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Abstract

Background The role of fatty acids in coronary heart disease (CHD) remains uncertain. There is little evidence from
large-scale epidemiological studies on the relevance of circulating fatty acids levels to CHD risk. This study aims to
examine the independent associations of the major circulating types of fatty acids with CHD risk.

Methods UK Biobank is a prospective study of adults aged 40-69 in 2006-2010; in 2012-2013, a subset of the
participants were resurveyed. Analyses were restricted to 89,242 participants with baseline plasma fatty acids
(measured using nuclear magnetic resonance spectroscopy) and without prior CHD. Cox proportional hazards models
were used to estimate hazard ratios (HRs) for the associations with incidence CHD, defined as the first-ever myocardial
infarction, unstable angina pectoris, coronary-related death, or relevant procedure. And the major types of fatty acids
were mutually adjusted to examine the independent associations. Hazard ratios were corrected for regression dilution
using the correlation of baseline and resurvey fatty acids measures.

Results During a median follow-up of 11.8 years, 3,815 incident cases of CHD occurred. Independently of other fatty
acids, CHD risk was positively associated with saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA),
inversely associated with omega-3 polyunsaturated fatty acids (PUFA), but there was no strong evidence of an
association with omega-6 PUFA: HR per standard deviation higher were 1.14 (95% Cl, 1.09-1.20), 1.15 (1.10-1.21), 0.91
(0.87-0.94), and 1.04 (0.99-1.09) respectively. Independently of triglycerides and cholesterol, the inverse association
with omega-3 PUFA was not materially changed, but the positive associations with SFA and MUFA attenuated to null
after adjusting for triglycerides levels.

Conclusions This large-scale study has quantitated the independent associations of circulating fatty acids with CHD
risk. Omega-3 PUFA was inversely related to CHD risk, independently of other fatty acids and major lipid fractions. By
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contrast, independently of other fatty acids, the positive associations of circulating SFA and MUFA with CHD risk were

mostly attributed to their relationship with triglycerides.
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Introduction

Dietary guidelines commonly recommend reducing
total fat intake, and replacing saturated fat with polyun-
saturated fat to lower cardiovascular disease (CVD) risk
[1-3]. These guidelines are based largely on evidence
from randomized controlled trials of dietary intake of
fats,[4, 5] but the effects of the different types of polyun-
saturated fats (particularly omega-3 and omega-6), or of
replacement of saturated fats with monounsaturated fats,
remains unclear [4, 6, 7].

Fat consumption is known to affect circulating levels
of fatty acids, which are the main constitutional compo-
nent of circulating lipid classes and has been shown to
modulate lipid metabolism [3, 8, 9]. Although the impor-
tance of blood lipids, including low-density-lipoprotein
cholesterol and triglyceride levels, to CHD risk is well
established, the strength of the associations between cir-
culating fatty acids levels and CHD risk remains unclear.
In addition, the relevance of fatty acids levels indepen-
dently of blood lipids has not been well described [10].
Understanding these associations and the underlying bio-
logical mechanisms between circulating fatty acids and
CHD risk are important to the development of dietary
guidelines, and may inform clinical trials targeting circu-
lating levels of particular fatty acids.

Previous observational studies of the associations of
circulating fatty acid levels to CHD risk have tended to
be small in size, likely reflecting the challenges of storing
and analyzing blood samples at scale, and most lacked
repeated measurements of fatty acids making them prone
to underestimating the associations due to regression
dilution bias [11, 12]. Furthermore, most of these stud-
ies failed to account adequately for the high correlations
between some fatty acids, which may affect the inter-
pretation of findings [13, 14]. The analyses in the pres-
ent report use UK Biobank, a large-scale cohort study, to
quantify reliably the associations of CHD risk with the
major circulating types of fatty acids, independently of
each other and major lipid fractions.

Methods

Study design and population

UK Biobank is a prospective cohort study of approxi-
mately 0.5 million adults in the United Kingdom
recruited from 2006 to 2010 [15, 16]. At recruitment,
information about sociodemographic factors, lifestyle
and health-related characteristics were collected by com-
puter-based questionnaires, and clinical measurements
including anthropometrics and blood pressure were

made. Blood samples were collected for long-term stor-
age. A subset of 20,346 participants received a resurvey
during 2012 to 2013, comprising the full baseline assess-
ment. Ethics approval for the UK Biobank study was
given by the National Health Service North West Multi-
centre Research Ethics Committee.

