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Abstract The presence of apoC-III on HDL impairs HDL’s
inverse association with coronary heart disease (CHD). Little
is known about modifiable factors explaining variation in
HDL subspecies defined according to apoC-III. The aim was
to investigate cross-sectional associations of anthropometry
and lifestyle with HDL subspecies in 3,631 participants from
the Diet, Cancer, and Health study originally selected for a
case-cohort study (36% women; age 50-65 years) who were
all free of CHD. Greater adiposity and less activity were as-
sociated with higher HDL containing apoC-III and lower
HDL lacking apoC-III. Per each 15 cm higher waist circum-
ference, the level of HDL containing apoC-III was 2.8%
higher (95% CI: 0.4, 5.3; P=0.024) and the level of HDL not
containing apoC-III was 4.7% lower (95% CI: —6.0, —3.4;
P=<0.0001). Associations for physical activity were most ro-
bust to multivariable modeling. Each 20 metabolic equiva-
lent task hours per week reported higher physical activity
was associated with 0.9% (95% CI: —1.7, —0.1; P = 0.031)
lower HDL containing apoC-III and 0.5% higher (95% CI:
0.1, 1.0; P = 0.029) HDL lacking apoC-III. Lower alcohol
consumption was associated with lower HDL lacking apoC-
III (percent difference per 15 g/day: 1.58 (95% CI: 0.84,
2.32; P=<0.0001).E8 Adiposity and sedentary lifestyle were
associated with a less favorable HDL subspecies profile.—
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HDL carries diverse proteins differing in size and struc-
ture, which determine the functional properties and me-
tabolism of HDL (1-3). The hepatosecretory apoC-III is
carried on ~8-15% of HDL particles, as estimated by cho-
lesterol or apoA-I concentration (4). apoC-III functions as
a key regulator of triglyceride metabolism (5, 6). Humans
with genetically lower apoC-III levels have a more benefi-
cial lipid profile and less subclinical atherosclerosis (7).
Carriers of rare mutations in the gene encoding apoC-III
have lower triglyceride, higher HDL cholesterol (HDL-C)
levels (8), and up to 41% lower risks of cardiovascular dis-
eases (8, 9). In a randomized controlled trial in partici-
pants with elevated triglyceride levels, the administration
of an antisense inhibitor of apoC-III resulted in a decrease
in apoC-III that was accompanied by a decrease in triglycer-
ide levels and an increase in HDL-C (10). apoC-III has
gained increasing attention, as the presence of apoC-III on
HDL impairs HDL’s inverse association with coronary heart
disease (CHD) (4, 11, 12). In our prior analyses in the
Nurses” Health Study and Health Professionals Follow-Up
Study, HDL-C containing apoC-III was positively associated
with the risk of CHD, whereas HDIL-C that did not contain
any apoC-III was inversely associated with the risk of CHD
(4). Although these analyses suggest an important role
of apoC-IlI-defined HDL subspecies in cardiovascular eti-
ology, only sparse data point to potentially modifiable fac-
tors, including anthropometry and lifestyle factors, that
relate to differences in plasma levels of HDL containing
apoC-III and HDL not containing apoC-III. Identification
of such modifiable factors that predict differential asso-
ciations with HDL subspecies are of particular interest, as

Abbreviations: CHD, coronary heart disease; HDL-C, HDL choles-
terol; ICD, International Classification of Diseases; MET, metabolic
equivalent task.
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they may open new avenues for primordial and primary
prevention.

Our previous study of US nurses and health profession-
als suggested that HDL subspecies with or without apoC-III
might be differentially associated with anthropometrical
measures and lifestyle factors (4). Compared with partici-
pants with normal weight, obese and overweight individ-
uals had lower levels of HDL-C without apoC-III (4). A
case-control study including 20 normal weight and 20
obese individuals matched for age, sex, and race/ethnicity
also demonstrated higher HDL containing apoC-III levels
in obese compared with normal weight individuals (13).
Because body composition is not captured by anthropo-
metrical measures like BMI, but might be more closely
related to metabolic disturbances of importance to CHD,
we aimed to systematically investigate associations of modi-
fiable factors, including measures of waist and hip cir-
cumference, BMI, and bioelectrical impedance-derived fat
mass, in addition to lifestyle factors with HDL with and
without apoC-III in a population-based setting. We hypoth-
esized that only HDL not containing apoC-III is inversely
associated with anthropometrical measures of obesity and
positively associated with favorable lifestyle factors.

