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ABSTRACT

PHILLIPS, C. M., C. B. DILLON, and I. J. PERRY. Replacement of Sedentary Time with Physical Activity: Effect on Lipoproteins.
Med. Sci. Sports Exerc., Vol. 50, No. 5, pp. 967-976, 2018. Purpose: Limited data on the relationship between physical activity and
lipoprotein particle profiles exist. Our objective was to investigate associations between objectively measured physical activity and
lipoprotein particle size and number, and specifically whether substituting daily sedentary behavior with light activity or moderate-to-
vigorous physical activity (MVPA) is associated with beneficial alterations to the lipoprotein profile among adults and those at increased
cardiometabolic risk (obese and insulin-resistant subjects). Methods: Sedentary behavior and physical activity intensity and duration
were measured for 7 consecutive days using the GENEActiv accelerometer in a cross-sectional adult cohort (n = 396; mean age, 59.6 =
5.5 yr). Lipoprotein particle size and subclass concentrations were determined using nuclear magnetic resonance spectroscopy.
Isotemporal substitution regression modeling quantified the associations between replacing 30 min-d ~" of sedentary behavior with equal
amounts of light activity and MVPA on lipoprotein profiles. Results: Daily duration of MVPA was inversely associated with large
VLDL particles and lipoprotein insulin resistance scores (P < 0.05, after adjustment for sedentary time and other confounding factors).
Reallocating 30 min of sedentary time with MVPA, but not light activity, was associated with less large VLDL particles resulting in more
favorable average VLDL particle size and improved lipoprotein insulin resistance score (P < 0.05). Analysis of high-cardiometabolic-risk
groups revealed similar beneficial alterations to VLDL profiles (P < 0.05) with substitution of sedentary time for MVPA among the
insulin-resistant (homeostasis model assessment for insulin resistance >75th percentile) but not the obese (body mass index >30 kg'm ~2)
individuals. Conclusions: Daily MVPA duration and theoretical replacement of sedentary time with MVPA, but not light activity, were
associated with less atherogenic VLDL profiles, particularly among the insulin-resistant individuals. These findings, which require further
investigation, highlight the need to develop physical activity interventions aimed at improving atherogenic dyslipidemia and lowering
cardiometabolic risk. Key Words: MODERATE-TO-VIGOROUS PHYSICAL ACTIVITY, SEDENTARY Behavior, LIPOPROTEIN
PROFILE, OBESITY, INSULIN RESISTANCE

hysical activity exerts beneficial health effects includ-
ing decreased risk of obesity, type 2 diabetes (T2DM),
cardiovascular disease (CVD), and cancer and reduced
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all-cause mortality (1-3). Conversely, sedentary behavior in-
creases risk of these conditions and shortens life expectancy
(4-6). Multifactorial mechanisms, including improvements
to the atherogenic lipid profile and insulin sensitivity, may
underlie the positive associations between physical activity
and cardiometabolic outcomes (7,8). Standard lipid tests
quantify the cholesterol or triglyceride (TG) content of li-
poproteins. In contrast, nuclear magnetic resonance (NMR)
spectroscopy simultaneously quantifies the number and size
of VLDL, LDL, and HDL particles (9). Several studies have
demonstrated associations between lipoprotein subfractions
and CVD risk (10-12), particularly LDL (13,14), and HDL
subfractions (15). The cholesterol content of lipoprotein par-
ticles varies between individuals because of heterogeneity in
particle size and in the relative content of cholesterol ester and
TG contained in the particle core (16). Evidence suggests that
in patients with discordance between cholesterol and particle
measures of LDL and HDL, CVD risk tracks with the particle
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measures (17). Lipoprotein particle size, in particular large
VLDL and small, dense LDL and HDL particles, is associ-
ated with increased risk for atherosclerosis and premature
CVD (18-21).

Obesity and insulin resistance are linked with proatherogenic
alterations in the lipoprotein particle profile (19,22). Limited
data on the relationship between physical activity and NMR-
derived lipoprotein particle profiles in adults, and especially
those with elevated cardiometabolic risk, are available. Although
the effects of replacing sedentary time with physical activity on
cardiovascular risk biomarkers are now emerging (23), no data in
relation to lipoprotein profiles exists. More refined determination
of lipoprotein subfractions together with objectively measured
sedentary behavior and physical activity will improve our un-
derstanding of their contribution to cardiometabolic disease risk
and may inform more appropriate lipid targets and physical
activity interventions for patients. Therefore, the aims of this
study were to (i) determine the relationship between objectively
measured sedentary behavior and physical activity duration and
intensity with lipoprotein particle profiles in a cross-sectional
sample of adults, and (ii) to investigate whether replacing sed-
entary time with light activity or moderate-to-vigorous physical
activity (MVPA) is associated with beneficial alterations to
lipoprotein particle size and number among all subjects and
those at increased cardiometabolic risk (i.e., obese and insulin-
resistant individuals).