Measurement of fatty acids

Plasma fatty acids were assayed by a high-throughput
nuclear magnetic resonance (NMR) spectroscopy plat-
form (Nightingale Health, Finland) for 117,980 partici-
pants at baseline (a random subset of the initial cohort)
and 5,306 participants at resurvey (a random subset
of the resurveyed participants) [17-19]. The quanti-
fied plasma fatty acids represent a combination of fatty
acids in lipid fractions (i.e. triglycerides, phospholipids,
or cholesterol esters) and free fatty acids (also called
non-esterified fatty acids) [20]. The fatty acid biomark-
ers included long-chain omega-3 docosahexaenoic acid
(DHA), omega-6 linoleic acid, total omega-3 PUFA, total
omega-6 PUFA, total PUFA, total MUFA, total SFA, and
total fatty acids. Both the concentration of each fatty acid
and the corresponding percentage (by weight) of total
fatty acids were calculated.

Ascertainment of incident CHD

Incident CHD was defined as the first-ever myocardial
infarction, unstable angina pectoris, or coronary-related
death using codes of the 10th edition of the International
Classification of Disease (ICD-10), and coronary-related
procedures (coronary artery bypass surgery or percuta-
neous transluminal angioplasty stent placement) by the
OPCS Classification of Interventions and Procedures.
Incident events were identified from hospital episode sta-
tistics (HES) and from the Office for National Statistics
(ONS) cause of death data (Table S1) [21].

Statistical analysis
We excluded participants who aged less than 40 or more
than 70 years at baseline, withdrew from the study at the
time of analysis, were missing fatty acid biomarkers or
key covariates, had outlying values of fatty acids (both
outside the range of 4 standard deviations and outside of
0.003% of either side of the distribution), had prior CHD
(identified by HES records and baseline self-report) or
were taking lipid-lowering medication (e.g. statins) at
baseline (Figure S1).

Cox proportional-hazards models, stratified by sex and
age (in 5-year groups), were used to derive hazard ratios
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(HRs) for the associations of fatty acids with incident
CHD; HRs are reported per standard deviation higher
level of each fatty acid. Models were first adjusted for
education, region, Townsend Deprivation Index, [22]
smoking, and alcohol intake, and then further adjusted
for body-mass index (BMI). HRs were corrected for
regression dilution bias (i.e. categorising people by their
baseline fatty acid and estimating the long-term aver-
age mean fatty acid in each category using the correla-
tion between re-survey and baseline measurements),
and are therefore described as associations of usual fatty
acids with CHD risk [11, 12]. ‘Usual’ levels in the plot
were estimated from the mean value at resurvey within
each baseline defined group, representing an unbiased
estimate of the long-term average level in each baseline-
defined group. The standard deviation (SD) of the usual
value was obtained by multiplying the baseline SD by the

Table 1 Baseline characteristics by incident coronary heart

disease
Incident coronary heart All
disease
No Yes
No. of participants 85,427 3,815 89,242
Age, sex and socioeconomic factors
Baseline age, years 55.0(8.0) 59.2(7.1) 55.2(8.0)
Male, % 41.8 64.5 42.8
White, % 95.0 954 95.0
University education, % 40.8 316 404
Townsend Deprivation -14(3.0) -1.2(3.2) -14(3.0)
Index*
Lifestyle factors
Current smoker, % 10.2 16.5 10.5
Current regular alcohol 70.7 684 70.6
drinker, %
Anthropometry
Body Mass Index, kg/m2 26.9 (4.6) 279 (4.6) 270 (4.6)
Waist circumference, cm 885(129) 939(125) 88.7(129)
Waist to hip ratio 0.86(0.09)  0.91(0.08) 0.86(0.09)
Lipids measured by clinical chemistry'
LDL cholesterol, mmol/I 3.7(0.8) 3.9(0.8) 3.7(0.8)
HDL cholesterol, mmol/I 1.5(04) 1.3(04) 1.5(0.4)
Total triglycerides, mmol/l 1.7 (1.0) 20(1.1) 1.7 (1.0)
Blood pressure and
diabetes
Systolic blood pressure, 1363 (184) 1448 (19.0) 136.7(18.5)
mmHg
Diastolic blood pressure, 82.1(10.2)  85.1(10.54) 82.2(10.2)
mmHg
Baseline diabetes, % 20 44 2.1

