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A B S T R A C T

Background: Serum low density lipoprotein (LDL) cholesterol shows marked interindividual variation in response to the replacement of saturated fatty
acids (SFAs) with unsaturated fatty acids (UFAs).
Objectives: To demonstrate the efficacy of United Kingdom guidelines for exchanging dietary SFAs for UFAs, to reduce serum LDL cholesterol and
other cardiovascular disease (CVD) risk factors, and to identify determinants of the variability in LDL cholesterol response.
Methods: Healthy males (n ¼ 109, mean � SD age 48 � 11 y; BMI 25.1 � 3.3 kg/m2), consumed a higher-SFA/lower-UFA diet for 4 wk, followed by an
isoenergetic, lower-SFA/higher-UFA diet for 4 wk (achieved intakes SFA:UFA as % total energy 19.1:14.8 and 8.9:24.5, respectively). Serum LDL
cholesterol, CVD risk markers, peripheral blood mononuclear cell (PBMC) gene expression, and dietary intakes were assessed at baseline and the end of
each diet.
Results: Transition from a higher-SFA/lower-UFA to a lower-SFA/higher-UFA diet significantly reduced fasting blood lipids: LDL cholesterol (�0.50
mmol/L; 95% confidence interval [CI]: �0.58, �0.42), high-density lipoprotein (HDL) cholesterol (�0.11 mmol/L; 95% CI: �0.14, �0.08), and total
cholesterol (TC) (�0.65 mmol/L; 95% CI:�0.75, �0.55). The dietary exchange also reduced apolipoprotein (apo)B, TC:HDL cholesterol ratio, non-HDL
cholesterol, E-selectin (P < 0.0001), and LDL subfraction composition (cholesterol [LDL-I and LDL-II], apoB100 [LDL-I and LDL-II], and TAG [LDL-
II]) (P < 0.01). There was also an increase in plasma biomarkers of cholesterol intestinal absorption (β-sitosterol, campesterol, cholestanol), and synthesis
(desmosterol) (P < 0.0001) and fold change in PBMC LDL-receptor mRNA expression relative to the higher-SFA/lower-UFA diet (P ¼ 0.035). Marked
interindividual variation in the change in serum LDL cholesterol response (�1.39 to þ0.77 mmol/L) to this dietary exchange was observed, with 33.7%
of this variation explained by serum LDL cholesterol before the lower-SFA/higher-UFA diet and reduction in dietary SFA intake (adjusted R2 27% and
6.7%, respectively). APOE genotype was unrelated to serum LDL cholesterol response to SFA.
Conclusions: These findings support the efficacy of United Kingdom SFA dietary guidelines for the overall lowering of serum LDL cholesterol but
showed marked variation in LDL cholesterol response. Further identification of the determinants of this variation will facilitate targeting and increasing
the efficacy of these guidelines.
The RISSCI-1 study was registered with ClinicalTrials.Gov (No. NCT03270527).
Abbreviations: ABCG1, ATP-binding cassette subfamily G member; Apo, apolipoprotein; CI, confidence interval; CRP, C-reactive protein; CVD, cardiovascular disease; ICAM-1,
intercellular cell adhesion molecule 1; IDL, intermediate density lipoprotein; LDL-R, LDL-receptor; NEFA, non-esterified fatty acids; NR1H3, nuclear receptor subfamily 1 group H
member 3; PCSK9, protein convertase subtilisin/kexin type 9; RISSCI, Reading, Imperial, Surrey, Saturated fat Cholesterol Intervention; SREBF1, sterol regulatory element-–binding
transcription factor 1; TAG, triacylglycerol; TC, total cholesterol; UFA, unsaturated fatty acids; VCAM-1, vascular cell adhesion molecule 1; %TE, percentage of total energy intake.
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Introduction

