein [hs-CRP], serum
amyloid A [SAA], soluble intercellular adhesion molecule-1
[SICAM-1], IL-6, IL-8, TNF-o) and biomarkers of endothelial
dysfunction (SICAM-1, soluble vascular adhesion molecule-1
[sVCAM-1], soluble E-selectin [sE-selectin]) of the first 866
individuals of The Maastricht Study were measured in EDTA
plasma samples with commercially available 4-plex sandwich
immunoassay kits (Meso Scale Discovery, Rockville, USA)

as described previously [23]. From individual 867 onwards,
plasma biomarkers were measured in EDTA plasma samples
with renewed commercially available 4-plex sandwich immu-
noassay kits with different standards and antibodies because
of a change in the set-up of the ELISA plates measurements
by Meso Scale Discovery. For this technique in this study, the
intra- and inter-assay per cent CVs were 5.4 and 5.4 for hs-
CRP, 8.7 and 10.8 for SAA, 10.3 and 8.4 for sSICAM-1, 13.2
and 11.9 for IL-6, 7.6 and 5.5 for IL-8, 4.3 and 6.2 for TNF-«,
5.0 and 4.7 for sVCAM-1, and 2.9 and 7.4 for sE-selectin,
respectively.

Absolute values of plasma biomarkers differed between
individuals measured with the initial and renewed 4-plex
sandwich immunoassay kits. To realign absolute values
measured with the initial 4-plex sandwich immunoassay to
the renewed 4-plex sandwich immunoassay, realignment
formulas were calculated with Deming regression analyses
[24]. In order to do so, 419 of the initial 866 individuals whose
biomarkers were measured with the initial 4-plex sandwich
immunoassay were also measured with the renewed 4-plex
sandwich immunoassay. The endothelial dysfunction von
Willebrand factor (vWF) was quantified in citrate plasma
using ELISA (Dako, Glostrup, Denmark). The intra- and
inter-assay CVs were 3.0% and 4.3%, respectively.

Physical activity, activity patterns and sedentary behaviour
Physical activity levels were measured using the activPAL3
physical activity monitor (PAL Technologies, Glasgow, UK).
The activPAL3 is a small (53 x 35 x 7 mm), lightweight
(15 g) triaxial accelerometer that records movement in the
vertical, anteroposterior and mediolateral axes, and also deter-
mines posture (sitting or lying, standing and stepping) based
on acceleration information. During the first research visit, the
device was attached directly to the skin on the front of the right
thigh with transparent 3M Tegaderm tape, after the device had
been waterproofed using a nitrile sleeve. Participants were
asked to wear the accelerometer for 8 consecutive days, with-
out removing it at any time. To avoid inaccurately identifying
non-wear time, participants were asked not to replace the
device once removed. Data were uploaded using the
activPAL software and processed using customised software
written in MATLAB R2018b (MathWorks, Natick, USA)
[25]. Data from the first day were excluded from the analysis
because participants performed physical function tests at the
research centre after the device was attached. In addition, data
from the final wear day providing <14 h of out-of-bed data
were excluded from the analysis. Participants were included if
they provided at least 1 valid day (>10 h of out-of-bed data)
and at least 6 valid days for the pattern.

We calculated the amount of time per day spent in light
intensity physical activity (defined as standing and <100
steps/min), moderate-to-vigorous intensity physical activity
(defined as >100 steps/min), and vigorous intensity physical
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activity (defined as >130 steps/min) [26]. Total physical activ-
ity per day was defined as mean time spent stepping during
out-of-bed time. Weekly activity pattern categories based on
moderate-to-vigorous intensity physical activity were defined
as: insufficiently active, <150 min moderate-to-vigorous
intensity physical activity/week; and sufficiently active,
>150 min moderate-to-vigorous intensity physical activity/
week. The sufficiently active category was further subdivided
into ‘weekend warrior’ and regularly active. In accordance
with previous research, weekend warriors were defined as
participants who did >50% of the weekly moderate-to-
vigorous intensity physical activity on only 1 or 2 days [27].
Regularly active were participants who did their moderate-to-
vigorous intensity physical activity in >3 days. Thus, we
defined three groups: (1) insufficiently active (0—150 min
moderate-to-vigorous intensity physical activity/week); (2)
weekend warrior (>150 min moderate-to-vigorous intensity
physical activity/week with more than 50% of the moderate-
to-vigorous intensity physical activity in 1 or 2 days); and (3)
regularly active (=150 min moderate-to-vigorous intensity
physical activity/week in >3 days). Also, we assessed the vari-
ation of moderate-to-vigorous intensity physical activity/week
per individual as a continuous variable by calculating the CV
(CV=SD/mean, for each individual).