Baseline characteristics of those with and without incident coronary heart
disease during follow up among 89,242 participants (exclusions as in Figure
S1). Continuous variables are presented as mean (standard deviation) and
categorical variables are presented as column percentages. *Area-level
measure of material deprivation, higher scores represent higher levels of
deprivation. tMeasured directly. LDL=low-density lipoproteins; HDL=high-
density lipoproteins.
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square root of the regression dilution ratio. Confidence
intervals (Cls) were calculated using the variance of the
log risk, which appropriately attributes variance to all
groups, including the reference [23, 24].

To examine the independent association of each fatty
acid, other fatty acids were progressively added to the
model. To explore whether the association of the fatty
acid with CHD risk was independent of lipids, we further
adjusted for plasma cholesterol and for plasma triglycer-
ide level. The Change in the log-likelihood (LR) x> statis-
tic with and without the fatty acid is a measure of extent
of variance explained by the fatty acid in addition to the
other variables in the model. This statistic provides a sig-
nificance test for the improvement in fit from including
the fatty acid term.

Sensitivity analyses were conducted by excluding CHD
events in the first two years of follow-up (to assess for
potential reverse causality), and by further adjusting for
other potential confounders. Supplementary analyses on
the ratio biomarkers (i.e. the percentage of different types
of fatty acid to total fatty acids) were also assessed. All
analyses were conducted with SAS version 9.4 and all fig-
ures were generated in R version 4.0.1.

Results

After exclusions, 89,242 participants at baseline were
included in the main analyses (Figure S1). During a
median follow-up of 11.8 years, there were 3,815 incident
CHD events, of which 488 events were CHD death (Table
S2). On average, participants at baseline who developed
incident CHD were slightly older, more likely to be male
and current smokers, and have lower education and
higher levels of adiposity measures and systolic blood
pressure, and higher percentage of diabetes (Table 1).
Other baseline comparisons were provided in Table S3.

At baseline, the concentration of SFA was highly cor-
related with the concentration of MUFA (Spearman cor-
relation, r=0.93). The concentration of omega-6 PUFA
was moderately correlated with the concentration of SFA
(r=0.75) and of MUFA (r=0.73), while omega-3 PUFA
had lower correlations with the other types of fatty acid
(r=0.38 to 0.47) (Table S4). SFA and MUFA had high cor-
relations with total triglycerides (0.87 and 0.93, respec-
tively), and omega-6 PUFA had high correlation with
non-HDL-C (0.82). The correlations between omega-3
PUFA and all lipid biomarkers were lower (0.16 to 0.40)
(Table S5).

A total of 1,283 participants had both baseline and
resurveyed NMR-derived fatty acids measures. Following
the same exclusion criteria as baseline participants, 1,053
participants were included for the analyses (on average
4.2 years after the baseline assessment). The character-
istics of resurveyed participants were broadly similar to
those included in the main analyses, except for a slightly
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higher level of education and lower percentage of smok-
ers among those resurveyed (Table S6). The mean con-
centrations of fatty acid measures were also similar at
baseline and resurvey (Table S7), and the correlations of
these measures, which represented the regression dilu-
tion ratios, ranged from 0.51 to 0.62 (Table S8).

There were linear associations of usual levels of all the
fatty acids with incident CHD (Figure S2). Both circulat-
ing SFA and MUFA had strong positive associations with
incident CHD in fully adjusted models (HR per usual SD,
1.13 [95% CI 1.09-1.16] and 1.14 [1.11-1.18], respec-
tively: Table 2), although the adjustment of BMI slightly
attenuated the associations (Table S9). Furthermore, the
positive linear associations of SFA and MUFA remained
largely unchanged when independently of other types
of fatty acids (omega-3 and omega-6 PUFA) (Figs. 1 and
2) (the associations of SFA and MUFA were not further
adjusted for each other because of the very high correla-
tion between these variables).