MATERIALS AND METHODS

Study population and design

Between 1993 and 1997, 57,053 Danish-born residents living in
Aarhus or Copenhagen aged 50-65 years with no record of cancer
diagnosis in the Danish Cancer Registry were enrolled into the
prospective Diet, Cancer, and Health study (14). All eligible per-
sons were retrieved from the Civil Registration System established
in 1986 in Denmark. Study participants were invited for a physical
examination by trained laboratory technicians in two study clinics
in Aarhus and Copenhagen. A detailed description of the study
has been published previously (14). The study complied with the
Helsinki declaration and was approved by the National Committee
on Health Research Ethics and the Danish Data Protection
Agency (KF 01-116/96). Informed consent was obtained from all
study participants.

We performed a cross-sectional study in participants of the
Diet, Cancer, and Health study that had apolipoprotein subspe-
cies measured as part of a previous case-cohort study of incident
CHD. The case-cohort study was conducted among participants
who were free of CHD at baseline and included a subsample of
(n =1,824) individuals selected at random from all participants of
the Diet, Cancer, and Health study at baseline, together with all
participants who experienced a first confirmed CHD event during
follow-up [baseline until May 2008 (n = 2,104)]. In line with the
case-cohort design, 65 participants who later developed CHD
were randomly selected into the subcohort as well. After exclusion
of participants for whom HDL subspecies according to apoC-III
were missing or who reported implausible energy intake (<800
and >4,200 kcal/day in men and <500 and >3,500 kcal/day in
women), a total of 3,631 individuals were available for the present
cross-sectional analysis in participants of the Diet, Cancer, and
Health study that were all free of CHD.

Exposure and covariate assessment

Participants completed self-administered questionnaires, includ-
ing information on age, sex, educational attainment, menopausal
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status and hormone therapy use, medical history, and medication
intake. Participants were asked whether they had ever been diag-
nosed with diabetes, hypertension, or hypercholesterolemia by a
physician or if they took medication for these conditions. Missing
information on medication intake was coded as nonusage. Infor-
mation on CHD (nonfatal myocardial infarction and fatal CHD)
during follow-up until 2008 (median follow-up length 10.8 years)
was obtained as previously described (15). In brief, the unique
personal identification number assigned to all Danish citizens in
the Danish Civil Registration System allowed identification of hos-
pital discharges in the Danish National Register of Patients and
the Cause of Death Register. Registers provided information on
myocardial infarction diagnosis [International Classification of
Diseases (ICD), 8th revision codes 410-410.99; and ICD 10th revi-
sion codes 121.0-121.9] and diagnosis of sudden cardiac death
caused by myocardial infarction (ICD 8: 427.27 or ICD 10: 146.0—
146.9). Hospital medical records were retrieved, reviewed in ac-
cordance with current guidelines, and CHD events were found to
be recorded with a high degree of validity in this register (16, 17).

A digital scale was used to measure the body weight to the near-
est 100 g (Soehnle, Murrhardt, Germany). Body height and waist
and hip circumference were measured to the nearest half centi-
meter by trained laboratory technicians with participants in stand-
ing position without shoes. Waist circumference was measured at
the narrowest section between the lower rib and the iliac crest or
halfway between the lower rib and iliac crest if no waist narrowing
was determinable. The waist-to-hip ratio was calculated as waist
circumference in centimeters divided by hip circumference in
centimeters. BMI was calculated as weight in kilograms divided by
height in meters squared. Normal weight was defined as a BMI
<25 kg/m2, overweight was defined as BMI 25 to <30 kg/m2, and
general obesity was defined as BMI =30 kg/ m?. Body fat mass was
quantified by validated bioelectrical impedance, which was con-
ducted by trained laboratory technicians using a bioelectrical im-
pedance 101-F device (Akern/RJL, Florence, Italy) with the
participant in a supine position, as described elsewhere (18, 19).
Percent fat mass was calculated by dividing total fat mass by total
body weight.

Participants were asked to report the duration of time spent
exercising, cycling, walking, and gardening in a typical week dur-
ing the last year in summer and winter. The product of the meta-
bolic equivalent task (MET) intensity level corresponding to each
activity (6.0 for exercise and cycling, 3.0 for walking, and 4.0 for
gardening) and the reported activity time per week was summed
up for all activities for each participant to obtain the overall MET
hours per week (20).

Individuals were categorized as never smokers, former smok-
ers, and light (<15 g/day), moderate (15-25 g/day), or heavy
(>25 g/day) current smokers based on selfreported information
on smoking behavior. The number of pipes smoked per day was
multiplied by 3 and the number of cigars was multiplied by 4.5,
respectively, to obtain cigarette equivalents based on 1 g of to-
bacco per cigarette (15).