The total amount of sedentary time was based on the seden-
tary posture (sitting or lying), and calculated as the mean time
spent per day in a sedentary position during out-of-bed time.
The method used to determine out-of-bed time has been
described elsewhere [25]. In brief, an automated algorithm
identified out-of-bed and in-bed times on an individual level
on multiple days, i.e. different out-of-bed and in-bed times for
each day for each participant. The algorithm is based on the
number and duration of sedentary periods to identify in-bed
times, and on the number and duration of active periods
(standing or stepping) to identify out-of-bed times. The algo-
rithm showed high accuracy in determining out-of-bed time
compared with self-report, as the intra-class » was 0.79
(p<0.001) and the mean difference in out-of-bed time between
both methods was 0.02 h (1.2 min), with limits of agreement
of—1.1to 1.2 h.

The number of sedentary breaks during out-of-bed time
was determined as each transition from a sitting or lying posi-
tion to standing or stepping, and the mean number of breaks
per day was calculated. Sedentary time accumulated in a
consecutive period >30 min was defined as a prolonged
sedentary bout, and the mean number of prolonged sedentary
bouts during out-of-bed time per day was calculated.

Covariates Covariates which were extracted from question-
naires included sex, age, level of education, smoking status,
energy intake, Dutch healthy diet index, mobility limitation
and history of CVD. Smoking status was categorised into
never, former, and current smoker. Level of education was
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assessed by questionnaire and categorised into low (no educa-
tion, primary education and lower vocational education);
medium (general secondary education, general vocational
education, and higher secondary and pre-university educa-
tion); and high (higher vocational education and university).
Energy intake and dietary habits were obtained from a vali-
dated food frequency questionnaire [28] and calculated as the
mean energy intake (kcal) per day and adherence to Dutch
healthy diet index [29]. Mobility limitation was obtained from
the 36-Item Short Form Health Survey questionnaire and was
defined as having difficulty walking 500 m or climbing a
flight of stairs. Prevalent CVD was defined as a self-reported
history of myocardial infarction, ischaemic or haemorrhagic
stroke, or percutaneous artery angioplasty of, or vascular
surgery on, the coronary, abdominal, peripheral or carotid
arteries. The use of lipid-modifying, antihypertensive and
glucose-lowering medication was assessed during a medica-
tion interview [22]. Office systolic BP, ambulatory 24 h BP,
BMI, waist circumference, HbA ., fasting plasma glucose
(FPG), 2 h plasma glucose (2hPG), triacylglycerol and total
cholesterol/HDL-cholesterol ratio were determined as
described elsewhere [22]. Glucose metabolism status was
assessed by medication use and 2 h OGTT and classified into
normal glucose metabolism, prediabetes (defined as impaired
glucose tolerance [FPG <7.0 mmol/l and 2hPG between >7.8
and <11.1 mmol/l] and impaired fasting glucose [FPG
between 6.1 and 6.9 mmol/l and 2hPG <7.8 mmol/l]) and type
2 diabetes according to WHO 2006 criteria [30]. More exten-
sive information of the covariates has been described previ-
ously [22].

Statistical analyses

All data were analysed using IBM SPSS software version 25.0
for Windows (IBM, Armonk, NY). Characteristics of the total
study population and according to moderate-to-vigorous
intensity physical activity patterns were summarised as mean
(SD) or as percentages or as median (IQR) (in case of a
skewed distribution). To increase statistical efficiency and
reduce multiple testing, an endothelial dysfunction z score
and low-grade inflammation z score was calculated.

For endothelial dysfunction we combined: sSICAM-1,
sVCAM-1, sE-selectin and vWF.