There were also positive associations of omega-6 PUFA
and its major subtype, linoleic acid, with CHD risk,
which was little altered by the adjustment of BMI (1.11
[1.08-1.15] for both) (Table 2, Table S9). However, the
HR of omega-6 PUFA in the fully adjusted model was
substantially attenuated to 1.05 (1.00-1.10) when further
adjusting for SFA, and to 1.04 (0.99-1.09) when further
adjusting for both SFA and MUFA (Fig. 1); the large
reduction (92%) in the LR y” statistic (from 56.8 to 4.5)
after further adjustment for SFA and MUFA indicates
the positive association of omega-6 PUFA with CHD risk
may be largely accounted by the effects from these other
fatty acids. The independent association of linoleic acid
given other fatty acids followed a similar pattern with the
independent association of omega-6 PUFA (Table 2, Fig-
ure S3).

In terms of omega-3 PUFA, there was no evidence of an
association between the overall concentration with CHD
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risk in the fully adjusted model (0.99 [0.95-1.02]), and a
slight inverse association (0.94 [0.91-0.98]) of DHA, a
subtype of omega-3 PUFA (Table 2). However, the associ-
ations of omega-3 PUFA and DHA changed from null to
significantly inverse in all models with progressive adjust-
ments of other fatty acids (0.91 [0.87-0.94] and 0.92
[0.88, 0.95], respectively: Table 2; Fig. 1). The plot of the
independent associations of omega-3 PUFA and DHA
given other fatty acids are shown in Fig. 2 and Figure S3.
The changes of HRs and LR y? statistics for fatty acids
concentrations after further adjusting for cholesterol or
triglycerides are shown in Fig. 3. The associations of SFA
and MUFA concentrations with CHD risk were attenu-
ated slightly after adjusting for cholesterol levels (HR per
SD, 1.11 [1.06-1.18] and 1.11 [1.05-1.16], respectively),
but were attenuated to null after adjusting for triglycer-
ides (0.99 [0.92-1.08] and 0.99 [0.90-1.10], respectively).
In contrast, there was no evidence that the independent
association of omega-6 PUFA and omega-3 PUFA con-
centrations were altered following further adjustment.
The percentage composition of each fatty acid to
total fatty acids with incident CHD was investigated in
Table 3 as a complementary analysis. The associations
of these percentage measures, including SFA, MUFA
and omega-3 PUFA, were similar to the results of con-
centration biomarkers independently of other fatty
acids (Figure S4). The ratios of SFA and MUFA to total
fatty acids remained associated with increased CHD
risk (1.06 [1.03—1.09] and 1.16 [1.12-1.20], respectively),
and higher percentage of omega-3 PUFA were associ-
ated with a decreased risk (0.92 [0.89-0.95]). However,
in contrast to the results of concentration biomarkers,
an inverse association of omega-6 PUFA was observed
when expressed as ratio biomarker relative to total
fatty acids (0.91 [0.88—0.94]) (Table 3). The percentage
composition of each fatty acid independently of cho-
lesterol or triglycerides are shown in Figure S5. Further

Table 2 Association of fatty acids concentration with coronary heart disease risk

Fatty acids concentration

Fatty acids (mmol/L) A.Adjusted for age and sex

B. Further adjusted for C. Further mutu-

other confounders ally adjusted for other
fatty acids

Baseline Usual SD HR (95% Cl)* LRx**  HR(95% CI)* LRx**  HR(95% Cl)* LR

mean X2

SFA 4.1 0.7 1.17(1.14,1.21) 107.9 1.13(1.09,1.16) 584 1.14(1.09,1.20) 311
MUFA 2.8 0.6 1.21(1.18,1.24) 159.2 1.14(1.11,1.18) 7.7 1.15(1.10,1.21) 389

PUFA

Omega-6 PUFA 45 0.5 1.12(1.08,1.15) 443 1(1.08,1.15) 423 1.04 (0.99,1.09) 2.2

Linoleic acids 35 0.5 1(1.07,1.14) 39.8 1(1.08,1.15) 427 1.03 (0.99,1.08) 19
Omega-3 PUFA 0.5 0.2 0.94 (0.91,0. 98) 1.3 0.99 (0.95,1 02) 0.6 0.91(0.87,0.94) 235
DHA 0.2 0.1 0.87 (0.84,0.90) 64.3 0.94 (0.91,0.98) 106 0.92 (0.88,0.95) 19.9