There is strong and consistent evidence supporting a causal role of
elevated serum LDL cholesterol in the development of atherosclerotic
cardiovascular disease (CVD) [1,2], and a marked reduction in LDL
cholesterol when replacing dietary saturated fatty acids (SFAs) with
unsaturated fatty acids (UFAs) [3,4]. These 2 phenomena underlie the
recommendation to reduce dietary SFA, which has stood as a cornerstone
of guidelines for the prevention of CVD for over 60 y [3,5]. However,
interindividual variation in serum LDL cholesterol in response to this
dietary exchange, in the order of 0.5–1 mmol/L, has been observed in
intervention trials [6], the National Cholesterol Education Program low
SFA Step 2 diet [7], and retrospectively in our own studies with similar
interventions [8]. Interindividual variation in LDL cholesterol response
has also been reported in the absence of changes in dietary poly-
unsaturated fatty acids in males with obesity on a very high fat, low
carbohydrate diet [9]. The response of serum LDL cholesterol to dietary
fatty acids is influenced by many factors, including the nature of
replacement macronutrients, the nutrient composition and matrix of
SFA-rich foods, the chain length of specific SFAs, as well as innate
biological differences between individuals [8]. Although a proportion of
the variable response in serum LDL cholesterol could also be ascribed to
disparities in dietary compliance, the rigorous control of dietary intake in
the aforementioned studies implicates differences in genetic and related
metabolic traits between individuals. An example of a common genetic
trait, that has been reported to render serum LDL cholesterol more or less
responsive to dietary SFA, is the APOLIPOPROTEIN (APO)E missense
polymorphism [10]. This genotype has been shown to contribute to
interindividual variation in serum LDL cholesterol response via differ-
ential effects on the regulation of the receptor-mediated uptake of serum
lipoproteins into cells, and resultant, reciprocal changes in cholesterol
biosynthesis and absorption in the intestine [11]. The identification of
key biomarkers could increase the efficacy and clinical impact of the
dietary guideline to replace SFAs with UFAs in LDL cholesterol
responsive individuals. Conversely, it could highlight the need for more
intensive intervention or alternative therapeutic approaches in those less
responsive to this dietary exchange.

The Reading, Imperial, Surrey, Saturated fat Cholesterol
Intervention-1 (“RISSCI”-1) study, aimed to determine the impact of
current guidelines to reduce and replace SFA with UFA on traditional
CVD risk factors (including anthropometric measures, fasted lipid pro-
file, blood pressure, glucose, and insulin), and more novel markers (in-
flammatory markers and cell adhesion molecules) to identify and
characterize the distribution of interindividual variation in the response
of serum LDL cholesterol. Possible determinants of this variability
included lipid-related gene expression in peripheral blood mononuclear
cells (PBMCs), markers of cholesterol synthesis and intestinal absorp-
tion, and lipoprotein subfractions measured by nuclear magnetic reso-
nance (NMR).

Methods

Study design and participants
The study was designed as a nonrandomized, 2 sequential, 4-wk,

single-blind dietary intervention; a higher-SFA/lower-UFA “run-in”
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diet, followed by a lower-SFA/higher-UFA diet, with no washout
period. This study design was chosen specifically to reproduce the
effects of the transition from a relatively high SFA intake (18% of total
energy [TE]) to a lower intake, to align with the United Kingdom di-
etary guideline (10% of TE from SFA) [3].

The dietary interventions were conducted at the Universities of
Reading and Surrey, with recruitment taking place from September
2017 to June 2019 and the interventions concluding in September
2019. A participant flow chart can be found in the Online Supple-
mentary Material, Supplementary Figure 1. Healthy males, aged
30�65 y with BMI of 19�32 kg/m2 were recruited using volunteer
databases, posters, and social media. After completing a health and
lifestyle questionnaire, eligible participants attended a screening visit
after a 12-h fast, 2�4 wk before the trial. Participants provided
informed verbal and written consent, followed by screening measure-
ments of height, weight, blood pressure, and biochemistry (blood
lipids, liver and kidney function tests, and full blood count, performed
at the Departments of Pathology at the Royal Berkshire, and Royal
Surrey County Hospitals). Participants with results outside clinical
reference ranges were excluded. Details of the inclusion and exclusion
criteria and clinical reference ranges have been previously published
[12]. Briefly, at enrolment, disease-free participants were instructed to
maintain their regular physical activity regime, and to promptly report
any changes in health status or use of medication to the research teams.