For low-grade inflammation we combined: hs-CRP, IL-6,
IL-8, TNF-&, SAA and sICAM-1.

First, we calculated the z scores for all individual biomark-
ers [(individual value minus whole study population mean
value)/whole study population SD, thus resulting in a
standardised variable ranging from approximately —2.5 to
+2.5 SD with a mean of 0].

All the individual z scores from biomarkers share the
same unit. They were averaged, resulting in one single
endothelial dysfunction or low-grade inflammation score,
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which was subsequently standardised. sSICAM-1 was
included in both biomarker scores as it is expressed by
both monocytes and the endothelium [2, 31-33]. A higher
score indicates more biomarkers of endothelial dysfunction
or more low-grade inflammation.

Associations between physical activity (total, light intensity,
moderate-to-vigorous intensity combined and vigorous intensity
separately), sedentary time/breaks, prolonged sedentary bouts
and physical activity pattern (independent variables) and
biomarkers of endothelial dysfunction and low-grade inflamma-
tion scores (dependent variables) were examined with the use of
multivariable linear regression models. Models 1 and 2 are about
potential confounding, and model 3 is about potential confound-
ing/mediation. Model 1 was adjusted for age, sex and glucose
metabolism status; model 2 was additionally adjusted for
smoking status, Dutch healthy diet index and level of education;
model 3 was additionally adjusted for history of CVD, BMI,
office systolic BP, mobility limitations (yes/no), total
cholesterol/HDL-cholesterol ratio, triacylglycerol, lipid-
modifying medication and antihypertensive medication. The
time out-of-bed can be defined as sedentary time, light intensity
and moderate-to-vigorous intensity physical activity. Therefore,
it may be that sedentary time is a confounder/mediator for
moderate-to-vigorous intensity and vigorous intensity physical
activity in the above analyses (model 4a). Sedentary behaviour
and light intensity physical activity were further adjusted for
moderate-to-vigorous intensity physical activity, as a possible
confounder/mediator, in the above analyses (model 4a).
Finally, we performed interaction analyses for sex, age and
glucose metabolism status in model 3.

Additional analyses Next, we conducted several sensitivity
analyses: we excluded individuals with hs-CRP >10 mg/l;
we replaced BMI with waist circumference; we excluded indi-
viduals with <6 days of activPAL; and we replaced office
systolic BP with 24 h BP. Finally, because biomarkers of
endothelial dysfunction and low-grade inflammation are
thought to be related processes, they may act as mediators in
the above analyses. To test whether this was the case, we
adjusted associations with biomarkers of endothelial dysfunc-
tion for low-grade inflammation, and vice versa (model 4b).
Finally, for the interpretation of the interaction analyses with
glucose metabolism status, we performed the interaction anal-
yses described above for glucose metabolism status with
HbA . and FPG and 2hPG values of the OGTT.

For all analyses, a p value <0.05 was considered statistical-
ly significant.

Results

The study population for all analyses, except those for activity
patterns and stratified by glucose metabolism status, consisted

0f 2363 participants. We excluded 810 with no accelerometer
measurements, 38 with missing biomarkers of endothelial
dysfunction or low-grade inflammation and 240 who had
other missing data (confounders) from the overall study popu-
lation (n = 3451). Activity pattern analyses were done in 2015
participants, as 348 participants were additionally excluded
because of accelerometer measurements of less than 6 days.
For the analyses stratified by glucose metabolism status, we
excluded other types of diabetes. In total we performed the
stratified analysis with 2336 participants. We compared the
baseline characteristics of the included and excluded popula-
tions and found that the characteristics were similar (electronic
supplementary material [ESM] Table 1).

Table 1 shows the characteristics of the total study popula-
tion and according to the pattern of physical activity. The
insufficiently actives, as compared with the more active
participants, were older, were more often current smokers,
more often had mobility limitations, more often had type 2
diabetes, more often used medication, and had higher levels of
biomarkers of endothelial dysfunction and low-grade
inflammation.