Hazard ratio (HR) per usual SD higher level of each mean fatty acid concentration among 89,242 participants (usual SD was estimated by 1,053 resurveyed
participants). *HRs were calculated by Cox proportional-hazards models with: (A) stratification by age and sex; (B) stratification by age and sex, and adjusted for
ethnicity, education, region, Townsend Deprivation Index, body-mass index, smoking, and alcohol; (C) model B with further mutually adjusted for other fatty acids
(as last row of each type of fatty acids in Fig. 1). fLikelihood ratio (LR) x2 improvement with the addition of the given factors to the model with stated adjustments.
SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; DHA=Docosahexaenoic acid.
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Fatty acids HR (95% ClI) LR chi-square
SFA
Fully adjusted model —— 1.13(1.09, 1.16) 58.4
+0mega-3 PUFA —— 1.18 (1.14,1.22) 834
+0Omega-6 PUFA —— 1.14 (1.09, 1.20) 311
MUFA
Fully adjusted model —i— 1.14(1.11,1.18) T
+0mega-3 PUFA —— 1.18 (1.14,1.22) 928
+0Omega-6 PUFA —— 1.15(1.10,1.21) 38.9
Omega-6 PUFA
Fully adjusted model —_— 1.11(1.08, 1.15) 423
+0mega-3 PUFA —— 1.15(1.11,1.19) 56.8
+ SFA — 1.05(1.00, 1.10) 45
+ MUFA T—* 1.04 (0.99, 1.09) 22
Omega-3 PUFA
Fully adjusted model — 0.99 (0.95, 1.02) 0.6
+ 0Omega-6 PUFA —— 0.93(0.90, 0.96) 151
+ SFA —— 0.90 (0.87, 0.94) 281
+ MUFA —8— 0.91(0.87, 0.94) 235
0,!80 O.SI)O 1.0 1. 1.l2 1.]3

Hazard Ratio per SD (95% Cl)

Fig. 1 Risk of coronary heart disease by usual fatty acids concentration, with progressively adjustment for other fatty acids. Hazard ratio (HR) per usual
SD higher level of each mean fatty acid ratio among 89,242 participants (usual SD was estimated by 1,053 resurveyed participants). HRs were calculated
by Cox proportional-hazards models with stratification by age and sex, and adjustment for ethnicity, education, region, Townsend Deprivation Index,
smoking, alcohol, and body-mass index; and further adjustment for each fatty acid concentration progressively. Likelihood ratio (LR) x2 improvement with
the addition of the given factors to the model with stated adjustments. SFA=Saturated fatty acids; MUFA =Monounsaturated fatty acids; PUFA=Polyun-

saturated fatty acids

adjustment of triglycerides attenuated the associations of
both SFA and omega-6 PUFA compositions to null, and
also modestly attenuated the ratio biomarker of MUFA.
Similar to the analyses using concentration levels, the
inverse association of omega-3 PUFA to total fatty acids
remained unchanged after adjustment of cholesterol or
triglycerides.

In sensitivity analyses, exclusion of the first two years
of follow-up did not materially alter the main associa-
tions (either for the concentration levels independently of
other fatty acids or for the percentage composition lev-
els), and neither did further adjustment of other potential
confounders, including fasting time and dietary habits
(Table S9). Analyses of the associations of fatty acid con-
centrations with CHD risk among those taking statins
were appreciably different to those that excluded statin
users, especially for SFA and MUFA (Figure S6).

Discussion

In this large-scale prospective study, there was strong
evidence of positive associations of circulating SFA and
MUFA with CHD risk, independently of other fatty acids,
and inverse associations of omega-3 PUFA (and DHA).
The association with omega-3 PUFA was independent of
both triglyceride and cholesterol levels, while the asso-
ciations of SFA and MUFA were attenuated following
adjustment for circulating triglyceride levels. Omega-6
PUFA (and linoleic acid) showed an inverse association
with CHD risk when measured as the percentage in total
fatty acids, but little evidence of an association in concen-
tration level independently of other fatty acids. This sug-
gests that although the associations of SFA and MUFA
are mostly attributed to their relationship with triglyc-
erides, and there are likely to be alternative mechanisms
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A.Concentration of SFA B.Concentration of MUFA C.Concentration of Omega-6 PUFA D.Concentration of Omega-3 PUFA

18] HR 1.14 (95%Cl 1.09, 1.20) 1.8
per usual SD (0.7 mmol/l)

HR 1.15 (95%Cl 1.10, 1.21)
per usual SD (0.6 mmol/l)