Dietary intake including alcohol consumption over the past
year was assessed with a validated 192-item food-frequency ques-
tionnaire mailed to the study participants before the visit to the
study clinic (21, 22). Information on serving size and frequency of
consumption were used to determine the amount of a food item
consumed in grams per day. A total of 12 predefined categories
for frequency of intake ranged from “never or less than once per
month” to “eight times or more per day.” Macro- and micronutri-
ent intakes were obtained from the reported usual intake using
the software program, FoodCalc. We calculated the modified
Mediterranean diet score (23). Participants received one point if
their consumption of presumed beneficial index components
(vegetables, legumes, fruits and nuts, cereals, fish, lipid ratio) was
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at or above the sex-specific median. The lipid ratio was calculated
as the ratio of the sum of monounsaturated and polyunsatu-
rated lipids to saturated lipids. If consumption was below the sex-
specific median for presumed detrimental index components
(meat, dairy products), participants were assigned a value of one.
Points were summed to obtain the total modified Mediterranean
diet score, ranging from zero (indicating minimal adherence) to
eight (indicating maximal adherence). Alcohol intake was ini-
tially a component of the modified Mediterranean diet score, but
was considered as a separate lifestyle factor. The estimation of
average alcohol content (grams per day) was based on reported
alcoholic beverages (beer, wine, spirits, and mixed drinks).

Biochemical measurements

Blood samples were fasting for 6.3% of participants, nonfasting
(=<6 h fasting) for 84.9%, and the fasting status was missing for
8.8% of participants. HDL-cholesterol (HDL-C) and triglycerides
were measured by enzymatic assays (Thermo Scientific, Waltham,
MA). apoA-l is the major apolipoprotein component of HDL and
is strongly correlated with the number of HDLs, more-so than cho-
lesterol concentrations. Nearly all apoA-I (>98%) is found in HDL.
apoC-III-containing HDL is defined as apoA-I-containing lipopro-
teins that also contain apoC-III. Therefore, we quantified the con-
centration of apoC-IlIl-containing HDL and apoC-IIl-deficient HDL
by first fractionating plasma into the part containing apoC-III and
the part deficient of apoC-III and then determining the concen-
tration of apoA-I in each fraction. Each sample was thawed, filtered,
and incubated overnight with anti-apoC-III resin, as previously de-
scribed and validated (24, 25). Briefly, Econo-Pac columns (Bio-Rad
Laboratories, Hercules, CA) were packed with anti-apoC-III resin
(polyclonal goat anti-human apo CII antibody bound to Sepharose
4B resin at 5 mg/ml; Academy Biomedical Co. Inc., Houston,
TX). Samples and resin were incubated for 16 h at 4°C with mix-
ing. The unbound fraction containing intact lipoproteins without
apoC-III was eluted from the column by gravity followed by washes
with PBS. The bound fraction, consisting of intact lipoproteins
with apoC-III, was then eluted from the columns with 3 mol/1
sodium thiocyanate in PBS and was immediately desalted by buffer
exchange via centrifugal concentrators (Sigma-Aldrich, St. Louis,
MO). All columns were tested to ensure efficiency of >95% before
the start of laboratory analysis and periodically throughout the
analysis by application of a quality control plasma sample to each
column and measurement of apoC-III concentration of both the
retained and unretained fractions. Following this fractionation of
plasma, the two parts were assayed for apoA-I concentration by stan-
dard sandwich ELISA on 96-well plates coated with 0.005 mg/ml
of anti-apoA-I polyclonal antibody (Academy Biomedical Co. Inc.)
and blocked with casein blocking reagent (Thermo Scientific,
catalog number 37528). Samples were diluted with PBS (10,000x
for the apoC-IIl-containing fraction and 200,000x for apoC-III-
deficient fraction) and were incubated for 1 h at 37°C along with
a seven-point standard curve composed of calibrated plasma di-
luted with PBS ranging from 1.09 to 16.37 ng/ml of apoA-], a dilu-
ent only blank, and two control pool samples to monitor plate
performance. Following incubation, plates were emptied and
washed three times with PBS wash buffer containing 0.1% Tween
20. Anti-apoA-I:HRP conjugate (Academy Biomedical Co. Inc.)
was added at 0.005 mg/ml and incubated for 1 h at 37°C. Plates
were emptied, washed as before, and o-phenylenediamine solu-
tion (Sigma-Aldrich) was added. After 1 h incubation at room
temperature, absorbance at 450 nm was determined in each well
and the on-plate standard curve was used to create a calibration
curve to convert sample readings into concentrations. All samples
and standard curve points were run in triplicate. Concentrations
are average values of three repeated measurements and all intra-
assay coefficients of variation were <15%.
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Statistical analysis