After adjustment for demographic, lifestyle and cardiovas-
cular risk factors, more physical activity (total and all intensi-
ties of physical activity) and more sedentary breaks were
inversely associated with biomarkers of endothelial dysfunc-
tion (standardised 3 [95% CI], total: —0.11 [—0.15, —0.07];
light: —0.05 [-0.09, —0.02]; moderate-to-vigorous: —0.09
[-0.13, —0.05]; vigorous: —0.04 [—0.08, —0.004]; sedentary
breaks: —0.04 [-0.08, —0.002]) (Table 2, model 3).
Additionally, more sedentary time and more prolonged seden-
tary bouts were positively associated with biomarkers of endo-
thelial dysfunction (sedentary time: 0.08 [0.04, 0.12];
prolonged sedentary bouts: 0.06 [0.02, 0.10]) (Table 2,
model 3).

After adjustment for demographic, lifestyle and cardiovas-
cular risk factors, more physical activity (total and all intensi-
ties of physical activity) and more sedentary breaks were
inversely associated with the low-grade inflammation score
(total: —0.11 [-0.15, —0.08]; light: —0.07 [-0.11, —0.04];
moderate-to-vigorous: —0.11 [—0.15, —0.07]; vigorous: —0.07
[-0.10, —0.03]; sedentary breaks: —0.05 [—0.09, —0.02])
(Table 2, model 3). Additionally, more sedentary time and
more prolonged sedentary bouts were positively associated
with the low-grade inflammation score (sedentary time: 0.08
[0.05, 0.12]; prolonged sedentary bouts: 0.08 [0.04, 0.11]) (all
p<0.05; Table 2, model 3).

To investigate the mutual independence of the above asso-
ciations, we adjusted light intensity physical activity and
sedentary behaviour for moderate-to-vigorous intensity phys-
ical activity, and moderate-to-vigorous intensity and vigorous
intensity physical activity for sedentary time. For biomarkers
of endothelial dysfunction score, only moderate-to-vigorous
intensity physical activity and sedentary time remained
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Table 1 Descriptive characteristics of the study population according to physical activity pattern

Physical activity pattern (n=2015)

Characteristic Total population Insufficiently active Weekend warrior Regularly active
(n=2363) (n=173) (n=494) (n=1348)

Age (years) 61.0 (55.0-66.0) 64.0 (59.0-70.0) 63.0 (56.0-67.0) 60.0 (54.0-66.0)
Sex (% male) 51.5 76.3 57.3 44.6
Education level (%)

Low 335 50.9 33.0 31.1

Medium 28.1 289 243 28.6

High 384 20.2 42.7 40.4
Smoking status (%)

Current 12.5 24.9 10.1 10.3

Former 522 532 524 52.0

Never 353 22.0 37.4 37.7
Alcohol consumption (%)

None 17.6 28.9 14.0 16.9

Low 57.0 54.9 56.7 57.3

High 254 16.2 294 25.8
Mobility limitations (%)

Yes 20.3 46.8 17.8 17.4

No 79.7 532 82.2 82.6
BMI (kg/m?) 27.02 (4.54) 30.11 (5.51) 26.82 (4.09) 26.42 (4.11)
History of CVD (%) 16.6 30.1 16.4 15.0
Diabetes status (%)

Normal 55.5 23.1 55.7 61.6

Impaired 15.1 104 16.8 14.8

Type 2 diabetes 283 64.7 26.7 22.4

Other type of diabetes 1.1 1.7 0.8 12
Antihypertensive medication use (%) 414 69.4 42.7 37.8
Lipid-modifying medication use (%) 37.7 64.2 379 32.9
Glucose-lowering medication use (%) 23.7 58.4 21.7 18.4

Total cholesterol/HDL-cholesterol ratio

Triacylglycerol (mmol/l)

Dutch healthy diet index

Valid days (1)

Sedentary time (h/day)

Total physical activity (h/day)

Light intensity physical activity (h/day)

Moderate-to-vigorous intensity physical activity
(h/day)

Vigorous intensity physical activity (h/day)

Sedentary breaks (n/day)

Prolonged sedentary bouts (n/day)

SICAM-1 (ng/ml)

sVCAM-1 (ng/ml)

sE-selectin (ng/ml)

von Willebrand factor (%)

Plasma hs-CRP (mg/l)