HR 0.91 (95%CI 0.87, 0.94)

per usual SD (0.2 mmol/l)

1.81 HR 1.04 (95%Cl 0.99, 1.09) 1.8
per usual SD (0.5 mmol/l)
1.6 16

Hazard Ratio (95% ClI)
N e
S,
S X
NP
-
S S
5 S
S

1 1] M

0.8 0.8 0.8 0.8
3.40

=)
o
=)

3.75 4.10 4.45
Usual SFA Concentration (mmol/l)

4.80 225 255 2.85 3.15

Usual MUFA Concentration (mmol/l)

3.45 4.00 4.25 4.50 4.75 5.00

Usual Omega-6 PUFA Concentration (mmol/l)

0.35 0.45 0.55 0.65 0.75
Usual Omega-3 PUFA Concentration (mmol/l)

Fig. 2 Fatty acids concentration vs. coronary heart disease risk, with adjustment for other fatty acids. Hazard ratio (HR) per usual SD higher level of each
fatty acid concentration among 89,242 participants (usual SD was estimated by 1,053 resurveyed participants). HRs were calculated by Cox proportional-
hazards models, stratified by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, body-mass index,
and mutual adjusted for other fatty acids (as last row of each type of fatty acid in Fig. 1). Area of the square is inversely proportional to the variance of the

category-specific log risk. SFA=Saturated fatty acids; MUFA =Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids

other than lipids lowering by which omega-3 PUFA is
related to CHD risk.

This is one of the largest studies to date to quantify
the associations of circulating fatty acids with CHD
risk, including corrections for regression dilution bias,
and assessing the strength of these associations inde-
pendently of major lipid fractions. Many previous
observational studies have assessed the associations of
circulating fatty acids with CHD risk expressed as ratios
relative to total fatty acids [14, 25, 26]. However, it is
challenging to infer the independent associations of fatty
acids with CHD risk from such analyses, as it requires
simultaneous consideration of the associations of both
the numerator and the denominator of the ratio. For
example, in the present report we found omega-6 PUFA
was unrelated to CHD risk independently of other fatty
acids, but there was an inverse association with the ratio
of omega-6 PUFA to total fatty acid. This finding may
well be driven by the association of CHD risk with total
fatty acid (largely composed of SFA and MUFA, which
have a positive association with CHD risk), rather than
any independent effect of omega-6 PUFA on CHD risk
itself. However, both concentration- and percentage-
based biomarkers have limitations in exploring the inde-
pendent effect of fatty acids, and further understanding
of the mechanism of fatty acids, especially for omega-6
PUFA, should consider the findings from both types of
measurements, and triangulate the results from different
study designs, including observational studies, trials, and
Mendelian randomization.

Our observation that both plasma SFA and MUFA
were associated with higher CHD risk is consistent with
a number of previous studies [13, 27]. However, a recent
large meta-analysis of observational studies described a

positive association of MUFA with CHD risk, but null
association of SFA after adjustment for other fatty acids
[13]. The present report did not adjust the associa-
tions of SFA for MUFA, as there is evidence that level of
MUFA may be the potential mediator for the association
between SFA and CHD risk, and this may explain the dis-
crepancy in the findings; MUFAs constitute the major
fatty acids stored in adipose tissue, and circulating MUFA
is largely generated from desaturation of SFA [20, 28].

In the present report, the weak positive associations of
circulating omega-6 PUFA and linoleic acid with CHD
risk were attenuated to the null after further control-
ling for other fatty acids, indicating that the association
may be due to its correlation with SFA and MUFA. Simi-
larly, a pooled analysis of six UK-based studies assessing
plasma linoleic acid showed no evidence of association
with CHD risk with and without adjusting for other fatty
acids [13]. Meta-analyses of RCTs and prospective cohort
studies on replacing SFA dietary intake with PUFA have
shown a CHD risk reduction [3-5, 29, 30]. However,
such studies which assessing total PUFA have not been
able to disaggregate the effects of changes in the different
types of PUFA. Omega-6 linoleic acid is the most abun-
dant dietary PUFA and increases in total dietary PUFA
are likely to have resulted in high intake of omega-6 lin-
oleic acid, but in theoretically, a concurrent increase in
omega-3 may existed and complicate the interpretation
of these findings.