The RISSCI-1 study received favorable ethical opinions for conduct
from Research Ethics Committees at the University of Reading (UREC
17/29) and University of Surrey (UEC/2017/41/FHMS). The study was
performed in accordance with the Declaration of Helsinki guidelines.
Participants provided written informed consent before participating. The
RISSCI-1 study was registered with ClinicalTrials.gov (NCT03270527).

Dietary intervention
Replacement of dietary SFAs with MUFAs/PUFAs (UFAs) was

achieved by a food exchange model, which included 2, 4-wk, iso-
energetic, moderate-fat diets (38% TE from fat). Details of our dietary
intervention have been described previously [12]. Briefly, participants
followed: diet 1, higher in SFA/lower in MUFA/PUFA (UFA), %TE
SFA:MUFA:PUFA 18:12:4; and diet 2, lower in SFA/higher in
MUFA/PUFA (UFA), %TE SFA:MUFA:PUFA 10:14:10, each for 4
wk. Both diets were matched for total energy, dietary fat, and other
macronutrients. Compliance was assessed using 4-d weighed diet di-
aries, completed before each study visit, daily tick sheets, and by
measuring plasma phospholipid fatty acids as a short-term biomarker
of fatty acid intake [12].

Participants attended 3 study visits after a 12-h fast: Visit 1 (wk 0) at
baseline, Visit 2 (wk 4) after completion of the 4-wk higher-SFA/lower-
UFA diet, and Visit 3 (wk 8) after the 4-wk lower-SFA/higher-UFA
diet. At each visit, anthropometrics (height, weight, waist, and hip
circumferences), body fat composition (Tanita BC-418 digital scale),
and blood pressure (using a Mobil-O-Graph Ambulatory Blood Pres-
sure Monitor (IEM GmbH)) were measured, and a blood sample was
taken.

Outcomes
The outcomes measured in response to the dietary intervention are

described below.
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Blood biochemical analysis
Serum lipids (total cholesterol [TC], HDL cholesterol, tri-

acylglycerol [TAG], and non-esterified fatty acids [NEFAs]), apoB,
glucose, and C-reactive protein (CRP) were measured on a Daytona
Plus clinical chemistry analyzer, using commercially available kits
(Randox Laboratories). Quality controls for inter- and intrabatches
were within the reference range specified by the manufacturers. Our
primary outcome LDL cholesterol was calculated using the Friede-
wald formula [13]; non–HDL cholesterol by subtracting the HDL
cholesterol from the TC concentration, and remnant lipoprotein
cholesterol by subtracting LDL cholesterol from non–HDL choles-
terol. Lipoprotein ratios (TC:HDL cholesterol, LDL cholesterol:HDL
cholesterol, LDL cholesterol:apoB, and non-HDL:apoB) were
calculated as estimates of CVD risk. Serum insulin and protein con-
vertase subtilisin/kexin type 9 (PCSK9) were measured by ELISA
kits (Crystal Chem and R&D Systems Europe Ltd., respectively). An
adhesion molecule Luminex performance 4-plex assay kit was used
for the determination of serum E-selectin, P-selectin, vascular cell
adhesion molecule-1 (VCAM-1), and intercellular cell adhesion
molecule-1 (ICAM-1) (R&D Systems Europe Ltd.) using a Luminex
200 System (Invitrogen, Thermo Fisher Scientific) with xPONENT
software version 4.2.