Plasma SAA (pg/ml)

Plasma IL-6 (pg/ml)

Plasma IL-8 (pg/ml)

Plasma TNF-« (pg/ml)

3.38 (2.76-4.19)
1.22 (0.89-1.72)
83.73 (14.67)
7.0 (6.00-7.00)
9.42 (1.67)

1.96 (1.49-2.44)
541 (1.52)

0.85 (0.58-1.15)

0.09 (0.04-0.19)
37.45 (8.58)
4.86 (3.71-5.86)
355.62 (98.26)
428.50 (100.61)
117.81 (66.46)
132.20 (47.84)
1.22 (0.61-2.72)
3.36 (2.09-5.45)
0.58 (0.39-0.90)
4.11 (3.25-5.29)
2.20 (1.89-2.56)

3.64 (3.00-4.60)
1.54 (1.12-2.14)
78.19 (14.80)
7.00 (6.00-7.00)
10.96 (1.51)
1.01 (0.81-1.21)
4.12 (1.39)

0.27 (0.19-0.31)

0.02 (0.01-0.03)
33.17 (821)
6.29 (5.17-7.17)
402.95 (144.46)
471.35 (135.04)
154.91 (112.77)
154.03 (52.48)
1.99 (1.01-4.04)
3.48 (2.10-6.89)
0.89 (0.65-1.42)
4.83 (3.89-6.42)
2.50 (2.19-3.00)

3.45 (2.82-4.29)
1.25 (0.90-1.75)
8439 (13.63)
7.0 (6.00-7.00)
9.66 (1.44)

1.85 (1.50-2.25)
5.07 (1.30)

0.84 (0.64-1.10)

0.09 (0.05-0.18)
35.50 (7.63)
529 (4.33-6.14)
353.75 (94.21)
432.68 (99.96)
114.12 (58.05)
134.60 (51.34)
1.21 (0.64-2.84)
3.30 (2.14-5.31)
0.57 (0.42-0.87)
423 (3.34-5.27)
2.18 (1.86-2.55)

3.28 (2.70-4.06)
1.16 (0.86-1.61)
85.08 (14.81)
7.0 (6.00-7.00)
9.09 (1.55)

2.09 (1.68-2.55)
5.69 (1.43)

0.94 (0.68-1.22)

0.10 (0.06-0.21)
38.51 (8.25)
446 (3.50-5.50)
348.68 (85.17)
421.59 (91.75)
112.39 (59.95)
128.32 (44.64)
1.12 (0.57-2.45)
3.36 (2.04-5.36)
0.55 (0.37-0.84)
3.97 (3.19-5.13)
2.16 (1.87-2.51)

Values are means (SD) or median (Q1-Q3), unless stated otherwise

associated (Table 2, model 4a). For the low-grade inflamma-
tion score, associations remained similar for light intensity
physical activity, moderate-to-vigorous intensity and vigorous
intensity physical activity, sedentary time, sedentary breaks
and prolonged sedentary bouts (Table 2, model 4a).

After adjustment for demographic, lifestyle and cardiovascu-
lar risk factors, regularly actives and weekend warriors, as
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compared with the insufficiently actives (as reference), had
comparably lower biomarkers of endothelial dysfunction and
low-grade inflammation scores (biomarkers of endothelial
dysfunction: weekend warriors —0.28 [-0.44, —0.11]; regularly
actives —0.32 [-0.47, —0.16], low-grade inflammation: weekend
warriors —0.22 [—0.38, —0.07]; regularly actives —0.26 [0.41,
—0.11]) (Table 3, model 3). However, the CV of the weekly
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Table 4  Associations of physical activity and sedentary time with biomarkers of endothelial dysfunction, stratified by glucose metabolism status

Physical activity level

Biomarkers of endothelial dysfunction

Model 1
B (95% CI)

Model 2
B (95% CI)

Model 3
B (95% CI)

Total physical activity
Normal glucose metabolism —0.12 (=0.17, —0.06)***
Prediabetes —0.20 (=0.30, —0.10)**:*
T2D —0.27 (—0.34, —0.19)***