MATERIALS AND METHODS

Study design. The Cork and Kerry Diabetes and Heart
Disease Study (phase II) was a single-center, cross-sectional
study conducted between 2010 and 2011. A population repre-
sentative random sample (Mitchelstown cohort) was recruited
from a large primary care center in Mitchelstown, County Cork,
Ireland. Full details have been published elsewhere (24). Cohort
participants were randomly selected from all registered attend-
ing patients in the 50- to 69-yr age group. Of these 2047 (49.2%
male) completed the questionnaire and physical examination
components of the baseline assessment (response rate, 67%). Of
the 745 cohort participants invited to wear the accelerometer,
475 subjects agreed to participate (response rate, 64%). Ethics
committee approval conforming to the Declaration of Helsinki
was obtained from the Clinical Research Ethics Committee of
University College Cork. All participants provided written
informed consent.

Clinical data. Participants attended the clinic in the
morning after an overnight fast (minimum 8 h). Fasting blood
samples were taken on arrival. Data on age, gender, lifestyle
factors, and medication use were gathered through a self-
completed general health questionnaire and a food frequency
questionnaire. Smoking status was defined as never, former,
and current smokers. Alcohol consumption was defined as
moderate (women and men consuming <14 and 21 units, re-
spectively, in a typical week) and nonmoderate (women and
men consuming >14 and 21 units, respectively, in a typical
week). Dietary fat (percent energy intake) was calculated

from food frequency questionnaire responses. Anthropometric
measurements (body weight, height, and waist circumference)
were recorded as previously described using calibrated in-
struments according to a standardized protocol (25). Body
mass index (BMI) was calculated and used to classify obesity
(BMI >30 kg'm™?).

Biological analyses. Fasting serum total cholesterol
(Total-C), HDL cholesterol (HDL-C), LDL cholesterol (LDL-C),
and TG levels were analyzed using enzymatic colorimetric
tests (Olympus Life and Material Science Europa Ltd,
Lismeehan, Co, Clare, Ireland) on an Olympus 5400 automatic
analyzer (Olympus Diagnostica Gmbh, Hamburg, Germany).
Fasting plasma glucose (FPG) was determined using a glucose
hexokinase assay by Cork University Hospital Biochemistry
Laboratory. Serum insulin was determined using a biochip
array system (Evidence Investigator; Randox Laboratories,
Antrim, United Kingdom). Homeostasis model assessment
(HOMA) calculated as [(FPG x fasting serum insulin)/22.5]
was used to classify insulin resistance (HOMA-IR >75th
percentile based on study population). Serum and plasma were
aliquoted and stored at —80°C.

Lipoprotein particle profiling. Serum lipoprotein sub-
class particle concentrations and average particle diameters
were measured on frozen serum samples by NMR spectroscopy
at LipoScience, Inc (Raleigh, NC) using the LipoProfile-3
algorithm (9). Weighted-average VLDL, LDL, and HDL par-
ticle sizes were computed as the sum of the diameter of each
subclass multiplied by its relative mass percentage as estimated
from the amplitude of its NMR signal. The following sub-
classes were investigated: large VLDL (including chylomi-
crons, if present) (>60 nm), medium VLDL (42—60 nm), small
VLDL (29-42 nm), large LDL (20.5-23 nm), small LDL (18—
20.5 nm), large HDL (9.4-14 nm), medium HDL (8.2-9.4 nm),
and small HDL (7.3-8.2 nm). Further summation of the sub-
class levels provides total lipoprotein particle concentrations.
A lipoprotein insulin resistance (LP-IR) score, which is a
weighted combination of the lipoprotein parameters most closely
associated with insulin resistance (large VLDL, small LDL,
and large HDL particles, and VLDL, LDL, and HDL size), was
calculated (26).

