Arteriosclerosis, Thrombosis, and Vascular Biology

CLINICAL AND POPULATION STUDIES @)

Associations Between Macronutrients From
Different Dietary Sources and Serum Lipids in

24639 UK Biobank Study Participants

Rebecca K. Kelly'®, Cody Z. Watling®, Tammy Y.N. Tong‘?, Carmen Piernas‘?, Jennifer L. Carter(®, Keren Papier(®,
Timothy J. Key(®, Aurora Perez-Cornago

0BJECTIVE: Macronutrients may relate differently with serum lipids depending on their source, and understanding this relationship
is important for cardiovascular disease prevention. We aimed to investigate the associations between macronutrients and
macronutrients from different sources with serum lipids in UK Biobank.

APPROACH AND RESULTS: Serum lipids were obtained from serum collected at baseline in 24 639 participants with diet assessed
using =2 twenty-four—hour dietary assessments completed at baseline and during follow-up. Multivariable linear regressions
were conducted to calculate geometric mean concentrations of serum lipids by quintiles of macronutrients. We modeled the
association between isoenergetic substitution of 5% energy intake from saturated fatty acids (SFA) with other macronutrients
and serum lipids. Free sugar intake was positively associated with triglycerides (0.15 mmol/L geometric mean difference between
highest and lowest quintile of intake [95% Cl, 0.12-0.17 mmol/L]), whereas nonfree sugar intake was inversely associated with
triglycerides (—0.08 [-0.10 to —0.05]). SFA intake was positively associated with LDL-C (low-density lipoprotein cholesterol;
0.17 [0.13-0.20]), omega-3 fatty acid intake was inversely associated with triglycerides (—=0.15 [-0.17 to —0.12]). Modeled
substitution of SFA with polyunsaturated fatty acids was associated with lower total cholesterol, LDL-C, and triglycerides.

CONCLUSIONS: The relationship between carbohydrates and triglycerides may depend on their quality, and reducing free sugar intake
may be important in cardiovascular disease prevention. Consistent with previous studies, SFA intake is associated with LDL-C and
substitution of SFA intake with polyunsaturated fatty acids intake may be associated with a more favorable serum lipid profile.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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disease (CVD), which is the leading cause of death

worldwide." Elevated LDL-C (low-density lipopro-
tein cholesterol) has been linked to higher CVD risk in
randomized controlled trials, Mendelian randomization,
and observational studies.? Whereas HDL-C (high-den-
sity lipoprotein cholesterol) is associated with a lower
CVD risk in observational studies only.3* Some studies
suggest that LDL-C- and HDL-C-associated proteins,

Dyslipidemia is a known risk factor for cardiovascular

ApoB (apolipoprotein B) and ApoA1 (apolipoprotein
A1), respectively,®® and lipid ratios™ may be even stron-
ger predictors of CVD risk. Previous prospective stud-
ies suggest that diet may influence CVD risk through
specific lipids®'"; however, further research is needed
to clarify which dietary factors are most strongly associ-
ated with serum lipids.

Based on evidence from dietary substitution trials,
most dietary guidelines for CVD prevention recommend
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Highlights

Nonstandard Abbreviations and Acronyms
ApoAt1 apolipoprotein A1

ApoB apolipoprotein B

CVvD cardiovascular disease

HDL-C high-density lipoprotein cholesterol
LDL-C low-density lipoprotein cholesterol
PUFA polyunsaturated fatty acids

SFA saturated fatty acids

reducing saturated fatty acids (SFA) by replacing them
with polyunsaturated fatty acids (PUFA) or monounsat-
urated fatty acids.®'?'* Substitution trials also suggest
that replacing SFA with total carbohydrates has a benefi-
cial effect on total cholesterol and LDL-C but may result
in a concomitant increase in triglycerides and reduction
in HDL-C.'2'® However, research on the replacement
of SFA with different types of carbohydrates is sparse.
There is also limited evidence for the association of
total dietary protein with serum lipids,'® although some
previous controlled trials have suggested substituting
animal protein with plant protein may decrease LDL-C
and increase HDL-C.'” Overall, the relationship between
many dietary macronutrients and serum lipids, particu-
larly apolipoproteins and lipid ratios, is not fully under-
stood.’®'® Moreover, some prospective studies have
suggested that SFA-rich foods may relate differently with
CVD risk; for example, while several prospective stud-
ies have suggested a positive association between red
meat and CVD risk, the association with dairy products
is unclear. Therefore, understanding how macronutrients
from different sources relate to serum lipids is important
for CVD prevention.

Therefore, the aim of the present study was to inves-
tigate the associations between dietary macronutrients
and macronutrients from different sources and serum
lipids, using data from a large British cohort.

MATERIALS AND METHODS

The data that support the findings of this study are avail-
able from the UK Biobank study at http://ukbiobank.ac.uk/
register-apply/.

Subjects and Study Design

The UK Biobank is a population-based cohort study of middle-
aged UK adults established between 2006 and 2010 to study
risk factors for disease.?®?' Approximately 9.2 million individu-
als living within 25 miles of one of the 22 assessment centers
in England, Wales, and Scotland were invited to participate.
A total of 503317 women and men aged 37 to 73 years at
baseline were recruited (response rate =5.5%). Further details,
including study protocol and data access permissions, are
available online  (http://www.ukbiobank.ac.uk/wp-content/
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* Intake of free sugars is positively associated with
serum triglycerides and inversely associated with
HDL-C (high-density lipoprotein  cholesterol),
whereas intake of nonfree sugars is inversely asso-
ciated with triglycerides in this large, prospective
cohort study.

+ This suggests that types of carbohydrates relate dif-
ferently with serum lipids, and that reducing intake
of free sugars may be important in cardiovascular
disease prevention.

+ Consistent with previous studies, intake of saturated
fatty acids is associated with LDL-C, and modeled
substitution of intake of saturated fatty acids with
intake of polyunsaturated fatty acids is associated
with a more favorable serum lipid profile.

uploads/2011/11/UK-Biobank-Protocol.pdf), and recruitment
methods are described in detail elsewhere?! All individuals
provided informed consent to participate, and the study was
approved by the National Information Governance Board for
Health and Social care and the National Health Service North
West Multicentre Research Ethics Committee (reference num-
ber 06/MRE08/65).

Assessment of Macronutrient Intake

Participants who were recruited to the study between April 2009
and September 2010 completed a validated web-based 24-hour
dietary assessment,?22® the Oxford WebQ Questionnaire, at the
assessment center at baseline (n=70747). Moreover, those
who provided a valid email address were invited via email to
complete this dietary questionnaire on 4 further occasions dur-
ing the follow-up period (follow-up 1: February 2011 to April
2011; follow-up 2: June 2011 to September 2011; follow-up
3: October 2011 to December 2011; and follow-up 4: April
2012 to June 2012; Figure | in the Data Supplement).