Light intensity physical activity
Normal glucose metabolism —0.02 (-0.08, 0.03)
Prediabetes —0.15 (-0.26, —0.04)**
T2D —0.17 (—0.25, —0.10)***

Moderate-to-vigorous intensity physical activity
Normal glucose metabolism —0.13 (=0.18, —0.07)*#*
Prediabetes —0.17 (=0.27, =0.07)**
T2D —0.24 (=0.31, —0.16)***

Vigorous intensity physical activity

Normal glucose metabolism =0.11 (=0.16, —0.05)***

Prediabetes —0.10 (=0.20, 0.01)
T2D =0.15 (-0.22, —0.07)***
Sedentary time

Normal glucose metabolism 0.06 (0.001, 0.10)*
Prediabetes 0.20 (0.10, 0.31 )%

T2D 0.18 (0.11, 0.26)***

—0.11 (=0.17, —0.06)***
—0.21 (=0.31, —0.10)***
—0.25 (=0.32, =0.17)***

~0.02 (~0.08, 0.03)
~0.16 (-0.27, —0.05)**
—0.17 (=0.25, —0.10)#**

—0.06 (=0.12, =0.01)*
—0.16 (=0.26, —0.05)**
—0.14 (-0.22, —0.06)***

0.02 (—0.04, 0.07)
—0.17 (=0.27, —0.06)**
—0.10 (-0.18, —0.03)**

—0.12 (=0.17, —0.07y***
—0.16 (=0.26, —0.06)**
—0.21 (=0.28, —0.13)y***

—0.08 (=0.13, —0.02)%*
—0.11 (-0.21, —0.001)*
~0.10 (=0.18, —0.02)*

—0.06 (=0.11, —0.002)*
—0.03 (-0.13, 0.08)
—0.05 (-0.13, 0.02)

—0.10 (=0.16, —0.05)y***
—0.09 (-0.19, 0.02)
—0.12 (=0.20, —0.05)**

0.06 (0.003, 0.12)*
022 (0.11, 0.33 )
0.18 (0.10, 0.25)#**

0.02 (—0.04, 0.07)
0.21 (0.10, 0.31)***
0.10 (0.02, 0.17)*

Regression coefficients (3) represents the increase/decrease in biomarkers of endothelial dysfunction for every SD physical activity/sedentary behaviour

1 SD total physical activity is equivalent to 0.67 h/day, 1 SD light intensity physical activity is equivalent to 1.48 h/day, 1 SD moderate-to-vigorous
intensity physical activity is equivalent to 0.43 h/day, 1 SD vigorous intensity physical activity is equivalent to 0.16 h/day, 1 SD sedentary time is

equivalent to 1.60 h/day

Model 1 was adjusted for age and sex; model 2 was additionally adjusted for smoking, Dutch healthy diet index and level of education; model 3 was
additionally adjusted for history of CVD, BMI, office systolic BP, mobility limitation (yes/no), triacylglycerol, total cholesterol/HDL-cholesterol ratio,

use of lipid-modifying medication and use of antihypertensive medication

*p<0.05, *#p<0.01, ***p<0.001
T2D, type 2 diabetes

amount of moderate-to-vigorous intensity physical activity
(regularity) was positively associated with biomarkers of endo-
thelial dysfunction and low-grade inflammation scores (biomark-
ers of endothelial dysfunction: 0.04 [0.01, 0.07], low-grade
inflammation: 0.05 [0.02, 0.08]) (Table 3, model 3).

Associations of physical activity and sedentary behav-
iour with individual biomarkers of endothelial dysfunction
and low-grade inflammation are shown in ESM Tables 2—
10. In general, associations were similar to those with
biomarkers of endothelial dysfunction and low-grade
inflammation scores.

Associations between light intensity physical activity and
prolonged sedentary bouts on the one hand and low-grade
inflammation (but not biomarkers of endothelial dysfunction)
on the other were stronger in women than in men (p for inter-
action <0.05; ESM Table 11 shows stratified analyses). There
was no interaction with age.