Accelerometer protocol. Subjects were invited to
participate in the objective physical activity assessment
as described previously (27). Physical behavior levels were
assessed using a GENEActiv accelerometer (Activinsights Ltd,
Kimbolton, Cambridgeshire, United Kingdom). The technical
reliability and validity of this accelerometer have been previ-
ously reported (28). The triaxial STMicroelectronics acceler-
ometer with a dynamic range of +6g (g = 9.81 m's™?) was
attached to the participants’ preferred wrist with a strap (29).
Acceleration was sampled at 100 Hz, and the accelerometer
was worn for 7 consecutive days. After return of the acceler-
ometer to the coordination center, data were extracted using
GENEACtiv software and then collapsed using the sum of the
vector magnitude (Y Vx> + ) + 2> — g) into 60-s epochs (28).
Wear and nonwear time was identified by the procedure
outlined by van Hees et al. (29). Nonwear time was calculated
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for each accelerometer axis on the basis of the SD and the
value range. The procedure was carried out on successive
blocks of 30 min. A block was categorized as nonwear time if
the SD was less than 3.0 mg (1 mg = 0.00981 m-s~?) or if the
value range was less than 50 mg, for at least two of the three
axes. Four hundred and seventy-five subjects wore the ac-
celerometer. Each time interval, from the daytime wear-time
(6 AM—12 am) periods, was categorized on the basis of vali-
dated cutoff points for dominant and nondominant wrist
wear (27). After exclusion of 16 individuals without data
collected due to technical issues, inappropriate location of
wear, or nonreturn of the device and 63 participants with in-
valid wear time (valid wear was defined as >10-h activity on
all 7 d of wear), the remaining 396 subjects were included in
the current analysis. A flowchart outlining the subject selection
for the current analysis of the Mitchelstown cohort is presented
in Figure, Supplemental Digital Content 1, Flowchart outlining
the subject selection for the current analysis of the
Mitchelstown cohort, http://links.lww.com/MSS/B133.
Statistical analysis. Statistical analysis was conducted
using PASW Statistics version 18.0 for Windows (SPSS Inc,
Chicago, IL) and Stata (version 12; Stata Corp, College
Station, TX). Median and 25th and 75th percentiles for aver-
age daily minutes spent in sedentary behavior, light activity,
and MVPA were calculated. For both physical behavior and
lipoprotein profile data, ANOVA, #-tests, and nonparametric
tests compared mean, percentage, and median values, respec-
tively. Dunn’s post hoc test using Bonferroni method examined
pairwise comparisons across tertiles of activity and lipoprotein
parameters. Relationships between lipoprotein parameters and
physical behavior were assessed using Spearman correlation
coefficients and linear regression after adjustment for covari-
ates (age, gender, smoking status, alcohol consumption, dietary
fat intake, lipid-lowering medication, BMI, and daily hours spent
in sedentary behavior and physical activity, mutually adjusting
for alternative exposures). Isotemporal substitution regres-
sion modeling quantified the associations between replacing
30 min'd " of sedentary behavior with equal amounts of light
activity and MVPA on lipoprotein profiles. Isotemporal anal-
yses examined each activity intensity while adjusting for time in
other physical behaviors and total time. More specifically, the
coefficient from an isotemperol model represents the estimated
effects of substituting a specific activity intensity for the cate-
gory dropped while holding total (wear) time and other activity
constant (30). Thus, if we examine the effect of replacing
sedentary behavior with light activity, we include light activity,
MVPA, and total wear time in the model, whereas a model
examining the effects of replacing MVPA with sedentary be-
havior would include sedentary behavior, light activity, and
total time. The coefficients in this analysis represent the re-
placement of sedentary behavior with light activity or MVPA.
The isotemporal model is a linear regression model. Although
its primary function here is to determine whether substitution
of sedentary behavior with different physical activity behav-
iors is beneficial to health, it also examines whether this sub-
stitution relationship is linear. Thus, the coefficients represent

the effects for every 30-min increase substitution on each lipid
profile marker. These models are described in greater detail
elsewhere (31,32). Before entry into the models, all intensity
categories were divided by a constant of 30 such that a unit
increase in the activity variable represented a 30-min increase
in the given activity intensity. Lipoprotein markers were log
transformed for analysis and exponentiated, and 8 coefficients
are presented. Two models were run for each lipoprotein
parameter. The first model included age, gender, smoking
status, alcohol, and dietary fat intake. Model 2 additionally
adjusted for BMI and lipid-lowering medication use. Analysis
was performed in the entire data set and in the obese/nonobese
and insulin-resistant/nonresistant subgroups. An alpha level of
0.05 was set to evaluate significance.

RESULTS

Clinical and lifestyle characteristics and lipopro-
tein profiles of study sample and subgroups. The
clinical and lifestyle characteristics and lipoprotein profiles
of the cohort and subgroups are presented in Table 1. Differ-
ences in physical behavior profiles were observed for average
daily minutes spent in all intensities for both subgroups
(P <0.05). Several features of atherogenic dyslipidemia were
observed among the obese and insulin-resistant subjects in-
cluding higher TG concentrations (P < 0.001) and increased
numbers of both large (P < 0.001) and medium (P < 0.001)
VLDL particles. Obese and insulin-resistant subjects also had
lower HDL-C concentrations (P < 0.005) and less large
(P <0.001) and more small LDL and HDL particles (P < 0.001).
Larger VLDL particle size and smaller LDL and HDL particle
sizes were reported among the obese and insulin-resistant
subjects (P < 0.001). Calculated LP-IR scores were higher in
both subgroups (P < 0.001). Distribution of subjects by
gender, BMI, and HOMA-IR groups across tertiles of each
activity level is shown in Table 2. No gender differences were
noted. Both the obese and insulin-resistant individuals spent
greater time in sedentary behavior and less time in MVPA than
did their nonobese and non—insulin-resistant counterparts.