We tested for the normal distribution of all continuous charac-
teristics using the Kolmogorov-Smirnov test. We evaluated all vari-
ables by sex. We used robustlinear regression models to investigate
the association of anthropometry and lifestyle factors as exposure
variables with HDL containing apoC-III or HDL not containing
apoC-III as the outcome variable. All models were adjusted for
potential confounders, including age, sex, future CHD case status,
and the complementary HDL subtype. The model relating the
Mediterranean diet score to the HDL with or without apoC-III was
additionally adjusted for total energy intake. Log-transformation
of the HDL subspecies according to apoC-III before the analysis
allowed the calculation of the percent difference in the outcome
variable associated with a one unit higher level of the exposure vari-
able as follows: percent difference = [exp (coefficient) — 1] x 100.

In multivariable models, we additionally included waist circum-
ference, physical activity, smoking status, and alcohol consump-
tion simultaneously, as well as educational attainment, diabetes
medication intake, diabetes, antihypertensive medication intake,
and hypertension.

In sensitivity analyses, we explored whether differences in the
association of anthropometry and lifestyle factors with the HDL
subspecies according to apoC-III exist by age, sex, or future CHD
case status. Models were adjusted for age, sex, future CHD case
status, and the complementary HDL subtype. We compared the dif-
ference in HDL subspecies across sex-specific quartiles of three
types of activities (sports, biking, walking, and gardening). We
also examined the association of individual Mediterranean diet
components with HDL containing apoC-III or HDL not contain-
ing apoC-III. All statistical tests were two-tailed and Pvalues below
0.05 were considered statistically significant. Analyses were
performed using SAS software, version 9.4 (SAS Institute Inc.,
Cary, NC).

RESULTS

Participant characteristics

The median age of study participants from the Diet, Can-
cer, and Health study was 57 years (Table 1). Thirty-six
percent of participants were women, of which 63% were
postmenopausal. HDL containing apoC-III represents on
average 9% of the total HDL in men, and 8% of the total
HDL in women, respectively.

Association of anthropometry and physical activity with
HDL subspecies according to apoC-II1

All anthropometrical measures and physical activity were
differentially associated with HDL with and without apoC-III
independent of age, sex, and CHD status during follow-up
(Table 2). Greater adiposity and less physical activity were
associated with higher HDL containing apoC-III and lower
HDL not containing apoC-III. Per each 0.1 unit higher
waist-to-hip ratio, the level of HDL containing apoC-III was
2.8% higher (95% CI: 0.3, 5.5) and the level of HDL not
containing apoC-II was 3.9% lower (95% CI: -5.3, —2.6).
Compared with normal weight individuals, HDL not con-
taining apoC-III levels was lower in individuals who were
overweight [percent difference: -3.2 (95% CI: -5.3, —-1.1) ]
or obese [percent difference: -9.2 (95% CI: -11.7, -6.7)].
Similarly, HDL containing apoC-IIT was 7% higher in
obese individuals compared with individuals with normal



TABLE 1. Characteristics of participants of the Danish Diet, Cancer, and Health study

Characteristics

Men (n =2,314)

Women (n =1,317)

Age (years)
Educational attainment (years), n = 3,628
<7
8-10
>10
CHD during 10 years of follow-up
Diabetes”
Hypertension,“n = 3,129
Hypercholesterolemia,” n = 2,114
Hormone therapy use,/' n =834
Diabetes medication intake
Antihypertensive medication intake
Cholesterol lowering medication intake
HDL-C (mg/dl),n = 3,617
Triglycerides (mmol/1)
Total HDL' (mg/dl)
HDL containing apoC-III (mg/dl)
HDL not containing apoC-III (mg/dl)
Proportion of HDL containing apoC-III (%)
Anthropometry
‘Waist circumference (cm), n = 3,630
Waist—to—hip‘ ratio, n = 3,629
BMI (kg/m”)
BMI categories (kg/m2)
<25
25—<30
=30
Body composition, n = 3,619
Fat mass (kg)
Fat percentage
Lifestyle factors
Physical activity (MET h/week), n = 3,620
Time spent on sport activities (h/week)
Time spent cycling (h/week)
Time spent walking (h/week)
Time spent gardening (h/week)
Smoking status
Never smoker
Former smoker
Light current smoker (<15 g/day)
Moderate current smoker(15-25 g/day)
Heavy current smoker (>25 g/day)
Alcohol consumption (g/day)
Low Mediterranean diet score (0-2 points)
Medium Mediterranean diet score (3—4 points)
High Mediterranean diet score (5-8 points)
Mediterranean diet components
Vegetables (g/day)
Fruits (g/day)
Legumes (g/day)
Fish (g/day)
Meat (g/day)
Dairy (g/day)
Cereals (g/day)
Ratio of unsaturated to saturated fat