Our study showed that circulating level of omega-3
PUFA was independently associated with lower CHD
risk, which is consistent with numerous previous obser-
vational studies assessing independent risk of plasma
fatty acids [13, 14]. Further adjustment of health lifestyle-
related factors, such as dietary habit, did not materially



Jin et al. BMC Cardiovascular Disorders

Fatty acids (+lipid biomarkers)

SFA

Mutually adjusted model

+ Cholesterol
+ Triglycerides

MUFA

Mutually adjusted model

+ Cholesterol
+ Triglycerides

Omega-6 PUFA

Mutually adjusted model

+ Cholesterol
+ Triglycerides

Omega-3 PUFA

Mutually adjusted model

+ Cholesterol

+ Triglycerides

(2023) 23:365

— .

—_—

!
0.90

Hazard Ratio per SD (95% CI)

HR (95% Cl)

1.14 (1.09, 1.20)
1.11 (1.06, 1.16)
0.99(0.92, 1.08)

1.15(1.10,1.21)
1.11(1.05, 1.16)
0.99 (0.90, 1.10)

1.04 (0.99, 1.09)
1.02(0.93, 1.11)
1.07 (1.02, 1.12)

0.91(0.87,0.94)
0.90 (0.87, 0.94)
0.90 (0.87, 0.94)
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LR chi-square

a1
194

<01

38.9
15.0

<01

22
01
6.7

235
26.9
26.3

Fig. 3 Risk of coronary heart disease by usual fatty acids concentration, with further adjustment for lipids. Hazard ratio (HR) per usual SD higher level of
each mean fatty acids concentration among 89,242 participants (usual SD were estimated by 1,053 resurveyed participants). The mutual adjusted model
represented Cox proportional-hazards model with stratification by age and sex, and adjustment for ethnicity, education, region, Townsend Deprivation
Index, smoking, alcohol, and body-mass index, and mutual adjusted for other fatty acids (as last row of each type of fatty acids in Fig. 1), and further adjust-
ment for non-HDL-cholesterol and HDL-cholesterol, or further adjustment for total triglycerides. Likelihood ratio (LR) x2 improvement with the addition
of the given factors to the model with stated adjustments. SFA = Saturated fatty acids; MUFA =Monounsaturated fatty acids; PUFA=Polyunsaturated fatty

acids

Table 3 Association of fatty acids ratios with coronary heart disease risk

Fatty acids ratio, relative to total fatty acids

SFA (%)
MUFA (%)
PUFA (%)

Omega-6 PUFA (%)
Linoleic acids (%)
Omega-3 PUFA (%)

DHA (%)

Fatty acids ratio (%) A. Adjusted for age and sex B. Further adjusted for
other confounders

Baseline LR x*t HR (95% Cl)* LR
mean N
340 389 1.06 (1.03,1.09) 12.7
233 2330 1.16 (1.12,1.20) 76.3
384 107.9 0.91(0.88,0.94) 35.1
296 53.1 0.96 (0.93,0.99) 7.0
43 91.7 0.92 (0.89,0.95) 265
20 184.7 0.88(0.85,0.91) 57.2

Hazard ratio (HR) per usual SD higher level of each mean fatty acids ratio among 89,242 participants (usual SD was estimated by 1,053 resurveyed participants). *HRs
were calculated by Cox proportional-hazards models with: (A) stratification by age and sex; (B) stratification by age and sex, and adjusted for ethnicity, education,
region, Townsend Deprivation Index, body-mass index, smoking, and alcohol. *Likelihood ratio (LR) x2 improvement with the addition of the given factors to the
model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; DHA=Docosahexaenoic acid.
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change the protective association in circulating level.
Omega-3 PUFA has also long been hypothesized at the
potential mediator of the inverse association of dietary
fish intake with lower CHD risk [31, 32]. Random-
ized controlled trials on omega-3 PUFA supplementa-
tion, however, have not found consistent conclusions
on the protective effect of CHD [33-40]. Except for the
concerns on patient selection criteria, the duration of
treatment and the choice of placebo, the inconsistent
conclusions also raised the hypothesis that the formula-
tion of omega-3 PUFA supplementation (Eicosapentae-
noic acid [EPA] plus DHA versus pure EPA) may be the
key aspect of the effects to cardiovascular event [10, 41].
Circulating levels of EPA and DHA are strongly influ-
enced by dietary intake, and our results showed that
higher circulating DHA was associated with decreased
CHD risk in similar degree as omega-3 PUFA, which may
not support this new hypothesis. RESPECT-EPA trial are
ongoing to provide further evidence [42].