Lipoprotein particle concentration and size according
to tertiles of sedentary behavior and physical activity
intensity. Among all subjects, increasing amounts of sed-
entary time were associated with a range of unfavorable fea-
tures including increased numbers of large (P < 0.01) and
medium VLDL particles (P < 0.05), greater average VLDL
particle size (P < 0.01), and higher TG and lower HDL-C
concentrations (P < 0.05; Table 3). Conversely, more time
spent in either light activity or MVPA was associated with
less large VLDL particles (P < 0.05) and smaller average
VLDL particle size (P < 0.05). Light activity was additionally
positively associated with HDL-C concentrations (P < 0.05).
Post hoc analysis revealed differences between the lowest (T1)
and highest (T3) tertiles for all activity intensities for total
triglyceride rich lipoproteins (TRL) and large VLDL parti-
cles, VLDL particle size, LP-IR, and all of the traditional lipid
parameters including TG (17.4% reduction T3 vs T1 light
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TABLE 1. Clinical and lifestyle characteristics and lipoprotein profiles of the study sample and subgroups.

Not Insulin
Entire Sample Normal Weight Overweight Obese P Resistant Insulin Resistant P
n 396 79 189 128 293 97
Age, yr 59.58 + 5.46 58.51 +5.43 59.73 + 5.45 59.58 + 5.43 0.13 59.49 + 5.48 59.83 + 5.44 0.61
Male, % 46 64.6 54.5 46.9 0.046 417 56.7 0.01
BMI, kg'm 2 28.86 + 4.55 23.25 +1.54 27.77 +1.35 33.95 + 3.61 <0.001 27.54 + 3.61 32.85 + 4.86 <0.001
Waist, cm 96.27 + 13.39 82.80 + 8.24 93.51 +10.00 108.70 + 10.85  <0.001 92.56 + 12.04 107.29 + 11.29  <0.001
FPG, mmol-L~" 521 +1.06 4.86 + 0.49 5.09 + 0.80 5.61 +1.41 <0.001 4.94 + 0.51 6.01 +1.62 <0.001
HOMA-IR 2.96 + 3.25 1.49 +0.95 2.14 +1.50 511 +4.72 <0.001 1.68 + 0.80 6.87 + 4.56 <0.001
TG, mmol-L ™" 1.16 (0.85, 1.63) 0.94 (0.75,1.31) 113 (0.84,1.55)  1.40 (1.00, 1.93) <0.001 1.05(0.79,1.48) 1.58 (1.16,2.20) <0.001
Total-C, mmol-L ™" 5.30 (4.60, 6.00) 5.70 (5.00, 6.40)  5.30 (4.72,5.90)  5.00 (4.30, 5.67) 0.001 530 (4.72,6.10) 5.20 (4.32, 5.65) 0.055
HDL-C, mmol-L ™" 1.43 (1.19, 1.68) 172 (1.37,1.96) 1.46(1.26,1.66) 1.26 (1.07,1.53) <0.001 1.51 (1.28,1.75)  1.20 (1.03, 1.50) <0.001
LDL-C, mmol-L~" 3.10 (2.60, 3.80) 3.40(2.92,4.00) 3.22(2.64,3.80) 2.90 (2.53, 3.60) 0.005 3.20(2.70,3.90) 2.90 (2.32, 3.40) 0.002
Energy intake, kcal 1976 + 39 2046 + 89 1984 + 61 1920 + 63 0.522 1958 + 46 2060 =79 0.261
Current smokers, % 14.8 33.0 22.6 16.9 0.001 29.2 19.6 0.18
Moderate drinkers, % 68.5 73.2 66.9 67.8 0.69 68.9 67.2 0.79
Sedentary, min 909 (853, 971) 894 (844, 970) 905 (843, 951) 945 (879, 991) 0.003 898 (840, 957) 952 (891, 994) <0.0001
Light activity, min 103 (69, 135) 107 (68, 134) 108 (78, 138) 91 (58, 127) 0.04 109 (75, 141) 85 (55, 119) 0.0001
MVPA, min 62 (32, 103) 70 (42, 110) 67 (38, 104) 45 (23, 80) 0.0008 69 (38, 107) 45 (22, 68) 0.0001
Lipoprotein particle concentration
Total TRL, nmol-L ™" 53.9 (34.2, 84.8) 419 (27.1,68.7) 514 (34.2,825) 60.5 (42.4,99.5) <0.001 48 0(29.8, 77.4) 691 (49.4,107.8) <0.001
Large VLDL, nmol-L ™" 1.0 (0.5, 3.05) 0.6 (0.30, 1.0) 0.9 (0.5, 2.4) 2.2 (0.7,4.8) <0.001 8 (0.4, 2.1) 9(1.2,7.0) <0.001
Medium VLDL, nmotL ™" 20.5 (10.7, 34.7) 14.5(7.4,21.9) 20.5(10.2,34.3) 28.7 (16.3,47.9) <0.001 17 6 (9.7, 31.6) 29 9 (19.6, 54.5)  <0.001
Small VLDL, nmol-L™"  28.6 (17.65, 45.7) 245 (14.4,46.2) 29.2 (17.6,45.3)  29.7 (19.4, 45.9) 0.48 27.3 (16.1,43.6)  33.0 (20.2, 50.0) 0.11
Total LDL, nmol-L~" 1225 (985, 1477) 1205 (972, 1488) 1221 (990, 1517) 1249 (983, 1461) 0.68 1215 (982 1482) 1265 (1029, 1476)  0.29
IDL, nmol-L™" 88.0 (49.0, 153.0) 89.0 (39.0, 149.0) 90.0 (53.0, 157.0) 84.5 (41.8,162.0) 0.81 90.0 (51.5,151.0) 85.0 (39.5, 159.5)  0.73
Large LDL, nmol-L ™" 606 (394, 807) 722.5 (557, 931) 614 (405, 807) 468 (300, 678) <0.001 633 (449, 863) 428 (212, 654) <0.001
Small LDL, nmol-L~" 523 (97, 826) 126 (81, 633) 509 (94, 819) 607 (355, 937) 0.001 477 (90, 743) 708 (458, 1000)  <0.001
Total HDL, wmol-L ™" 37.3 (3.85, 9.40) 39.3(35.7,44.2) 38.0(34.5,42.4) 36.2 (32.6, 39.8) 0.01 37 9 (34.5,42.4) 35 5 (32.4, 40.5) 0.003
Large HDL, wmol-L~" 6.20 (3.85, 9.40) 8.9 (5.7, 13.3) 6.0 (4.1,9.1) 4.90 (3.3,7.0) <0.001 9 (4.5,10.4) 3 (3.1, 6.5) <0.001
Medium HDL, wmolL™"  12.7 (9.00, 16.95) 12.7 (9.7, 18.6) 13.5 (9.1, 17.0) 12.2 (8.7, 16.5) 0.52 12 8 (9.3, 16.9) 11 7 (8.6, 17.1) 0.73
Small HDL, pwmol-L ™" 17.3 (13.60, 21.30) 16.3 (12.3,19.2)  18.0 (14.6,21.9)  17.8 (14.3, 21.5) 0.14 17.1(13.5,20.9) 18.9 (14.9, 21.8) 0.07
Lipoprotein particle size
VLDL, nm 43.95 (41.02, 47.3) 41.8 (39.8,46.0) 43.3 (40.8,46.2) 457 (42.8,49.8) <0.001 432 (40.6,46.2) 46.2 (43.1,51.9) <0.001
LDL, nm 21.00 (20.50, 21.40) 21 .2 (20.9, 21.5) 21 0(20.6,21.3) 208 (20.3,21.1) <0.001 21.1 (20.6, 21.4) 206 (20.2,21.0)  <0.001
HDL, nm 9.30 (8.90, 9.70) 6 (9.2, 10.0) 3(8.9,9.7) 9.2 (8.8, 9.5) <0.001 9.4 (9.0,9.8) 0(8.7,9.3) <0.001
LP-IR score 32.0 (13.0, 52.0) 14 0 (4.0, 38.0) 30 0(12.0,48.0) 47.5(26.8,59.0) <0.001 25.0 (10.0, 46.5) 51 O (32.0,65.0) <0.001