Associations between total physical activity, light intensity
physical activity, moderate-to-vigorous intensity physical activ-
ity, vigorous intensity physical activity and sedentary time on
the one hand and biomarkers of endothelial dysfunction (but
not low-grade inflammation) on the other were in general
consistently stronger in individuals with prediabetes and type
2 diabetes than in those without (p for interaction <0.05;
standardised (3 [95% CI] total physical activity: —0.16 [—0.26,
—0.05],—0.14 [-0.22, —0.06], —0.06 [-0.12, —0.01]; light inten-
sity physical activity: —0.17 [-0.27, —0.06], —0.10 [—0.18,
—0.03], 0.02 [—0.04, 0.07]; moderate-to-vigorous intensity
physical activity: —0.11 [-0.21, —0.001], —0.10 [-0.18,
—0.02], —0.08 [-0.13, —0.02]; vigorous intensity physical activ-
ity: —0.03 [-0.13, 0.08], —0.05 [-0.13, 0.02], —0.06 [-0.11,
—0.002]; sedentary time: 0.21 [0.10, 0.31], 0.10 [0.02, 0.17],
0.02 [-0.04, 0.07]); Table 4 shows these stratified analyses.
When we replaced glucose metabolism status with HbA |,

@ Springer
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FPG or 2hPG in the interaction analyses with biomarkers of
endothelial dysfunction, we observed significant interactions
for total physical activity (FPG and 2hPG), light intensity phys-
ical activity (HbA;., FPG and 2hPG), moderate-to-vigorous
intensity physical activity (FPG and 2hPG) and sedentary time
(FPG and 2hPG), but not for vigorous intensity physical activ-
ity (ESM Tables 12—-14).

Additional analyses

To test the robustness of the above results, we did several
sensitivity analyses. In general, results remained similar when
we excluded participants with hs-CRP> 10 mg/l (ESM
Tables 15 and 16); when we replaced BMI with waist circum-
ference (ESM Tables 17 and 18); when we replaced office
systolic BP with 24 h systolic BP (ESM Tables 19 and 20);
and when we excluded participants with less than 6 days of
activPAL (2015 individuals) (ESM Table 21).

Finally, from a pathophysiological point of view, biomark-
ers of endothelial dysfunction and low-grade inflammation are
strongly interlinked [34, 35]. Indeed, when we adjusted asso-
ciations with biomarkers of endothelial dysfunction as
outcome for the low-grade inflammation score, or vice versa,
associations of physical activity intensity or sedentary behav-
iour with these outcomes were consistently attenuated
(Table 2, model 4b).

Discussion

This cross-sectional population-based study on the associa-
tions between accelerometer-measured physical activity and
sedentary behaviour on the one hand and biomarkers of endo-
thelial dysfunction and low-grade inflammation on the other
had three main findings. First, all intensities of physical activ-
ity and, in addition, regularity of moderate-to-vigorous inten-
sity physical activity were inversely associated with biomark-
ers of endothelial dysfunction and low-grade inflammation.
Second, and independently of moderate-to-vigorous intensity
physical activity, sedentary time was associated with biomark-
ers of endothelial dysfunction, whereas sedentary time,
prolonged sedentary bouts (both positively) and sedentary
breaks (inversely) were all associated with low-grade inflam-
mation. Third, associations between physical activity (all
intensities) and sedentary time on the one hand and biomark-
ers of endothelial dysfunction on the other were consistently
stronger in individuals with prediabetes and type 2 diabetes
than in individuals with normal glucose metabolism.

All intensities of physical activity were inversely associat-
ed with biomarkers of endothelial dysfunction and low-grade
inflammation. In general, our results are consistent with previ-
ous studies [12—15, 36-39]. As an important extension to
previous publications, the present study had the advantage

@ Springer

of a more extensive characterisation of both physical activity
on the one hand and biomarkers of endothelial dysfunction
and low-grade inflammation on the other. Importantly, we
found that regularity (i.e. a lower CV, as a continuous vari-
able) of moderate-to-vigorous intensity activity was associat-
ed with less biomarkers of endothelial dysfunction and low-
grade inflammation. We attribute the observation that similar
differences were not observed when regularly actives were
compared with weekend warriors to the decrease in power
associated with analyses with categorical variables.