Intakes of 206 food items and 32 beverages were calcu-
lated from responses to the 24-hour dietary assessment, and
macronutrient intakes were calculated from the UK Nutrient
Databank Food Composition Tables (2013)24 Macronutrient
intakes were expressed as a percentage of total energy intake.
Carbohydrate sources included starch from whole grains
(brown, seeded and whole meal bread, whole meal pasta and
rice, bran cereal, biscuit cereal, oat cereal, and muesli), starch
from refined grains (white and other bread, white pasta and
rice, other cereals), free sugars (from added sugars or naturally
occurring in honey, syrups, and fruit juices'®), and nonfree sug-
ars (total sugars minus free sugars). Intakes of fat and protein
from plant sources and animal sources, including dairy and non-
dairy animal sources, were also measured (Data Supplement).
Dietary intake of macronutrients was averaged from >2 twenty-
four—hour dietary questionnaire responses (including baseline
assessment) to provide an estimate of usual intake.???® The
baseline 24-hour dietary assessment, that was completed at
the assessment center, was obligatory for inclusion in this study
to ensure that at least one dietary assessment was performed
at the same time serum was collected.
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Cardiovascular Disease-Related Biomarkers

Nonfasting venous blood samples were collected at assess-
ment centers on the same day the baseline 24-hour dietary
assessment was completed (April 2009 to September 2010).26
Serum lipids measured included total cholesterol, LDL-C, HDL-
C, triglycerides, ApoB and ApoA1. Serum lipids were used to
calculate lipid ratios, including total cholesterol to HDL-C ratio,
triglyceride to HDL-C ratio, and ApoB to ApoA1 ratio.?® Serum
lipid profile refers to the overall pattern of total cholesterol,
LDL-C, HDL-C, and triglycerides. Blood collection procedures
are described in detail elsewhere®” and information on assay
performance can be found on the UK Biobank website.”® A
total of 20,239 participants (4.0%) had repeat blood samples
taken between August 2012 and June 2013.

Inclusion Criteria

Participants were excluded if they (1) withdrew consent, (2)
reported they were taking lipid-lowering medication(s) at base-
line, (3) were missing a baseline lipid measurement so that
all included participants completed one dietary assessment at
the same time as serum lipids were measured, or (4) were
missing a valid mandatory baseline 24-hour dietary assess-
ment plus at least one valid follow-up assessment (Figure ||
in the Data Supplement). Participants were also excluded if
they did not meet the minimum requirements for a valid base-
line and follow-up 24-hour dietary assessment, after 24-hour
dietary assessments were removed if participants had extreme
values for total energy intake (outside the range of 3347 kJ
to 17573 or 800 to 4200 kcal for men, outside the range of
2092 kJ t0o14644 or 500 to 3500 kcal for women), 2 or if
participants reported they were ill or fasting on the respective
day. After exclusions, a total of 24 639 participants contributed
data to this study. Eligible participants completed between two
and five 24-hour dietary assessments (including a mandatory
baseline assessment) as follows: 2 (n=8113), 3 (=6921), 4
(n=5953) and 5 (n=3652).

Statistical Analysis

Macronutrient intakes as a percentage of energy intake were
converted into quintiles, except fiber which was expressed in
quintiles of grams per day. Correlations between serum lipids
were calculated using Spearman correlation coefficients.
Several serum lipid measurements did not follow a normal
distribution, and for consistency, all serum lipid variables were
log-transformed to obtain geometric mean concentrations and
relative differences of serum lipids with 95% CI. The geomet-
ric mean estimates were calculated based on predicted values
from linear regressions of serum lipids against each macro-
nutrient and fiber intake, with adjustment for age at recruit-
ment (<45, 45-49, 50-54, 55-59, 60-64, and >65 years)
and sex in the minimally adjusted model. Multivariable models
were further adjusted for ethnicity (White, mixed race, Asian
or Asian British, Black or Black British, other, and unknown),
recruitment region (London, North-West England, North-
Eastern England, Yorkshire and the Humber, West Midlands,
East Midlands, South-West England, and Wales), Townsend
deprivation index®® (quintiles from least to most affluent,
unknown), smoking status (never, previous, <15 cigarettes/d,
15-29 cigarettes/d, >30 cigarettes/d, unknown), physical
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activity (low, medium, or high according to metabolic equivalent
tasks in hours per week, unknown), alcohol (<1, 1-9, 10-19,
20-29, >30 g/d, unknown), body mass index (<20, 20-22.4,
22.5-24.9,25-274,275-29.9, 30-32.4, 32.56-34.9, 35—-374,
375-39.9, or >40 in kg/m? unknown), height (sex-specific
groups in 5 cm increments, unknown), self-reported diabetes
at baseline (yes, no, and unknown), and mean total daily energy
intake (quintiles). Relative geometric means were then derived
from the geometric means with the lowest category of mac-
ronutrient intake as the reference group. Tests for linear trend
were performed using the percentage of total energy intake
from macronutrients as continuous variables in the regression
model. Macronutrient intakes were also modeled as continu-
ous variables in increments of 5% higher energy to estimate
the absolute difference in serum lipid per 5% higher energy
from the macronutrient of interest. We modeled isoenergetic
substitution of 5% of energy from SFA for other macronutrients
using a multivariable nutrient density model, which included
energy from all macronutrients except for SFA, as well as total
energy®' The regression coefficients from the model were
interpreted as the effect of isoenergetic replacement of SFA
for another macronutrient, while energy intake from all other
macronutrients remained constant.

Sensitivity analyses were performed by restricting the
sample to participants: (1) who completed >4 twenty-four—
hour dietary assessments including mandatory baseline
assessment, (2) with no self-reported change in diet in the
prior b years, or (3) with biomarker concentrations within the
range of (lower quartile — 3xinterquartile range, upper quar-
tile + 3xinterquartile range) for the biomarker of interest. We
also conducted a sensitivity analysis in participants (n=6215)
who had all serum lipids measured at the reassessment visit
(~4 years after recruitment) and had >2 twenty-four—hour
dietary assessments before the blood sample was taken
(Figure Il in the Data Supplement) and a sensitivity analyses
using absolute macronutrient intakes expressed in grams per
day as exposures.

Statistical tests were 2-sided, and the threshold for sta-
tistical significance was set at A<0.002 with Bonferroni cor-
rection for multiple comparisons (0.056/25 exposures).®? Most
results were statistically significant due to the large sample
size. Therefore, only the largest percent differences in serum
lipids between the highest and lowest quintiles of macronu-
trient intake have been discussed in the text. STATA version
15.1 (StataCorp LP, College Station, TX) was used for data
analyses, and R 3.5.2 (R Core Team, Vienna, Austria) was
used to create the figures.