NMR lipids and lipoprotein subfractions
The effects of the dietary exchange on plasma lipids and lipoprotein

subfractions were examined by 1H-NMR spectroscopy. This was per-
formed on a 600 MHz AVANCE III NMR spectrometer (Bruker Bio-
Spin) equipped with a SampleJet autosampler held at 6�C. Plasma
samples (300 μL) were combined with 300 μL of sodium phosphate
buffer (80% H2O, 20% D2O) containing the internal standard, trime-
thylsilypropionate (TSP), and bacteriostatic, sodium azide. Samples
were vortexed to mix, centrifuged at 10,000 � g for 10 min at 4�C, and
transferred to 5 mm NMR tubes. One-dimensional NMR spectra were
acquired following the standard operating procedure for the Bruker in
vitro Diagnostic research platform [14]. From the spectrum of each
sample, plasma lipids and lipoprotein subfractions (VLDL, LDL, and
HDL) were quantified using Bruker B.I. LISA lipoprotein subclass
analysis. This identified 6 LDL, 5 VLDL, and 4 HDL subfractions. The
LDL subfractions were subsequently grouped, according to density and
particle size, into 3 LDL subfractions, corresponding to LDL-I (large
size), II (intermediate size), and III (small size) as resolved by density
gradient ultracentrifugation and size exclusion, gradient gel electropho-
resis (density and size intervals: LDL-I (NMR LDL subfraction 1,
1.019–1.031 kg/L, 27.5–27.0 nm), LDL-II (NMR LDL subfractions
2–5; 1.031–1.044 kg/L, 27.0-25.5 nm), and LDL-III (NMR LDL sub-
fraction 6; 1.044–1.063 kg/L, 25.5–24.2 nm) [15]. Details on the VLDL
and HDL subfractions can be found in the Online Supplementary
Material.

Plasma noncholesterol sterols
Plasma noncholesterol sterols were measured as markers of

cholesterol intestinal absorption and endogenous synthesis [16] by
GC-MS at Newcastle Laboratories, (Newcastle-upon-Tyne Hospitals,
NHS Foundation Trust, United Kingdom), using epi-
coprostanol-5β-cholestan-3a-ol (EPIC) as an internal standard.
Briefly, 50 μL plasma was mixed with the internal standard (1 mM
EPIC in methanol), and the sterol esters were hydrolyzed under
alkaline conditions. The sterols were then double-extracted into
hexane. After evaporation of the organic solvent,
trimethylsilyl (TMS) derivatives were formed using N,
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O-Bistrifluroacetamide þ 1% TMCS. Samples (1 μL) were injected
into the GC-MS and analyzed by single ion monitoring. Plasma
noncholesterol sterols; β-sitosterol, cholestanol, and campesterol as
markers of cholesterol intestinal absorption; and lathosterol and
desmosterol as markers of endogenous cholesterol synthesis, were
identified according to their mass spectra and retention time, and
quantified by means of standard curves and reference to the con-
centration of internal EPIC standard. All data were expressed as the
ratio of noncholesterol sterol to TC, as measured by GC-MS, to allow
for the transport of sterols in plasma lipoproteins [17].
Gene expression in PBMCs
Blood was collected into a BD Vacutainer cell preparation tube

(BD Biosciences) and PBMCs were isolated according to the manu-
facturer’s instructions. The cell pellet was lysed by the addition of
RLT buffer (Qiagen) containing 1% mercaptoethanol before storage
at�80�C. Total RNAwas isolated using an RNeasy mini kit (Qiagen)
according to the manufacturer’s instructions after the cell lysate was
passed through a shredder column. RNA quality and quantity were
assessed with a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific). cDNA samples were then synthesized from 1.2 μg
total RNA using SuperScript IV VILO Mastermix (Thermo Fisher
Scientific) and incubated at 25�C for 10 min (reaction volume ¼ 20
μL) followed by 50�C for 10 min and 85�C for 5 min. Samples were
diluted 1:10 with UltraPure RNAse/DNAse free distilled water
(Invitrogen) and stored at �20�C until further analysis.