57.3 (53.3, 61.4)

945 (40.8)
864 (37.3)
503 (21.7)

1,437 (62.1)
102 (4.4)

446 (19.3)
266 (11.5)

30 (1.3)

347 (15.0)

62 (2.7)

45.0 (34.8, 56.9)
1.9 (1.3, 2.7)
129 (105, 158)

10.9 (7.4, 15.9)
117 (95, 143)

9 (6,12)

96 (91, 103)
0.96 (0.92, 1.00)
926.7 (24.6, 29.1)

696 (30.1)
1,179 (51.0)
439 (19.0)

99.4 (18.2, 27.7)
97.2 (23.8, 30.9)

57.5 (36.5, 86.5)
0 (0,2)
1(0,8)
3(1,5)
2(1,4)

477 (20.6)
730 (31.6)
9265 (11.5)
500 (21.6)
342 (14.8)
18.9 (8.4, 88.5)
879 (38.0)
968 (41.8)
467 (20.2)

141 (90, 203)
110 (45, 189)
0.3 (0.0, 1.5)
41 (27, 59)
207 (167, 256)
292 (146, 590)
200 (151, 250)
1.3 (1.2, 1.5)

57.3 (53.2, 61.2)

490 (87.2)
644 (48.9)
182 (13.8)
524 (30.8)

30 (2.3)

9295 (22.4)
117 (8.9)

179 (21.5)

11 (0.8)
999 (17.4)

27 (2.1)
56.6 (45.1, 71.0)
1.4 (1.0, 2.0)
145 (119, 118)
11.8 (8.2, 16.6)
133 (107, 163)

8 (6, 11)

81 (74, 90)
0.81 (0.76, 0.86)
25.0 (22.7, 28.3)

652 (49.5)
447 (33.9)
218 (16.6)

923.8 (18.9, 29.6)
35.0 (30.6, 39.7)

62.8 (41.3, 92.5)
10,9
1(0,8)
3(2,5)
1(0,8)

474 (36.0)
9262 (19.9)
953 (19.2)
978 (20.7)
55 (4.2)
7.2 (2.2,15.4)
377 (28.6)
542 (41.2)
398 (30.2)

154 (100, 224)
162 (88, 260)
0.3 (0.0, 1.6)
34 (23, 51)
142 (110, 179)
305 (156, 565)
159 (121, 203)
1.3 (1.1, 1.5)

Continous characteristics are shown as medians (25th to 75th percentiles); n = 3,631 if not stated otherwise.

“Self-reported physician-diagnosis.
"Postmenopausal women only.

“The concentration of HDL was quantified based on apoA-I levels, the major apolipoprotein component of HDL.

weight. We also saw differential associations for waist cir-
cumference and bioelectrical impedance measures of
body composition, as well as physical activity, with the HDL
subspecies.

These differential associations persisted in multivariable
models, but were attenuated (Fig. 1; supplemental Table S1).
The attenuation and loss of statistical significance of an-
thropometric measures with HDL containing apoC-III
was mainly attributable to adjustment for physical activity,

which remained associated with HDL containing apoC-
I1I. HDL containing apoC-III levels were 0.9% lower (95%
CIL: -1.7, =0.1) per each 20 MET hours per week higher
physical activity. For HDL not containing apoC-III, associa-
tions with anthropometrical measures and physical activity
were similar in the multivariable-adjusted model compared
with the age- and sex-adjusted model.