RESULTS

Table 1 displays participant characteristics accord-
ing to lowest and highest quintile of carbohydrate, fat,
and protein intake, expressed as percentages of total
energy intake. Among participants who reported the
highest intakes of carbohydrates, protein, or fat, there
were a higher proportion of women and lower mean
alcohol intakes. There was a higher proportion of never
smokers and a lower total energy intake among par-
ticipants who reported the highest carbohydrate intake.
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Table 1.
UK Biobank Participants

Macronutrients and Serum Lipids in the UK Biobank

Baseline Characteristics Across Lowest and Highest Percentage Intakes of Carbohydrate, Fat, and Protein in 24 639

Carbohydrate intake Fat intake Protein intake
Characteristics Qi Q5 Qi Q5 Q1 Q5
N 4928 4927 4928 4927 4928 4927
Female 2713 (18.6%) 3040 (20.9%) 2775 (19.1%) 3049 (21.0%) 2576 (17.7%) 3378 (28.2%)
Male 2215 (21.9%) 1887 (18.7%) 2153 (21.3%) 1878 (18.6%) 2352 (23.3%) 1549 (15.3%)
Age at recruitment, mean (SD) 55.3 (7.7) 55.1 (8.1) 55.7 (7.8) 54.9 (8.1) 54.8 (8.1) 55.2 (8.0)
Ethnicity
White 4771 (20.2%) 4592 (19.5%) 4716 (20.0%) 4706 (19.9%) 4702 (19.9%) 4654 (19.7%)
Mixed race 34 (19.9%) 34 (19.9%) 19 (11.1%) 37 (21.6%) 31 (18.1%) 37 (21.6%)
Asian or Asian British 45 (12.3%) 140 (38.4%) 77 (21.1%) 73 (20.0%) 96 (26.3%) 101 (27.7%)
Black or Black British 44 (15.3%) 106 (36.9%) 73 (25.4%) 52 (18.1%) 59 (20.6%) 81 (28.2%)
Other 13 (8.4%) 44 (28.6%) 35 (22.7%) 35 (22.7%) 26 (16.9%) 41 (26.6%)

Townsend deprivation index

1 (Most affluent)

803 (18.2%)

831 (18.8%)

909 (20.6%)

821 (18.6%)

746 (16.9%)

959 (21.7%)

2 1001 (19.5%) 1056 (20.5%) 1039 (20.2%) 941 (18.3%) 949 (18.5%) 1079 (21.0%)
3 1056 (20.6%) 1001 (19.5%) 1033 (20.1%) 1052 (20.5%) 986 (19.2%) 938 (18.3%)
4 1208 (20.6%) 1163 (19.9%) 1178 (20.1%) 1212 (20.7%) 1242 (21.2%) 1121 (19.1%)
5 (Most deprived) 857 (21.1%) 869 (21.4%) 764 (18.8%) 894 (22.0%) 997 (24.6%) 821 (20.2%)

Smoking status

Never 2343 (16.1%) 3296 (22.6%) 2771 (19.0%) 2947 (20.2%) 2752 (18.9%) 2976 (20.4%)
Previous 2062 (24.5%) 1423 (16.9%) 1824 (21.6%) 1590 (18.9%) 1755 (20.8%) 1642 (19.5%)
Current 514 (32.4%) 198 (12.5%) 322 (20.3%) 377 (23.8%) 411 (25.9%) 303 (19.1%)

Physical activity (MET h/wk)

Low 1307 (20.8%) 1195 (19.0%) 1127 (18.0%) 1391 (22.2%) 1208 (19.2%) 1356 (21.6%)

Moderate 2673 (20.1%) 2634 (19.8%) 2687 (20.2%) 2556 (19.2%) 2693 (20.2%) 2593 (19.5%)

High 878 (18.9%) 1020 (22.0%) 1044 (22.5%) 894 (19.3%) 946 (20.4%) 894 (19.3%)
Alcohol, g/d, mean (SD) 34.3 (24.6) 5.3 (8.3) 24.4 (24.6) 10.9 (13.5) 22.6 (24.0) 10.7 (13.5)
BMI, mean (SD) 26.9 (4.5) 26.2 (4.6) 26.4 (4.3) 26.5 (4.9) 25.9 (4.3) 271 (4.8)
BMI

<25 kg/m? 1821 (17.7%) 2168 (21.0%) 1990 (19.3%) 2126 (20.6%) 2258 (21.9%) 1750 (17.0%)

25-29.9 kg/m?

2104 (21.2%)

1940 (19.5%)

2080 (20.9%)

1846 (18.6%)

1930 (19.4%)

2072 (20.8%)

>30 kg/m?

998 (23.0%)

810 (18.7%)

850 (19.6%)

952 (21.9%)

731 (16.9%)

1099 (25.3%)

Height, mean (SD)

Female

164.3 (6.0)

163.5 (6.3)

163.6 (6.2)

164.1 (6.0)

164.2 (6.3)

163.3 (6.2)

Male

177.4 (6.7)

176.5 (6.7)

176.4 (6.6)

177.7 (6.7)

177.4 (6.7)

176.9 (6.6)

Diabetes diagnosed by doctor

No history

4832 (19.9%)

4873 (20.1%)

4863 (20.0%)

4840 (19.9%)

4876 (20.1%)

4833 (19.9%)

Diabetes

92 (27.9%)

50 (15.2%)

62 (18.8%)

76 (23.0%)

47 (14.2%)

89 (27.0%)

Total energy, kJ, mean (SD)

8745.7 (2019.8)

8104.8 (1839.2)

7868.7 (1768.8)

9053.0 (1978.2)

9201.5 (2044.9)

7526.4 (1665.0)

Carbohydrate (% total energy), mean (SD) | 39.2 (4.3) 59.1 (8.3) 54.1 (7.8) 43.9 (6.0) 51.5 (7.3) 471 (7.7)
Fat (% total energy), mean (SD) 34.9 (6.3) 26.8 (4.1) 23.7 (2.7) 39.4 (2.9) 32.0 (5.9) 30.9 (6.1)
Protein (% total energy), mean (SD) 16.8 (3.4) 15.0 (2.7) 16.2 (3.2) 15.6 (3.1) 12.1 (1.1) 20.3 (2.1)

All summary statistics are presented as n (%) and row percentages are displayed
metabolic equivalent of task; Q1, first quintile (lowest); and Q5, fifth quintile (highest).

Participants who reported the highest fat intake had a
higher total energy intake, whereas those who reported
the highest protein intake had a lower total energy
intake. There was a higher proportion of participants
with a diabetes diagnosis and higher body mass index

Arterioscler Thromb Vasc Biol. 2021;41:2190-2200. DOI: 10.1161/ATVBAHA.120.315628

unless otherwise specified. BMI indicates body mass index; kJ, kilojoules; MET,

among participants with the lowest intakes of carbohy-
drate and highest intakes of protein. Mean grams and
mean percentage of total energy intake within each
quintile of macronutrient exposure are shown in Table |
in the Data Supplement.
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LDL-C was positively correlated with total choles- inversely associated with triglycerides (Figure 2), while
terol (=0.94) and ApoB (=0.96), whereas HDL-C was fat from animal sources was positively associated with
positively correlated with ApoA1 (=0.93) and inversely ~ HDL-C and inversely associated with triglycerides (Fig-
correlated with triglycerides (r=—0.49; Figure IV in the ure 1). Triglyceride to HDL-C-ratio had associations
Data Supplement). with dietary fats similar to those for triglycerides, and
overall total cholesterol to HDL-C ratio had no associa-
. - . tions with dietary fats.