Values are presented as mean + SD, percent, and median (25th, 75th percentiles). Sedentary time and physical activity are average number of minutes spent in each type of behavior per activity
per day. P values were generated by comparing medians across groups using nonparametric tests. ANOVA, #tests, and nonparametric tests were used to compare mean, %, and median values,
respectively, in subgroups. Boldface indicates P < 0.05.

activity) and total, LDL, and HDL (7.4% increase T3 vs T1
light activity) cholesterol concentrations (P < 0.05). The fol-
lowing exceptions are noted: sedentary behavior (LDL-C),
light activity (VLDL size and cholesterol), and MVPA (TG
(despite a 15.5% reduction), cholesterol, and HDL-C). Cor-
relation analyses presented in Supplementary Table 1 support
the aforementioned findings between sedentary behavior, light
activity, and MVPA, with large VLDL particle concentration
and VLDL particle size among all subjects (see Table, Sup-
plemental Digital Content 2, Spearman correlation coefficients
between lipoprotein variables, sedentary behavior, and physical

TABLE 2. Distribution of subgroups according to tertiles of physical activity intensity.

activity intensity among all subjects and subgroups, http:/links.
Iww.com/MSS/B134). Regression analysis presented in Sup-
plementary Table 2 shows that MVPA was statistically signifi-
cantly inversely associated with both large VLDL particles and
LP-IR score after adjustment for sedentary time and other
confounding factors, whereas the associations noted between
sedentary time and numbers of large VLDL particles and VLDL
particle size in model 1 were no longer significant in the fully
adjusted model, which additionally takes BMI, lipid-lowering
medication, and average daily hours spent in light activity and
MVPA into account (see Table, Supplemental Digital Content