We also addressed whether the association of physical
activity with HDL subspecies differs by type of activity

Modifiable factors and HDL subspecies according to apoC-III 1199



TABLE 2. Percent differences in the concentration of HDL with and without apoC-III by anthropometry and
physical activity in participants of the Danish Diet, Cancer, and Health study

Age- and Sex-Adjusted Percent Difference (95% CI)“

Exposures

HDL Containing apoC-III

HDL Not Containing apoC-ITI

Waist circumference (per 15 cm)
Waist-to-hip ratio (per 0.1 units)
BMI (per 5 kg/m”)
BMI categories (kg/m®)
25 to <30 versus <25
>30 versus <25
Body composition
Fat mass (per 5 kg)
Fat percentage (per 5%)
Physical activity (per 20 MET h/week)

2.80 (0.36, 5.30)
2.83 (0.26, 5.46)
2.18 (—0.03, 4.35)

0.72 (—3.11, 4.71)
7.00 (1.80, 12.48)

1.12 (0.07, 2.18)
1.64 (0.15, 3.16)
—1.00 (—1.76, —0.23)

—4.70 (—5.95, —3.42)
—3.93 (—5.28, —2.57)
—3.83 (—4.97, —2.69)

—3.18 (—5.25, —1.06)
—-9.22 (—11.70, —6.67

—2.15 (—2.71, —1.58)
—2.70 (—3.50, —1.90)
0.64 (0.21, 1.09)

n = 3,631 except for waist circumference (n = 3,630), waist-to-hip ratio (n = 3,629), body composition (n = 3,619),
and physical activity (n = 3,620). Boldface indicates significant result.

“Adjusted for age (continuous), sex (male, female), future CHD case status (whether participant developed
CHD during 10 year follow-up), and HDL with or without apoC-III concentration, respectively.

(supplemental Table S2). We found no difference in HDL
subspecies by time spent on sport activities, biking, or gar-
dening. Compared with participants spending the least
amount of time walking (<1.5 h/week in men; <2 h/week
in women), participants with the most time spent walking
(=5.5 h/week in men and women) had statistically signifi-
cant lower levels of HDL containing apoC-III levels and
higher levels of HDL lacking apoC-II1.

HDL with apoC-IIL

(5]

Waist-to-hip ratio (per 0.1 units)
BMI (per 5 kg/m?)

.

Waist circumference (per 15 cm)

Fat percentage (per 5 %)

(per 20 MET h/wk)

e
 om

'
=

% difference in HDL subspecies concentration and 95% CI
Physical activity

'
(=)

-8

Fig. 1.

Waist circumference (per 15 cm)

Association of lifestyle factors and medication intake with
HDL subspecies according to apoC-II1

Participants’ smoking status and level of adherence to
the Mediterranean diet pattern were not statistically signifi-
cantly related to the concentration of HDL with and without
apoC-III (Table 3). The individual Mediterranean diet pat-
tern components were not associated with the concentra-
tion of HDL with and without apoC-I11, except for legumes

HDL without apoC-IIT * Age- and sex-adjusted

= Multivariable-adjusted

(per 20 MET h/wk)

-

Physical activity

———

Fat percentage (per 5 %)

Waist-to-hip ratio (per 0.1 units)
BMI (per 5 kg/m?)

Percent differences (95% CI) in concentrations of HDL with and without apoC-IIT in the Danish Diet, Cancer, and Health study

(n =3,631) adjusted for age (continuous), sex (male, female), future CHD case status (whether participant developed CHD during 10 years
of follow-up), and the HDL with or without apoC-III concentration, respectively (age- and sex-adjusted model). The multivariable model is
additionally adjusted for educational attainment (<7 years, 8-10 years, >10 years), diabetes medication intake (yes, no), diabetes (yes, no),
antihypertensive medication intake (yes vs. no), hypertension (yes, no), waist circumference (continuous; physical activity only), physical
activity (continuous), smoking status [never smoker, former smoker, light current smoker (<15 g/day), moderate current smoker (15-25 g/day),
heavy current smoker (=25 g/day) ], and alcohol consumption (continuous).
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and the ratio of unsaturated to saturated fat (supplemental
Table S3). No association was observed between alcohol
intake and HDL containing apoC-III. HDL not containing
apoC-II levels were 1.6% higher (95% CI: 0.8, 2.3) per 15
g/day higher alcohol consumption. HDL with or without
apoC-III did not differ by hormone therapy use (Table 3).

Investigation of potential modifiers

In sensitivity analyses, we explored whether differences
in the association of continuous anthropometric measures
and lifestyle factors with HDL with and without apoC-III
exist by age, sex, and future CHD case status (whether the
participant developed CHD during the 10 years of follow-
up). We observed no evidence that associations differed
by age, or if participants developed CHD during follow-up
(P for interaction > 0.05). We observed a tendency for
effect modification of the association between smoking
status and HDL not containing apoC-III by sex (Pfor inter-
action = 0.005). Whereas no difference in HDL with or
without apoC-III by smoking status was observed in the
overall study population, women currently moderately
smoking had lower HDL not containing apoC-III levels
compared with women that had never smoked [percent
difference: 1.58% (95% CI: 0.84, 2.32)]. No difference in
HDL not containing apoC-III by smoking status was ob-
served for men (supplemental Table S4).