Fatty acids are the main constitutional component of
lipid classes,[8] and are known to modulate circulating
lipids,[3] but current evidence is still unclear how much
cholesterol and triglycerides contribute to the relevance
of fatty acids to CHD risk. A recent Mendelian random-
ization (MR) analysis did not support a protective role
of circulating PUFA with CVD risk after accounting for
LDL-C, but the limitation of MR analysis made it difficult
to separate the genetic determinate of PUFA from other
dietary changes, and it is also difficult to avoid the bias
from horizontal pleiotropy via lipoprotein-related traits
[43]. On the other hand, it has been suggested in other
study that mechanisms other than lipid-lowering may
account for the association between omega-3 PUFA and
CHD risk [10]. Our findings showed that further adjust-
ment for triglycerides or cholesterols did not attenuate
the inverse association with omega-3 PUFA, indicating
that mechanisms other than lipid-lowering may be rel-
evant, which was consistent with the pathophysiologic
hypothesis that a combination of various mechanisms
contribute to the cardiovascular protection associated
with omega-3 PUFA, including anti-inflammation, anti-
thrombosis, plaque and membrane stabilization [10, 44].
A recent review of the cardiovascular impact of nutri-
tional supplementation with omega-3 fatty acid also con-
cluded that omega-3 may have beneficial effects other
than through triglyceride lowering [10].

Clinical perspectives

Circulating levels of fatty acids, affected by fat and carbo-
hydrate consumption, are one of the main consititutional
components of circulating lipids. Our results indicated
the associations of fatty acids with CHD risk, indepen-
dently of each other and major lipid fractions. Under-
standing these associations and the underlying biological
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mechanisms between circulating fatty acids and CHD
risk are important to the development of dietary guide-
lines, and may inform clinical trials targeting circulating
levels of particular fatty acids (including estimates of the
epidemiologically-expected effect on disease risk of the
different fatty acids, and the presence of linear associa-
tions throughout the fatty acid ranges examined) to bet-
ter understand the atherosclerosis mechanism and the
threshold of the associations. Furthermore, the results
showed strong and robust associations with some types
of fatty acids, which are likely to inform the development
of risk prediction models to identify those at high risk.

Strengths and limitations

This study has a number of key strengths, including the
large sample size, long follow-up, and reliable ascertain-
ment of CHD events. It is the first large-scale observa-
tional study, to our knowledge, to assess the risk of each
type of circulating fatty acid independently of major lipid
fractions. The resurvey in the subset of study population
allowed us to correct for regression dilution, enabling
estimates of associations with long-term average levels
of fatty acids, which was also not assessed before. Fur-
thermore, the baseline survey collected information on
a wide range of factors to allow adjustment for major
potential confounders.

Despite this, we cannot exclude the potential for resid-
ual confounding or reverse causality in observational
studies, and the NMR platform did not include more sub-
types of circulating fatty acids. In addition, blood samples
in UK biobank were taken in the non-fasting state, which
may affect the stability of the measurements. However,
recent study found that fasting duration only account
for a small proportion of variation in plasma fatty acids
concentration[45], and the unchanged results after fur-
ther adjusting for fasting time and dietary habits in our
sensitivity analyses also proved the limited impact of
postprandial states on our conclusion. Future analyses
should further assess the causality of these associations,
including using Mendelian randomization, and explore
the relevance of other fatty acid subtypes that are cur-
rently unmeasured in the cohort, such as EPA. Metabolo-
mics data will also become available on the whole cohort
in the near future and this will increase the precision of
the estimated effects in this study, and permit exploration
of effect modification of these associations by important
characteristics.

Conclusion

This study quantifies the independent associations of
circulating fatty acids with CHD risk. The findings sug-
gest positive associations of circulating SFA and MUFA,
inverse association of omega-3 PUFA, and no evidence of
association of omega-6 PUFA with CHD risk. Although
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the associations of SFA and MUFA were mostly attrib-
uted to their relationship with triglycerides levels, the
study indicates the inverse association with omega-3
PUFA is unlikely to be mediated by major lipid fractions.
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