Male Female P Normal Weight Overweight Obese P Non-IR IR P
Sedentary
Tertile 1 (569-872 min) 37.9 29.4 0.191 39.2 38.1 227 0.001 39.6 16.5 <0.0001
Tertile 2 (873-951 min) 30.2 36.0 291 37.0 30.5 33.8 32.0
Tertile 3 (952-1075 min) 31.9 34.6 31.7 24.9 46.9 26.6 51.6
Light
Tertile 1 (4-81 min) 35.2 31.8 0.589 31.7 28.0 42.2 0.103 28.7 46.4 0.004
Tertile 2 (82—121 min) 30.8 35.5 34.2 344 31.2 34.1 29.9
Tertile 3 (122-332 min) 341 32.7 34.2 37.6 26.6 37.2 237
MVPA
Tertile 1 (0-42 min) 25.3 40.2 0.002 25.3 30.2 43.0 0.02 29.0 43.3 <0.0001
Tertile 2 (43-82 min) 33.5 33.2 36.7 31.7 33.6 31.7 39.2
Tertile 3 (83-346 min) 412 26.6 38.0 38.1 234 39.3 17.5

Values are presented as percent. P values were generated using nonparametric tests comparing distribution among gender, BMI, and HOMA-IR groups across tertiles of sedentary behavior and

physical activity intensity. Boldface indicates P < 0.05.
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3, Association between sedentary behavior and physical ac-
tivity intensity with selected lipoprotein parameters among all
subjects, http:/links.lww.com/MSS/B135).

Replacing sedentary behavior with physical activ-
ity: effect on lipoprotein particle profile. Reallocating
30 min of sedentary time with MVPA was negatively associ-
ated with large VLDL, small LDL particles, and LP-IR scores
and positively associated with large HDL particles (P < 0.05),
resulting in more favorable average VLDL, LDL, and HDL
particle diameters (P < 0.05). Data on these selected lipid pa-
rameters are presented in Table 4. The beneficial alterations to
VLDL particle size, large VLDL particle concentration, and
LP-IR scores remained in the fully adjusted model (P < 0.05).
No statistically significant associations were observed when
30 min of sedentary behavior was substituted for light activity
(P> 0.05). Examination of the high-cardiometabolic-risk groups
revealed that when stratified by HOMA-IR, reallocation of
30 min of sedentary time with MVPA was negatively asso-
ciated with large VLDL particle concentration (B = —0.32;
95% confidence interval (CI), —0.63 to —0.015; P < 0.05)
and VLDL particle size (B = —0.06; 95% CI, —0.11 to
—0.004; P < 0.05) among the insulin-resistant individuals,
but not among the non—insulin-resistant individuals (B = —0.07
(95% CI, —0.14 to 0.008; P > 0.05) for large VLDL particle
concentration and B = —0.01 (95% CI, —0.03 to 0.0001;
P >0.05) for VLDL particle size), in the fully adjusted model.
No significant findings were observed when sedentary time
was replaced with light activity or MVPA among the obese
or nonobese individuals (P > 0.05; data not shown).

DISCUSSION

The current findings suggest that independent of potential
confounders and time spent in other activities, both daily
time spent in MVPA and theoretical replacement of 30 min
of sedentary time with MVPA, but not light activity, were
associated with a more favorable lipoprotein profile charac-
terized by less large VLDL particles resulting in more favor-
able average VLDL particle size and improved LP-IR score.
We further examined whether replacement of sedentary be-
havior with physical behavior modulates obesity and insulin
resistance—associated dyslipidemia. Similar beneficial associ-
ations between substitution of sedentary time for MVPA on
VLDL particle size and large VLDL concentration were ob-
served among the insulin-resistant individuals only.

Lipoprotein profiling identified a less favorable lipopro-
tein profile among the high-cardiometabolic-risk groups includ-
ing increased numbers of large VLDL and small proatherogenic
LDL and HDL particles, higher LP-IR scores, elevated TG,
and reduced HDL-C concentrations. VLDL overproduction is
a hallmark of dyslipidemia in obesity and insulin resistance
(33,34). The predominance of large VLDL may reflect he-
patic overproduction of TG packaged into VLDL particles
overloaded with TG. We have previously demonstrated
increased expression of microsomal TG transfer protein,
which is responsible for hepatic and intestinal TRL assembly,

TABLE 4. Replacing 30 min of sedentary time with physical activity: associations with selected lipoprotein parameters among all subjects.