DISCUSSION

In this large study of 3,631 men and women from the
Diet, Cancer, and Health study, we found strong differ-
ential associations of anthropometrical measures and
physical activity with HDL subspecies. Physical activity was
the key factor of these associations. HDL not containing
apoC-III was also higher with higher alcohol consump-
tion. Adherence to the Mediterranean dietary pattern and

smoking were unrelated to the HDL subspecies in this
study.

So far, little is known about associations of modifiable
factors with HDL with and without apoC-III. Results from
the Nurses’ and Health Professionals Follow-Up studies
suggested that HDL subspecies with or without apoC-III
might be differentially associated with anthropometry and
lifestyle factors (4). In the present study, we also found that
HDL not containing apoC-III was lower in individuals who
were obese or overweight and that HDL containing apoC-
III levels was higher in obese compared with normal weight
individuals. However, we found that HDL subspecies were
more strongly related to measures of abdominal fat, such as
waist circumference, than with BMI, a measure of more
general obesity. These findings may suggest that visceral fat
accumulation might be more strongly related than over-
weight per se to higher HDL containing apoC-III levels.
However, the associations of HDL containing apoC-III and
waist circumference, waist-to-hip ratio, and bioelectrical
impedance fat mass were attenuated by adjustment for
physical activity. Physical activity remained differentially as-
sociated with both HDL subspecies according to apoC-III,
and although the magnitude of association was smaller for
physical activity, the statistical significance remained in the
fully adjusted models. We found that only the time spent
walking was differentially associated with the HDL subspe-
cies, but the time spent on sport activities, cycling, and gar-
dening was substantially lower compared with the time
spent walking. In the Nurses’ and Health Professionals
studies, HDL subtype concentrations did not differ by level
of physical activity. As physical activity is a strong determi-
nant of body weight and abdominal obesity (26), it can be
difficult to disentangle independent associations of physi-
cal activity and anthropometry with cardiometabolic risk. It
is possible that differences in how these exposures were as-
sessed in the different studies (weight and height were self-
reported in the Nurses’ and Health Professionals studies

TABLE 3. Percent difference in the concentration of HDL with and without apoC-III by lifestyle factors and medication intake in participants of
the Danish Diet Cancer and Health study

Age- and Sex-Adjusted Percent Difference (95% CI)”

Multivariable-Adjusted Percent Difference (95% CI)”

Exposures

HDL Containing apoC-III.  HDL Not Containing apoC-III  HDL Containing apoC-III  HDL Not Containing apoC-IIT

Smoking status

Former versus never

Light (<15 g/day) versus never

Moderate (15-25 g/day) versus never

Heavy (=25 g/day) versus never
Alcohol consumption (per 15 g/day)
Mediterranean diet score’

Medium (3-4) versus low (0-2)

High (5-8) versus low (0-2)
Medication intake

Hormone therapy use

—0.78 (—5.40, 4.07)
—1.67 (—7.09, 4.08)
—1.67 (—7.09, 4.08)
—9.78 (—8.77, 3.59)

0.43 (—0.76, 1.63)

—1.98 (—5.14, 2.75)
0.07 (—4.54, 4.91)

—1.96 (—9.69, 6.43)

0.8 (—1.82, 3.56)
—0.05 (—3.17, 3.18)
—9.06 (—4.80, 0.76)
—0.95 (—4.40, 2.64)
1.42 (0.75, 2.10)

—0.45 (—2.65, 1.80)
—0.89 (—3.48,1.77)

—2.67 (—7.25,2.13)

—9.06 (—6.89, 3.02)
—1.87 (—6.89, 4.77)
—0.82 (—5.67, 5.34)
—4.69 (—11.11, 2.20)
0.58 (—0.72, 1.90)

2.08 (—0.77, 5.00)

0.19 (—3.13, 3.62)
—9.36 (—5.32, 0.69)
—0.83 (—4.62, 3.12)

1.58 (0.84, 2.32)

—1.15 (—5.36, 3.25)
—0.17 (—5.24, 5.17)

—1.09 (—8.47, 1.34)
—1.93 (—4.74, 0.96)

0.17 (—8.39, 9.54) —3.43 (—8.24,1.63)

n = 3,631 except for hormone therapy use (n = 831; postmenopausal women only). Boldface indicates significant result.