Macronutrient and Serum Lipid Associations Total protein Zmd protein from animal sources were
For carbohydrates, the strongest positive associa- inversely associated with higher triglycerides and tri-
tions were observed for both total carbohydrates and glyceride to HDL-C ratio (Figure Q), while there were no
free sugars with triglycerides (Figure 2). Whereas the  strong associations between protein intake and other
strongest inverse associations were observed for non- serum lipids (Figure 1).

free sugars with triglycerides and for both total carbo- ApoB and Apo/—\1 had similar but weaker directions
hydrates and free sugars with HDL-C (Figure 1). Total  of association with macronutrients compared to LDL-C
carbohydrates and free sugars were also positively  and HDL-C, respectively (Figure 3). Furthermore, we
associated with total cholesterol to HDL-C ratio, while detected no sex-based differences in associations.
triglyceride to HDL ratio showed associations to similar
those for triglycerides. Results minimally adjusted for .
age and sexgayre displayed in Figures thhrojugh VIl in Modeled Substitution Analyses

the Data Supplement, and results of tests for trend and Modeled isoenergetic substitution of 5% energy from
participant numbers in each quintile are presented in intake of SFA with intake from free sugars was associ-
Tables Il through X in the Data Supplement. ated with lower HDL-C and higher triglycerides (Table 2).

When looking at the associations of dietary fat with Modeled substitution of intake of SFA with intake of
serum lipids, the strongest associations were for SFA starch from refined grains or whole grains was associ-

with LDL-C, and for omega-3 fatty acids with triglyc-  ated with similar but weaker associations as substitution
erides, for which there were a positive and an inverse  with free sugars. While modeled substitution of intake
association, respectively (Figures 1 and 2). Monoun-  of SFA with intake of monounsaturated fatty acids was

saturated fatty acid and omega-6 fatty acids were also  not associated with a more favorable serum lipid profile,

Total cholesterol (mmol/L) LDL-C (mmoliL) HDL-C (mmollL)
Geometric mean Geometric mean % A between Q1 & Q5 Geometric mean Geometric mean % A between Q1 & Q5 Geometric mean Geometric mean % A between Q1 & Q5

Nutrients inQ1(95%Cl)  inQ5(95%Cl) geometric means inQ1(85% Cl)  inQ5(95% Cl) _geometric means in Q1 (95% C1) _in Q5 (95% CI) _geometric means
Carbohydrate

Total carbohydrates 5.88(586-593) 569(566-572) -3.53% - 365(362-367) 354(352-3.57) -283% - 154(153-1.55) 143(1.42-144) .757% =

Total sugars 582(579-584) S577(574-580) -0.74% - 360(358-3.62) 3.60(358-363) 0.13% . 151 (1.50-1.51) 1.45(1.44-145) .3.97% -

Free sugars 578(575-5.80) 581(578-584) 057% (] 3.57(3.55-3.59) 3.63(361-3.65 1.68% - 1.51(1.50-1.51) 1.44(143-145) 434% -

Non-free sugars 588(583-589) 574(571-577) -211% L] 365(362-367) 357(355-3.59) -220% - 148 (147-149) 147(147-148) -0.61% -

Total starch 586(583-589) 571(568-574) .256% - 364 (362-3.66) 3.55(352-3.57) -284% - 1.51(1.50-1.52) 1.46(1.45-146) -3.66% -

Starch from wholegrains 5.84(581-587) S74(571-577) -1.70% L] 3.64 (3.62-3.66) 3.56(3.54-3.58) -211% - 148 (147 -1.48) 147 (147-148) -0.22% L

Starch from refined grains 581(5798-584) 577(574-580) -0.70% L 360(358-363) 358(356-361) -055% - 150(149-150) 146 (146-147) .2.23% -

Fiber* 587(584-580) 571(568-574) -282% - 366(3.63-3.68) 3.54(352-357) -321% - 1.48 (148-1.49) 147 (1.46-147) -1.28% -
Fat

Total fat 570(567-5.73) 5.7 (584-590) 202% [ 354 (352-3.56) 384 (362-367) 290% - 145(1.44-146)  151(1.51-152) 4.46% -

Fat from plant sources 581(578-583) 576(573-578) -0.87% L 361(3.59-3.63) 357(355-3.59) -1.12% - 148 (147-149) 1.48(147-149) -0.07%

Fat from animal sources 570(568-573) 590(587-5983) 342% - 3.54(352-3.56) 3.67(365-3.69) 3.74% - 1.45(144-146) 1.51(1.51-152) 4.22% -

Fat from dairy 5.76(5.73-578) 5.84(582-587) 152% - 3.57(3.55-3.60) 3.84(362-3.66) 1.73% - 146 (145-147) 1.50(149-151) 280% -

Fat from non-dairy animal sources 571(568-574) 587(584-590) 272% L 354(352-357) 365(383-367) 289% - 146 (145-146) 1.50(1.49-150) 266% -

Dietary cholesterol 572(568-575) 582(580-585) 183% L] 3.55(3.53-3.57) 3.61(358-363) 169% - 1.46 (145-146) 150 (1.49-151) 2.84% -

Trans fatty acids 574(571-577) 6586(583-589) 220% - 3.57(3.55-3.59) 3.85(363-367) 267% - 146 (145-147) 1.50(1.49-151) 229% -

SFA 569 (566-571) 591(588-594) 385% [ ] 352(3.50-354) 3.69(367-371) 4.70% - 146 (145-147) 151(1.50-152) 341% -

MUFA 570(567-573) 5.84(581-586) 232% L] 3.54(3.52-3.57) 3.62(360-364) 213% - 145(1.44-146) 150(1.50-151) 3.78% -

PUFA 579(576-582) S576(573-578) -057% L 361(3.59-3.63) 3.56(354-3.58) -134% - 1.45(145-1.46) 1.49(148-150) 2.31% -

n-3 fatty acids 577(575-580) 582(580-585) 087% . 3.60(3.58-3.62) 3.81(359-3.63) 027% . 145(1.44-146) 1.51(1.50-152) 4.18% -

n-6 fatty acids 580(577-583) 575(572-578) -090% L 362(360-364) 3.56(354-3.58) -184% - 146 (145-147) 148 (148-148) 1.65% -
Protein

Total protein 577(574-580) 579(576-582) 037% o 360(357-362) 359(357-361) -0.12% - 146 (145-147) 1.49(148-150) 1.80% -

Protein from plant sources 5.86(5.83-589) S570(567-573) -279% L] 3.65(3.63-367) 3.53(351-3.55) -327% - 1.49(149-1.50) 1.46(145-147) -2.18% -

Protein from animal sources 573(570-576) 5.81(578-588) 145% » 356(354-3.58) 361(350-363) 1.24% - 146 (1.45-1.46)  1.49(149-150)  2.50% -

Protein from dairy 581(578-584) S577(575-580) -060% L 361(3.59-3.64) 359(357-361) -073% - 147 (146-1.48) 148 (1.47-148) 067% -

Protein from non-dairy animal sources ~ 5.72(569-575) 5.80(5.78-583) 1.50% - 3.56 (3.54-3.58) 3.80(358-3.62) 1.26% ol 146 (145-146) 1.49(148-150) 2.18% -
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Figure 1. Geometric mean of total cholesterol (mmol/L), LDL-C (low-density lipoprotein cholesterol; mmol/L), and HDL-C (high-
density lipoprotein cholesterol; mmol/L) by lowest (Q1) and highest (Q5) percentage intake of macronutrients.