VLDL Size LDL Size HDL Size LP-IR

B Coefficients (95% CI)

Small LDL Large HDL

Large VLDL

Model A

Replaced
0.09 (—0.002 to 0.18)
—0.13 (—0.21 to —0.05)**

Replaced
—0.004 (—0.009 to 0.0004)

0.005 (0.0006 to 0.01)*

Replaced
—0.002 (—0.004 to 0.005)
0.003 (0.0004 to 0.005)*

Replaced
0.01 (—0.001 to 0.027)
—0.03 (—0.04 to —0.012)***

Replaced
—0.03 (—0.084 t0 0.02)

0.06 (0.01 to 0.11)*

Replaced
0.09 (—0.18 to 0.21)
—1.12 (=0.22 to —0.007)*

Replaced

0.03 (0.05 t0 0.12)
—0.14 (~0.21 to —0.06)**

MVPA, min-d ™"

Sedentary, min-d "
Model B

Light, min-d~"

Replaced
0.08 (—0.003 to 0.17)
—0.08 (—0.16 to 0.001)*

Replaced
—0.004 (—0.009 to 0.0005)

Replaced
—0.002 (—0.004 to 0.0005)

Replaced

0.01 (—0.005 to 0.03)
—0.02 (~0.4 to —0.008)**

Replaced
—0.03 (—0.08 to 0.02)

Replaced
0.09 (—0.02 to 0.20)
—0.08 (—0.18 to 0.03)

Replaced

0.03 (—~0.05 t0 0.11)
—0.10 (~0.18 to —0.02)*

Sedentary, min-d "
Light, min-d "

0.003 (—0.001 to 0.008)

0.002 (—0.001 to 0.004)

0.04 (=0.14 to 0.08)

MVPA, min-d ™"

sedentary behavior was substituted with 30 min of an alternate activity intensity (light activity or MVPA). Model A was adjusted for age, gender, dietary fat intake, smoking status, alcohol consumption, and alternative physical behavior intensities.

Model B was additionally adjusted for BMI and lipid-lowering medication use.

Data are standardized B coefficients (95% Cl). Coefficients are based on average daily sedentary and physical activity duration. Results were expressed as regression coefficients that represented the change in outcome observed when 30 min of
*P < 0.05.

**P<0.01.
***P<0.0001.

972  Official Journal of the American College of Sports Medicine

http://www.acsm-msse.org

Copyright © 2018 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/MSS/B135

in human T2DM subjects and animal models of insulin re-
sistance, obesity, and diabetes (35-37). Large VLDL particles
may be more important in terms of CVD risk than smaller
VLDL particles (19) because they are associated with the
proatherogenic small, dense LDL phenotype. Relative to LDL
particles, these large lipid-enriched VLDL particles are more
efficiently hydrolyzed by lipoprotein lipase, have greater ca-
pacity to penetrate the endothelial wall, and are preferentially
retained in the arterial intima (38). VLDL particles may also
be directly taken up by macrophages (without any modifica-
tions like LDL) to create foam cells, the hallmark cells of ath-
erosclerotic plaque. Hepatic overproduction of large TG-rich
VLDL may initiate diabetic dyslipidemia (39). The pathway
from obesity and insulin resistance toward overt T2DM rep-
resents a progressive phenotype, with dyslipidemia frequently
preceding T2DM by many years. Thus, interventions to im-
prove dyslipidemia characterized by elevated TG and large
VLDL particles may help to attenuate atherogenesis and the
progression from obesity and insulin resistance toward overt
T2DM and related cardiometabolic disease. Although inter-
est in TG in the context of CVD has fluctuated over the last
four decades, the recent recommendation by the European
Atherosclerosis Society to treat mild to moderately elevated
TG to prevent CVD (40) further emphasizes this point.

A recent cross-sectional study reported unfavorable asso-
ciations between sedentary time and insulin secretion and in-
sulin sensitivity (41). Interestingly, their prospective analysis
indicates that less sedentary time may partly negate some of
the deleterious effects of increasing BMI on glucose-insulin
homeostasis. Examination of the high-cardiometabolic-risk
groups in the current work revealed that when stratified by
HOMA-IR, reallocation of 30 min of sedentary time with
MVPA was negatively associated with large VLDL particle
concentration and VLDL particle size among the insulin-resistant
individuals but not among the non—insulin-resistant individuals,
suggesting that insulin resistance is driving the VLDL-related
results. Interestingly, substitution of sedentary time with light
activity or MVPA was not associated with any significant
changes to the lipoprotein profile among the obese individuals.
The LP-IR score developed by LipoScience is an alternative
means of assessing a patient’s insulin resistance status based on
lipoprofile data, which in turn may help predict risk of future
T2DM independent of glucose concentration. LP-IR scores
were higher among the obese and not surprisingly among the
insulin-resistant subjects and were not modulated by physical
activity intensity or duration in these subgroups (data not
shown). However, correlation analysis of the cohort as a whole
revealed a positive association between sedentary behavior and
LP-IR scores. Furthermore, regression analysis identified neg-
ative associations between MVPA and LP-IR scores. More-
over, isotemporal modeling analysis revealed that substitution
of sedentary time with MVPA, but not light activity, was
associated with more favorable LP-IR scores, illustrating one
of the many health benefits of MVPA.