Independently of moderate-to-vigorous intensity physical
activity, sedentary time was associated with biomarkers of
endothelial dysfunction, whereas sedentary time, prolonged
sedentary bouts (both positively) and sedentary breaks
(inversely) were all associated with low-grade inflammation.
These results are generally consistent with those of previous
studies [11, 40-43].

Physical activity is thought to ameliorate endothelial function
through inducing shear stress, which in turn increases activity of
endothelial oxide nitric synthase and enhances NO bioavailabil-
ity [7]. Conversely, sedentary behaviour reduces shear stress,
which decreases endothelial oxide nitric synthase and decreases
bioavailability of NO [11]. However, the mechanisms linking
physical activity and sedentary behaviour to low-grade inflam-
mation are not completely understood. Possible explanations
include a reduction in visceral adipose tissue, a reduction of
toll-like receptors on immune cells, and changes in the number
of (immune) cells [8, 18].

We found that associations between physical activity and
biomarkers of endothelial dysfunction were consistently
stronger in individuals with prediabetes and type 2 diabetes
than in individuals with normal glucose metabolism. When
analyses were repeated with measures of glucose (HbA,,
FPG or 2hPG), results were mostly but not entirely consistent,
which may be due to the play of chance or reflect true differ-
ences between (pre)diabetes as a state and glucose measures
that are not explained by the adjustments we made, and thus
were not identified in this study.

Hyperglycaemia and impairment of microvascular endothelial
function are thought to constitute a vicious cycle [20]. We spec-
ulate that physical activity, by improving microvascular endothe-
lial function, interrupts this vicious cycle. In short-term studies,
the effect on biomarkers of endothelial dysfunction of increasing
physical activity has not been found to be larger in individuals
with, than in those without, type 2 diabetes [39], but it must be
recognised that activity measurements such as those obtained in
the current study probably reflect long-term lifestyle habits.
Thus, long-term exposures to greater physical activity may be
needed to improve endothelial function in individuals with type 2
diabetes. This hypothesis requires further study in long-term
intervention trials.

This study had several strengths: we studied a large
population-based sample; we studied amount, intensity and
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pattern of physical activity as measured by accelerometry; we
used multiple biomarkers of endothelial dysfunction and low-
grade inflammation; and we took extensive measurements of
possible confounders, which makes residual confounding less
likely. The study also had several limitations. Because of the
cross-sectional design, causal inference should be made with
great caution, although our results are physiologically plausi-
ble. Earlier research showed that poorer health is associated
with less physical activity and more sedentary behaviour
[44-46]. Next, the use of composite biomarker scores assumes
that all biomarkers are equally important in pathophysiological
terms. Whether this assumption holds is not completely clear,
but all biomarkers used have been shown to be prognostically
linked to CVD [3-5], and associations were homogeneous
across biomarkers. Furthermore, we have only used the
activPAL, which unfortunately does not allow us to distinguish
the specific type of activities (e.g. endurance exercise vs
strength exercise and subtypes of exercise, such as walking,
running, cycling, swimming). All activities are captured as
activity by the activPAL, and we were further able to classify
activities into light, moderate and vigorous intensity physical
activity. Finally, the population consisted only of White partic-
ipants, which limits generalisability of our findings.

In conclusion, our study shows that, independently of
demographic, lifestyle and cardiovascular risk factors, differ-
ent intensities of physical activity are inversely associated
with biomarkers of endothelial dysfunction and low-grade
inflammation. Additionally, greater regularity of moderate-
to-vigorous intensity physical activity is advantageous with
regard to biomarkers of endothelial dysfunction and low-
grade inflammation. Sedentary time was directly associated
with biomarkers of endothelial dysfunction, and sedentary
time, prolonged sedentary bouts (positively) and sedentary
breaks (inversely) were associated with low-grade inflamma-
tion, and this was independent of moderate-to-vigorous inten-
sity physical activity. Importantly, associations of physical
activity and biomarkers of endothelial dysfunction were
consistently stronger in prediabetes and type 2 diabetes.
Taken together, these results support increasing physical
activity and limiting sedentary behaviour as a means to
prevent or ameliorate biomarkers of endothelial dysfunction
and low-grade inflammation, especially in individuals with
prediabetes and type 2 diabetes.
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supplementary material.
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