Models adjusted for age at recruitment, sex, ethnicity, region, Townsend deprivation index, smoking status, physical activity, alcohol,

body mass index, height, diabetes diagnosed by a doctor, and mean daily energy intake in quintiles. A indicates difference; MUFA,
monounsaturated fatty acids; n-3, omega-3; n-6, omega-6; PUFA, polyunsaturated fatty acids; and Q, quintile. *For fiber, Q1 and Q5
represent quintiles of total fiber intake (g/d).
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Triglycerides (mmol/L) TC-to-HDL-C ratio TG-to-HDL-C ratio
‘Geometric mean Geometric mean % A between Q1 & Q5 Geometric mean Geometric mean % A between Q1 & Q5 ‘Geometric mean Geometric mean % A between Q1 & Q5
Nutrients in Q1 (95% Cl)  in Q5 (95% CI) ic means. inQ1(95%Cl) in Q5 (95% Cl) means inQ1(95% Cl)  in Q5 (95% CI) means
Carbohydrate
Total carbohydrates 1.33(1.31-1.35) 147 (145-149)  10.18% - 3.82(380-3.85) 3.96(395-401) 404% = 0.86(0.85-0.88) 1.03(1.01-1.08)  17.76% -
Total sugars 136(1.35-1.38) 145(143-146) 582% L] 3.86(384-389) 3.90(397-401) 323% = 081(0.89-092) 100(098-1.01) 9.79% -
Free sugars 1.34(1.32-1.36) 1.50(148-1.51) 10.83% - 3.84(3.81-386) 4.03(4.00-405) 491% a 0.89(0.88-090) 1.04(1.02-1.05) 1517% -
Non-free sugars 144(1.42-146) 137(1.35-138) -530% - 3.95(393-308) 3.80(387-392) -1.50% 5 0.97(0.96-099) 0.93(0.91-0.94) -4.69% -
Total starch 136 (1.34-138) 143 (141-145)  508% - 3.88(386-391) 392(390-3985) 1.10% 3 0.0 (0.89-091) 096(0.97-1.00) 8.75% -
Starch from whelegrains. 142(1.40-1.44) 141(139-142) -093% L 3.96(3.93-398) 3.90(3.87-392) -1.49% g 0.96 (0.95-0.98) 095(0.94-097) -0.71% -
Starch from refined grains 1.38(1.37-1.40) 144(142-145) 377% Ll 388(3.86-381) 394(392-397) 153% -] 082(081-094) 088(097-1.00) 6.00% -
Fiber* 142(1.40-1.44)  139(1.37-140)  -236% - 3.95(393-398) 3.89(387-392) -154% g 0.96(0.94-097) 0.95(0.93-0.96) -1.07% -
Fat
Total fat 143(1.41-1.45) 136(134-137) -553% - 394(391-396) 3.88(385-390) -1.54% = 0.99(0.97-1.01) 0.90(0.88-0.81) -9.99% -
Fat from plant sources 140(1.39-1.42)  139(1.37-140) -1.14% - 383(3.90-385) 3.89(387-392) -0.80% = 0.85(0.83-096) 084(092-085) -1.07% -
Fat from animal sources 143(1.41-148)  136(1.35-1.38)  4.77% - 3.03(3.90-3.95) 3.90(387-392) -0.80% g 0.98(0.97-1.00) 0.90(0.89-0.81) -8.99% -
Fat from dairy 142(140-144) 137(135-139) .365% [ ] 394(392-387) 3.89(387-392) -127T% s 087 (0.86-099) 091(090-0.83) -545% -
Fat fram non-dairy animal sources 143 (141-1.44)  139(137-141)  264% = 3.92(390-384) 392(390-395) 0.06% 0.98(0.96-099) 0.93(0.91-0.84) -520% -
Dietary cholesterol 142(1.40-1.44) 1.38(1.36-1.39) -3.12% L 393(390-385) 389(386-391) -1.01% L 0.87(0.96-099) 092(090-083) -596% -
Trans fatty acids 141(1.39-1.43) 140(1.38-142) .009% L 3.84(392-3987) 391(389-394) 001% = 0.87(0.85-099) 094(092-085) -237% -
SFA 141(1.39-143) 137(1.35-1.39) -2.87% = 3.90(387-392) 3.92(389-394) 045% 0.97(0.95-098) 0.91(0.89-0.82) -6.27% -
MUFA 143 (1.41-145) 137(135-1.38) -457% - 3.94(391-306) 388(386-391) .1.46% 5 089 (067 -1.00) 0.91(0.89-0.92) -835% -
PUFA 146 (1.44-148)  136(1.34-1.38)  -6.78% - 3.98(3.96-4.00) 387 (3.84-3.89) -2.88% o 1.00(0.99-1.02) 0.91(0.90-083) -9.09% -
n-3 fatty acids 147(145-1.48)  132(131-134)  10.13% L] 398(396-400) 3.85(383-387) 331% = 101(0.99-103) 088(086-088) -1431% m
n-6 fatty acids 144 (1.42-146)  137(1.35-1.30)  -4.72% L] 397(3.95-400) 3.67(3.85-380) -2.55% = 0.88(0.97-1.00) 0.92(0.91-0.84) -637% -
Protein
Total protein 143(1.41-148)  136(1.34-1.38)  -5.06% - 3.95(392-307) 389(387-391) -1.43% g 0.98(0.96-1.00) 0.92(0.90-0.83) -6.86% -
Protein from plant sources 1.39(1.37-1.41)  141(1.39-143)  1.18% 4 382(390-385) 390(388-392) -061% s 0.83(0.82-095) 086(095-0.88) 3.36% |-
Protein from animal sources 143(1.42-1485) 137(1.35-1.38)  -4.86% - 3.93(391-3.96) 3.89(387-391) -1.14% g 0.98(0.97-1.00) 0.91(0.90-0.83) -7.45% -
Protein from dairy 142(140-144) 139(137-140) -220% L | 395(392-3987) 390(387-392) .127T% L 086 (085-098) 093(092-085) -295% -
Protein from non-dairy animal sources  1.43 (1.41-1.45) 1.38(136-140) -360% - 3.93(3.91-385 3.90(3.88-393) -0.68% 3 0.98(0.87-1.00) 093(0.91-084) -578% -
JESS SN E—) [EENEE )
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Figure 2. Geometric mean of triglycerides (TG; mmol/L), total cholesterol (TC) to HDL-C (high-density lipoprotein cholesterol)
ratio, and TG-to-HDL-C ratio by lowest (Q1) and highest (Q5) percentage intake of macronutrients.

Models adjusted for age at recruitment, sex, ethnicity, region, Townsend deprivation index, smoking status, physical activity, alcohol, body
mass index, height, diabetes diagnosed by a doctor, and mean daily energy intake in quintiles. A indicates difference; PUFA, polyunsaturated
fatty acids; Q, quintile; SFA, saturated fatty acids; TC, total cholesterol; and TG, triglycerides. *For fiber, Q1 and Q5 represent quintiles of

total fiber intake (g/d).

substitution of intake of SFA with intake of PUFA was
associated with lower total cholesterol, LDL-C, triglycer-
ides, and ApoB. Modeled substitution of intake of SFA
with intake of protein did not show any strong associa-
tions with serum lipids. Absolute changes in serum lipids
in mmol/L for isoenergetic substitutions of 5% energy
from intake of SFA with other macronutrients are pre-
sented in Table Xl in the Data Supplement.