“Adjusted for age (continuous), sex (male, female), future CHD case status (whether participant developed CHD during 10 year follow-up), and
HDL with or without apoC-I1I concentration, respectively.

"Adjusted for age (continuous), sex (male, female), future CHD case status (developed CHD during 10 year follow-up), waist circumference
(centimeters), physical activity (continuous), smoking status [never smoker, former smoker, light current smoker (<15 g/day), moderate current
smoker (15-25 g/day), heavy current smoker (=25 g/day)], alcohol consumption (continuous), HDL with or without apoC-III concentration,
educational attainment (<7 years, 8-10 years, >10 years), diabetes medication intake (yes, no), diabetes (yes, no), antihypertensive medication intake
(yes vs. no), and hypertension (yes, no).

‘Additionally adjusted for total caloric intake (continuous).

Modifiable factors and HDL subspecies according to apoC-III 1201



and types of physical activity are very different in Denmark
vs. USA) may capture slightly different aspects and explain
such slight differences.

In this analysis, we did not replicate the previous observa-
tion of higher concentrations of HDL containing apoC-III
in smokers compared with nonsmokers (4). Alcohol, a
powerful predictor of total HDL-C concentration (27), was
positively correlated with both HDL subspecies in both
studies (4), but associations were only statistically signifi-
cant for HDL not containing apoC-III in the present analy-
sis. Surprisingly, adherence to the Mediterranean dietary
pattern, investigated for the first time in relation to the
apolipoprotein subspecies, was not related to either of the
HDL subspecies in the present study. Dietary pattern analy-
sis can dilute or obscure an association if only some pattern
components are associated with the outcome of interest. In
our study, individual components of the Mediterranean
diet pattern were not associated with the concentration of
HDL containing or lacking apoC-II, except for legumes
and the ratio of unsaturated to saturated fat. However, the
observed associations were very weak and the intake of le-
gumes was very low in our study population. Recent evi-
dence from the PREDIMED study (Prevencion con Dieta
Mediterranea) revealed that two types of Mediterranean
diet interventions did not statistically significantly alter
HDL-C or apoA-I levels (28). In observational epidemio-
logical studies, the Mediterranean diet is directly related to
HDL-C levels (29, 30), but whether diet is differentially re-
lated to HDL subspecies should be evaluated in further
studies and prospective settings.

As yet, little is known about the relation of medication
intake and HDL subspecies. Whereas hormone therapy use
was associated with higher HDL not containing apoC-III
levels in the Nurses” Health Study, in the present analysis,
hormone therapy use was unrelated to the HDL with and
without apoC-III in postmenopausal women. This discrep-
ancy might be attributable to the lower prevalence of hor-
mone therapy use in our sample compared with the Nurses’
Health Study (4). Furthermore, hormone therapy pre-
scription patterns have been shown to vary in Europe com-
pared with the USA and it may be that different forms of
hormone therapy could be differentially associated with
measures of HDL subspecies (31, 32).

The strengths of this study include the unique opportu-
nity to study body composition as assessed with bioelec-
trical impedance and dietary quality as assessed by the
Mediterranean diet index in relation to HDL subspecies
according to apoC-III for the first time. Furthermore, so
far, the Diet, Cancer, and Health study is the only Euro-
pean cohort with HDL subspecies measurements and al-
lows for direct comparison of those obtained from US-based
cohorts to a Danish population sample. We performed
many statistical tests and further studies are warranted to
investigate the association of anthropometry and lifestyle
factors with HDL subspecies in different populations with
different racial and ethnic compositions in prospective set-
tings. We tried to minimize measurement error in the HDL
subspecies assessment by performing each measurement in
triplicate, but measurement error might have contributed
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to the null results. Mechanisms by which lifestyle factors
might differentially affect HDL subspecies might be ex-
ploited in future investigations. Besides apoC-III, several
other apolipoproteins exist that might be important for the
functionality of HDL (33), which should be explored in
further investigations in relation to clinical characteristics
and modifiable lifestyle factors.

CONCLUSIONS

In conclusion, we found that anthropometrical mea-
sures and physical activity were differentially associated
with HDL subspecies and the association of physical activity
with HDL subspecies was the most robust in multivariable
modeling. It should be explored in intervention studies
whether an increase in physical activity differentially affects
HDL subspecies via lowering abdominal obesity or by an-
other mechanism. Findings of this study highlight that, be-
yond overall HDL level, the protein composition of HDL
might be relevant for the evaluation of primordial and pri-
mary prevention.H

The authors thank all participants of the Diet, Cancer, and
Health study for their invaluable contribution to the study.
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