Objective measurement of physical activity over a 7-d
period revealed a trend toward increased sedentary time and

less time engaged in light activity and MVPA among the
obese and insulin-resistant individuals. Our analysis suggests
that reallocating sedentary behavior with MVPA, but not light
activity, may be associated with a less atherogenic lipoprotein
profile. Limited data on lipoprotein subfractions and sedentary
behavior or physical activity, either subjectively or objectively
measured, exist. Frazier-Wood et al. (42) reported associa-
tions between screen time and numbers of large VLDL, large
HDL, and small LDL particles in women, but not men.
Aadland et al. (43) identified positive associations between
accelerometer-derived sedentary behavior and small VLDL
particles, large LDL particles, and TG, whereas MVPA was
positively associated with large HDL particles, HDL size,
HDL-C, and apolipoprotein A1. Although these findings were
based on only 73 subjects, they indicate differential effects of
sedentary behavior and MVPA on lipoprotein profiles. In the
current work, the primary association between replacing sed-
entary time and physical activity seems to be on VLDL par-
ticles, most likely through altered hepatic TRL production,
secretion, and/or uptake. Consistent with this are the results
from the isotemporal substitution analysis wherein beneficial
alterations to VLDL particle size and concentration were
identified when 30 min of sedentary time was displaced with
MVPA, but not light activity. Our findings are also in keeping
with the idea proposed by Tremblay et al. (44) that sedentary
behavior is distinct from lack of MVPA, has independent
and different effects on metabolic health, and thus should be
treated as a separate entity. Supporting this notion are data
from a recent harmonized meta-analysis of more than 1 million
men and women which demonstrate that the negative health
outcomes associated with sedentary time (in particular, in-
creased mortality risk) may be counteracted by high levels
of moderate activity (45). Such findings may be particularly
encouraging for those whom prolonged daily periods of sitting
cannot be avoided.

Although our findings make a novel contribution to the
knowledge base, it is important to bear in mind that they are
based on theoretical rather than actual replacement of a portion
of time spent in sedentary behavior with physical activity and
warrant further investigation. Our data are useful in providing
proof of concept, but they may also inform the development
of well-designed randomized controlled trials assessing the
effect of different substitution interventions, ideally with
longitudinal analysis of hard outcomes (such as CVD, T2DM,
or mortality). Data arising from such investigations will pro-
vide greater evidence to guide behavior change, policy, and
clinical practice recommendations. Current recommendations
to increase activity with moderate-intensity activities are
undoubtedly of value, but the promotion of less sedentary
behavior particularly among the least active who are at
greatest cardiometabolic risk is also warranted. Examina-
tion of overweight/obese subjects with T2DM demonstrated
favorable consequences of replacing prolonged unbroken
sedentary time with either nonprolonged sedentary time or
light activity on BMI and waist circumference (46). In a study
of overweight sedentary male subjects randomized to 6 months
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of one of three exercise regimes (high or low amount of
vigorous activity, low amount of moderate activity), only the
moderate-intensity exercise resulted in sustained VLDL and
TG-lowering medication, and greater reductions in large VLDL
concentration and size (47). Although this study did not ex-
amine obese or insulin-resistant individuals, their findings
support the promotion of reducing sedentary time and in-
creasing moderate activity with a view of improving the lipo-
protein profile. More recently, Sarzynski et al. (48) conducted a
meta-analysis to examine lipoprotein subclass responses to
regular exercise as measured in 10 exercise interventions from
six cohorts. Despite differences in study populations and ex-
ercise regimens, meta-analysis showed that regular exercise
was associated with reduced concentrations of large VLDL
particles and a shift toward larger LDL and HDL particles (48).
Examination of exercise programs of differing amounts
and intensities demonstrated that the greatest improvements
to the lipid profile among sedentary overweight adults are
related to the amount of activity rather than the intensity (49).
Our data, in particular examination of lipoprotein particle size
and concentration according to tertiles of sedentary behavior
and physical activity intensity, also highlight the importance
of activity duration. One potential explanation for this may be
nonexercise activity thermogenesis, that is, the energy ex-
penditure of everyday living excluding purposeful exercise. It
has been proposed that nonexercise activity thermogenesis
activation through increasing standing or ambulatory time
may be useful in reversing obesity (50). Moreover, longer du-
ration of daily nonsedentary activities (defined as behaviors
that require muscle power, walking, and standing) has been
associated with lower prevalence of insulin resistance, even
after adjusting for leisure-time activity level (51). Thus, it is
plausible that the metabolic benefits associated with reduced
sedentary time and/or increased MVPA among insulin-
resistant individuals may extend beyond lipid parameters.
Two main strengths of our study are the use of NMR to
determine lipoprotein profiles and the use of a valid and re-
liable accelerometer capable of assessing time spent in sed-
entary, light activity, and MVPA categories. However, the
cross-sectional study design limits inference regarding cau-
sality, and although we controlled for confounding factors,
we cannot exclude the possibility that unmeasured confounders,
such as genotype, may also influence our observations. Physical
activity data were collected over a 1-wk period, which may not
reflect longer-term habitual physical activity levels. Generaliz-
ability of our findings may also be limited. The Mitchelstown
cohort (response rate, 67%) was a random sample of middle-
age adults from an area representative of both urban and rural
populations in Ireland. Our previous research suggests that
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