Sensitivity Analyses

Our findings remained similar after restricting the sample
to participants (1) who completed >4 twenty-four—hour
dietary assessments, (2) did not report change in diet in
the prior 5 years, and (3) excluding outliers in biomarker
concentrations, as well as in sensitivity analyses using
absolute nutrient intakes as the exposure (Figures VIII
through XIX in the Data Supplement). Findings were
similar, or in some cases stronger, for most associations
between macronutrient intake and follow-up serum lipid
measurements (Figures SXX through SXII in the Data
Supplement) when compared with our main analyses.
For example, the percentage difference in geometric
mean concentration (mmol/L) of LDL-C and triglycer-
ides between highest and lowest SFA intake and free
sugar intake, respectively, were 0.20 mmol/L (5.9%)
and 0.19 mmol/L (14.0%) in this sensitivity analysis

Arterioscler Thromb Vasc Biol. 2021;41:2190-2200. DOI: 10.1161/ATVBAHA.120.315628

compared with 0.17 mmol/L (4.7%) and 0.15 mmol/L
(10.8%) in our main analyses (Figure 4).

DISCUSSION

In this large British cohort, we observed that intakes
of free sugars and nonfree sugars relate differently to
serum lipids, with free sugars being related to higher tri-
glycerides and lower HDL-C and nonfree sugars were
associated with lower triglycerides. We also found that
SFA is positively associated with LDL-C and that mod-
eled substitution of intakes of SFA with intakes of PUFA
is associated with a more favorable serum lipid profile.
Our findings showed similar directions of associations for
ApoB and ApoA1 to LDL-C and HDL-C, respectively.
The associations we report of free sugars with higher
triglycerides and lower HDL-C are relatively novel; while
previous cross-sectional studies have found that higher
intake of total carbohydrates is associated with a less
favorable overall serum lipid profile,?33* these studies did
not look separately at different types of carbohydrates.
Previous randomized controlled trials have found that
diets high in whole grains are associated with lower
LDL-C and total cholesterol, compared with diets low in
whole grains.®® Randomized controlled trials and mod-
eled substitution studies have also observed that sub-
stitution of SFA with total carbohydrates is associated
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Kelly et al Macronutrients and Serum Lipids in the UK Biobank
ApoB (mmollL) ApoA1 (mmoaliL) ApoB-to-ApoA ratio
Geometric mean Geometric mean % A between Q1 & Q5 Geometric mean Geometric mean % A between Q1 & Q5 Geometric mean Geometric mean % A between Q1 & Q5

Nutrients inQ1(95%Cl)  in Q5(95% Cl) _geometric means inQ1(95% Cl) _in Q5 (95% CI) ic means inQ1(95%Cl) _in Q5 (95% CI) means
Carbohydrate

Tolal carbohydrates 1.04(104-1.05)  1.02(1.01-103)  -2.36% - 161(161-162) 152(1.51-153) 580% [ 065(064-065) 0.67 (0.67-0.68) 353% -
Total sugars. 103(103-104)  1.04(1.03-104)  0.45% . 159(158-1.59) 153(1.53-154) -3.40% = 065(0.65-065) 068 (067-068) 3B5% -
Free sugars. 102(102-103)  1.04(1.04-105)  1,81% - 158 (157-1.58)  1.54(1.53-155) 2.26% = 0.65(0.64-065)  0.68 (0.67-0.68)  4.07% -
Non-free sugars 1.04(104-1.05)  1.03(1.02-103) -1.74% - 158(157-1.58) 1.54(1.54-155) -2.24% = 068 (0.66-067) 0.66(0.66-067) 050% -

Total starch 104(104-105) 1.02(1.01-102) -268% - 158(158-150) 154 (1.54-155) 2.41% = 066 (0.66-067) 0.6 (0.65-0.66) -0.27% -

Starch from wholegrains 1.04(104-1.05)  1.02(1.02-103)  -2.04% - 157(156-157) 1.55(1.55-156) -1.02% o 067(066-067) 0.66(0.65-0.66) -1.02% =

Starch from refined grains 103(103-1.04)  1.03(1.02-103) -051% L 157(156-1568) 1.56(1.55-156) -0.95% L 066(065-066) 0.66(0.66-0.67) 043% .

Fiber* 105(104-1.05)  1.02(1.01-103) -2.49% - 158(157-158) 154 (1.54-155) -2.20% = 0.66(0.66-067) 0.6 (0.66-0.67) -0.27% -
Fat

Total fat 102(1.01-1.03)  1.04(1.03-105)  1.77% - 153(152-1.54) 1.60(1.59-160) 4.24% = 067(066-067) 0.65(0.65-0.66) -246% -

Fat from plant sources 1.03(1.03-1.04) 1.03(1.02-1.03) -0.60% - 156 (1.55-1.66) 1.56 (1.56-157) 0.44% = 066 (0B6-067) 066 (065-066) -1.04% -

Fat from animal sources 102(101-1.03)  1.04(1.04-105)  2,38% - 154(153-154) 150 (1.58-160)  3.44% L] 0.66(0.66-067) 0.6 (0.65-0.66) -1.06% -

Fat from dairy 1.03(103-1.04)  1.03(1.03-104)  -0.10% 154(154-155) 1.58(1.58-159) 2.37% = 067 (0.66-067) 0.65(065-0.66) -247% -

Fat from non-dairy animal sources 102(1.01-1.02)  1.04(1.04-105)  247% - 154(154-155) 158 (1.57-158)  2.14% = 066 (0.66-0.66) 0.6 (0.66-0.67)  0.33% .

Dietary cholesterol 102(101-103)  1.04(1.03-104)  1866% - 154(154-155) 1.58(1.57-158) 2.05% = 066 (066-067) 0.66(0.65-0.66) -0.38% -

Trans fatty acids 103(102-104) 104(103-104) 110% - 154(153-1.55) 158 (157-159) 234% L] 067 (066-068) 066(0.65-066) -1.24% -

SFA 1.02(1.01-1.02)  1.04(1.04-105)  250% - 154(153-1.55) 1.59(1.58-160) 3.22% L] 0.66(0.66-0.67)  0.66 (0.65-0.66) -0.72% -

MUFA 1.02(101-1.03)  1.04(1.03-104)  1.74% - 153(152-1.54) 1.59(1.58-159) 370% = 067 (066-067) 0.65(0.65-0.66) -1.96% -

PUFA 103(103-1.04)  1.03(1.02-103)  -0.64% r 155(154-155) 157 (1.56-158)  1,59% = 067(066-067)  0.65(0.65-0.66) -2.22% -

n-3 falty acids 103(102-1.04)  1.04(1.03-105)  1.11% - 155(154-1.55) 1.58(1.57-156) 1.86% = 067(066-067) 0.66 (0.66-0.66) -0.74% -

n-6 fatty acids 104(103-1.04)  1.02(102-103) -1.15% L 155(154-1.55) 157 (1.56-158) 147% = 067(066-067) 0.65(0.65-0.66) -262% -
Protein

Total protein 103(1.02-1.03) 1.03(1.03-104)  0.45% . 155(155-156) 1.56(1.56-157) 0.74% 066 (066-067) 0.6 (0.66-0.67) -0.20% -

Protein from plant sources 1.04(104-1.05)  1.02(1.01-102) -231% - 158(157-158) 1.54(1.54-155) -2.04% = 066 (066-067) 0.66 (0.65-0.66) -0.27% -

Protein from animal sources 102(102-1.03)  1.04(1.03-104)  1.36% - 155(154-1.55) 157 (1.56-158) 154% = 066(066-067) 0.66(0.66-0.66) -0.18% -

Protein from dairy 1.04(104-105)  1.02(1.02-103) -1.70% - 156 (155-1.56) 156 (1.55-157) 008% 0.67(066-067) 0.6 (0.65-0.66) -1.78% -

Protein from non-dairy animal sources  1.02(1.01-1.02)  1.04(1.03-104)  1.78% [ 154(154-155) 157 (1.56-157)  1.40% = 068 (0.65-066) 0.66(0.66-067) 03%% .

1 RN S R —
-10 0 10 =10 0 10 -10 0 10
% A between Q1 & Q5 % A between Q1 & Q5 % A between Q1 & Q5
geometric means (95% CI) geometric means (95% Cl) geometric means (95% Cl)

Figure 3. Geometric mean of ApoB (apolipoprotein B; mmol/L), ApoA1 (apolipoprotein A1; mmol/L), and ApoB to ApoA1 ratio
by lowest (Q1) and highest (Q5) percentage intake of macronutrients.

Models adjusted for age at recruitment, sex, ethnicity, region, Townsend deprivation index, smoking status, physical activity, alcohol, body
mass index, height, diabetes diagnosed by a doctor, and mean daily energy intake in quintiles. A indicates difference; MUFA, monounsaturated
fatty acids; n-3, omega-3; n-6, omega-6; PUFA, polyunsaturated fatty acids; Q, quintile; and SFA, saturated fatty acids. *For fiber, Q1 and Q5

represent quintiles of total fiber intake (g/d).

with decreased LDL-C but also increased triglycerides
and decreased HDL-C, which aligns with our modeled
substitution analysis replacing intake of SFA by intake
of starch, particularly starch from refined grains.®® These
findings suggest that it is important to consider carbohy-
drate subtype when assessing associations with serum
lipids.

Our finding of a positive association between intake
of SFA and LDL-C is in accordance with randomized
controlled trials and some previous observational stud-
ies.97113¢ This supports the US dietary recommendation
to consume <10% of total energy from SFA® as the
mean intake of SFA in the lowest consumers was 7.7%
of total energy intake compared with 15.7% in the high-
est consumers. While dairy is an important source of
dietary saturated fat in the UK biobank cohort,® fat from
dairy was only modestly positively associated with LDL-
C, whereas fat from nondairy animal sources was more
positively associated with LDL-C.

Our study found an inverse association between
intake of PUFA and serum triglycerides, which has been
found in previous observational studies® In our mod-
eled isoenergetic substitution analyses, we found that
substitution of intake of SFA with intake of PUFA was
associated with lower LDL-C and triglycerides; previous
clinical substitution trials have consistently demonstrated
similar effects on LDL-C, but not on triglycerides.®'* We
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observed that higher intakes of omega-3 fatty acids
were associated with lower total cholesterol, LDL-C,
triglycerides, and lipid ratios as compared to equivalent
differences in intakes of omega-6 fatty acids, which is
consistent with previous studies.34%#! Overall, our find-
ings support dietary guidelines that recommend reducing
intakes of SFA and replacing with intakes of PUFA rather
than monounsaturated fatty acids or carbohydrates.*?-#
However, the absolute reductions in lipids, particularly
LDL-C, observed in this study are small when compared
with those observed with clinical trials of dietary substitu-
tion and of statin therapy.*+4°

We found no meaningful associations between pro-
tein intake and serum lipids, excepting the inverse asso-
ciations between total protein and protein from animal
sources with triglycerides and triglyceride to HDL-C
ratio. Our findings are similar to those found in the Omni-
Heart trial*® but not to the PURE study (Prospective
Urban Rural Epidemiology).®®

This study has several strengths. Our study had a
large sample size and detailed dietary information, which
allowed us to look at macronutrients from different
sources. The validation study for this questionnaire also
showed that correlations of dietary estimates with recov-
ery biomarkers for total sugars and protein improved
significantly with 2 dietary assessments when compared
with one dietary assessment, which is unlikely to capture

Arterioscler Thromb Vasc Biol. 2021;41:2190-2200. DOI: 10.1161/ATVBAHA.120.315628
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Table 2. Percentage Change in Serum Lipids for Every 5% Higher Energy Intake From Macronutrients (Main Model) and Per- o
centage Change in Serum Lipids for an Isoenergetic Substitution of 5% Energy From Saturated Fatty Acids With Other Macro- =
nutrients (Isoenergetic Substitution Model) e
=
Total cholesterol, Triglycerides, g ;
mmol/L LDL-C, mmol/L HDL-C, mmol/L mmol/L ApoB, mmol/L ApoA1, mmol/L ﬁ =]
-}
. N =
Main model ;, g
% A in lipid marker (95% CI) for each 5% higher: — =
—
Carbohydrate from | 0.17% 0.59% —1.70% 4.04% 0.64% —0.91% =
free sugars (—0.05% to 0.40%) | (0.31% to 0.86%) (—1.96% to —1.44%) | (4.04% to 3.45%) (0.36% to 0.92%) (—1.10% to —0.72%) =
Carbohydrate from | —0.62% —0.70% 0.00% —1.68% —0.57% —0.58%
nonfree sugars (—0.83% to —0.40%) | (—0.97% to —0.43%) | (—0.26% to 0.25%) (—2.25% to —1.11%) | (—0.83% to —0.30%) | (—0.76% to —0.40%)
Carbohydrate from | —0.72% —0.89% —0.13% —0.14% —0.77% —0.44%
whole grains (—0.99% to —0.46%) | (—1.22% to —0.56%) | (—0.44% to 0.18%) (—0.84% to —0.57%) | (—1.10% to —0.44%) | (—0.66% to —0.21%)
Carbohydrate from | —0.33% —0.35% —0.66% 1.14% —0.32% —0.27%
refined grains (—0.52% to —0.14%) | (—0.59% to —0.11%) | (—0.88% to —0.43%) | (0.63% to 1.65%) (—0.56% to —0.09%) | (—0.43% to —0.11%)
SFA 2.49% 2.82% 2.87% —2.47% 1.50% 2.56%
(2.10% to 2.88%) (2.34% to 3.31%) (2.41% to 3.33%) (—3.51% to —1.44%) | (1.02% to 1.98%) (2.23% to 2.89%)
MUFA 1.83% 1.54% 3.44% —4.28% 1.38% 3.14%
(1.37% to 2.30%) (0.96% to 2.12%) (2.89% to 3.99%) (—5.52% to —3.04%) | (0.80% to 1.96%) (2.75% to 3.54%)
PUFA —0.75% —1.87% 3.25% —7.84% —0.85% 2.33%
(—1.47% to —0.03%) | (—2.76% to —0.98%) | (2.41% to 4.09%) (—9.74% to —5.94%) | (—1.74% to 0.04%) (1.73% to 2.93%)
Protein 0.33% —0.05% 1.68% —8.71% 0.38% 0.78%
(—0.05% to 0.71%) (—0.52% to 0.42%) (1.23% to 2.12%) (—4.72% to —2.7%) (—0.09% to 0.85%) (0.46% to 1.10%)
Isoenergetic substitution modelt
% A for each substitution of 5% of energy from SFA by:
Carbohydrate from | —1.03% —0.98% —3.84% 6.64% 1.25% —2.60%
free sugars (—1.78% to —0.28%) | (—1.91% to —0.05%) | (—4.71% to —2.96%) | (4.66% to 8.62%) (0.33% to 2.18%) (—8.23% to —1.97%)
Carbohydrate from | —1.34% —1.58% —2.20% 1.92% 0.35% —2.00%
nonfree sugars (—2.03% to —0.65%) | (—2.44% to —0.72%) | (—3.00% to —1.39%) | (0.09% to 3.74%) (—0.51% to 1.20%) (—2.58% to —1.42%)
Carbohydrate from | —1.75% —2.10% —2.86% 4.61% —0.20% —2.14%
whole grains (—2.45% to —1.05%) | (—2.97% to —1.23%) | (—3.68% to —2.05%) | (2.77% to 6.46%) (—1.06% to 0.67%) (—2.72% to —1.55%)
Carbohydrate from | —1.63% —1.92% —3.20% 4.78% 0.07% —2.17%
refined grains (—2.33% to —0.93%) | (—2.78% to —1.05%) | (—4.01% to —2.38%) | (2.93% to 6.63%) (—0.80% to 0.93%) (—2.76% to —1.59%)
MUFA 0.16% —0.09% —1.93% 5.28% 2.21% —0.54%
(—1.03% to 1.35%) (—1.57% to 1.38%) (—8.31% to —0.54%) | (2.14% to 8.43%) (0.73% to 3.68%) (—1.54% to 0.46%)
PUFA —3.39% —4.48% —0.80% —3.83% —2.22% —1.30%
(—4.36% to —2.42%) | (—5.68% to —3.28%) | (—1.93% to 0.32%) (—6.38% to —1.27%) | (—3.42% to —1.02%) | (—2.11% to —0.48%)
Protein —0.87% —1.29% —1.89% 2.32% 1.08% —1.61%
(—1.61% to —0.13%) | (—2.21% to —0.38%) | (—2.75% to —1.03%) | (0.87% to 4.27%) (0.16% to 1.99%) (—2.23% to —0.99%)

Models adjusted for age at recruitment (<45, 456-49, 50-54, 55-59, 60-64, and >65), sex, ethnicity (White, mixed race, Asian or Asian Biritish, Black or Black Brit-
ish, other, and unknown), region (London, North-West England, North-Eastern England, Yorkshire and the Humber, West Midlands, East Midlands, South-West England,
and Wales), Townsend deprivation index (quintiles from least to most affluent, unknown), smoking status (never, previous, <15 cigarettes/d, 156-29 cigarettes/d, 230
cigarettes/d, and unknown), physical activity (low, medium, or high according to MET h/wk, and unknown), alcohol (<1, 1-9, 10-19, 20-29, >30 g/d, and unknown),
body mass index (<20, 20-22.4, 22.5-24.9, 25-27.4, 275-29.9, 30-32.4, 32.56-34.9, 35-37.4, 375-39.9, or >40 in kg/m?), height (sex-specific groups in 5 cm
increments, unknown) and diabetes diagnosed by a doctor (yes, no, and unknown). For participant numbers in each quintile refer to the Data Supplement. Apo indicates
apolipoprotein; g/d, grams per day; HDL-C, high-density lipoprotein cholesterol; kJ, kilojoules; LDL-C, low-density lipoprotein cholesterol; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; Q, quintile; and SFA, saturated fatty acids.

*Main model included the % of total energy intake for the nutrient of interest (expressed in 5% increments) and daily total energy intake (kJ) and was adjusted for
covariates (see below).

tlsoenergetic substitution model included % of total energy intake from carbohydrates, % of total energy intake from MUFA, % of total energy intake from PUFA, %
of total energy intake from protein, daily total energy intake (kJ), and was adjusted for covariates (see below).

usual intake.”® Moreover, biomarker measurements col-
lected 4 years after recruitment were available for some
of the participants, and this made it possible for us to
conduct sensitivity analyses examining associations with
follow-up serum lipid measurements, which supported
the primary results from our main analyses.

There are some limitations to the current study.
Although we minimized random error by calculating
macronutrient intakes using at least two 24-hour dietary

measurements, and sensitivity analyses restricted to >4
twenty-four—hour dietary assessments showed similar
results, the 24-hour dietary assessment is a self-reported
measure and, therefore, our findings may still be prone to
measurement error, particularly for total energy intakes,?
and regression dilution bias.*”~*° Reverse causality is pos-
sible, although sensitivity analysis looking at associations
with follow-up biomarkers supported our main findings.
As with every observational study, residual confounding
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Free sugars 1.37 (1.34 - 1.40) 1.58 (1.54 - 1.62) 14.02% -
Non-free sugars 1.56 (1.52 - 1.60) 1.37 (1.33 - 1.40) -13.14% -
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Figure 4. Percentage difference in geometric mean concentrations of serum lipids between highest (Q5) and lowest (Q1)
percentage intake of macronutrients restricting to participants with follow-up serum lipid measurements (n=6125).

Models adjusted for age at recruitment, sex, ethnicity, region, Townsend deprivation index, smoking status, physical activity, alcohol, body mass
index, height, diabetes diagnosed by a doctor, and mean daily energy intake in quintiles. A indicates difference; LDL-C, low-density lipoprotein

cholesterol; n-3, omega-3; Q, quintile; and SFA, saturated fatty acids.

may operate, and we were also unable to adjust for some
potential covariates, such as family history of dyslipid-
emia, which may be a source of confounding. The UK
Biobank has predominantly healthy participants of White
ethnicity, and our sample who completed >2 twenty-
four—hour dietary assessments may differ slightly from
those who did not within this cohort, and therefore, we
cannot exclude selection bias. However, previous stud-
ies have shown that large nonrepresentative samples
can be used to obtain generalizable risk factor-disease
associations,?0255051

The present study found novel diverging associa-
tions between intakes of free sugars and nonfree sug-
ars and serum lipids, with free sugars being related
to a less favorable lipid profile, which suggests that
carbohydrate quality could play an important role in
CVD risk reduction. Our findings also support known
associations between SFA and LDL-C and between
modeled substitution of intakes of SFA with intakes of
PUFA and overall serum lipid profile. Further research
is necessary to determine if the observed differences
in serum lipids with sources of macronutrient intake,
particularly carbohydrates, correspond to differences
in cardiovascular risk.
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