Before gene expression analysis, 12 housekeeping genes were
screened in a representative subset of cDNA samples from the RISSCI-1
study, using a human geNorm reference gene selection kit (Primerdesign
Ltd) and qbaseþ software (housekeeping genes: 18S ribosomal RNA,
beta-2-microglobulin, beta-actin, eukaryotic initiation factor 4A,
glyceraldehyde-3-phosphate dehydrogenase, ATP synthase subunit β
(ATP5B), DNA topoisomerase I, succinate dehydrogenase complex
flavoprotein subunit A, cytochrome c1 (CYC1), tyrosine 3-monooxyge-
nase/tryptophan 5-monooxygenase activation protein zeta, ubiquitin C,
and ribosomal protein L13a). Expression of the reference and target
genes was determined using 5 ng/μL of cDNA by using real-time RT-
PCR (QuantStudio3, Life Technologies Limited) with TaqMan gene
expression assays (Applied Biosystems) and normal cycling parameters.
Expression of each target gene (LDL-receptor, sterol regulatory element
binding transcription factor 1 [SREBF1], nuclear receptor subfamily 1
group H member 3 [NR1H3] and ATP-binding cassette subfamily G
member 1 [ABCG1]) was normalized to the reference genes CYC1 and
ATP5B (most stable housekeeping genes). The fold change in mRNA
expression relative to the baseline visit for each diet was calculated by
the ΔΔCt method expressed as 2�ΔΔCt [18]. Briefly, the Ct values of
each target gene were normalized to the Ct value of the average of the 2
reference genes (ΔCt ¼ Ct target� Ct reference), and the relative change
calculated to the baseline visit for each diet (ΔΔCt ¼ ΔCt end of diet �
ΔCtbaseline visit for the diet).
DNA extraction and genotyping
DNA was extracted (Visit 1) from the buffy coat (isolated from

blood collected into an EDTA tube), using a DNA blood mini kit
(Qiagen Ltd.). DNA samples were retrospectively genotyped for the
single nucleotide polymorphisms (SNP) rs429358 and rs7412 to
determine the APOE genotype (E2/E4, E2/E3, E2/E2, E3/E3, E3/E4, or
E4/E4) with the use of TaqMan SNP genotyping assays on the
QuantStudio 3 RT-PCR machine.



FIGURE 1. Relative fold change in mRNA gene expression after adult
males followed the higher-SFA/lower-UFA and lower-SFA/higher-UFA diets,
each for 4 wk. Data are normalized for the reference genes and relative to the
baseline visit for each diet, which are arbitrarily set at 1 (represented by the
dashed line). Values are estimated marginal means (circles) with 95% con-
fidence intervals (lines) estimated with a mixed linear model adjusted for age
and baseline BMI. *P ¼ 0.035, **P ¼ 0.009, ***P ¼ 0.0008, n ¼ 57 for
SREBF1, NR1H3, ABCG1; n ¼ 58 for LDL-R. P ¼ 0.078 for SREBF1.
Abbreviations: ABCG1, ATP-binding cassette subfamily G member; LDL-R,
low-density lipoprotein receptor; NR1H3, nuclear receptor subfamily 1 group
H member 3; SREBF1, sterol regulatory element binding transcription factor
1; UFA, unsaturated fatty acids.
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Statistical analysis
As this is a proof-of-concept study rather than a confirmatory trial,

we chose to adopt a per-protocol analysis approach a priori [19],
including data from participants who completed all 3 study visits of the
intervention. This approach was taken, rather than an intention to treat,
as the study was designed to evaluate efficacy rather than effectiveness
[20].

The study was powered on our primary outcome, LDL cholesterol,
requiring a total of 92 eligible participants to achieve a 0.16 mmol/L
difference in serum LDL cholesterol (SD 0.54) between the higher-
SFA/lower-UFA and lower-SFA/higher-UFA diets, at 80% power and
5% level of significance, as previously described [12]. Since TC is
composed of LDL cholesterol and HDL cholesterol, the former and
latter were also considered primary outcomes. The statistical signifi-
cance for all primary outcomes was set at P < 0.05. Other outcomes
were considered secondary and these included anthropometrics
(weight, BMI, waist and hip circumferences, and body fat percentage),
blood pressure, other blood lipids (TAG and NEFA), lipoprotein ratios
(TC:HDL cholesterol, LDL cholesterol:HDL cholesterol, LDL cho-
lesterol:apoB, and non-HDL cholesterol:apoB), non-HDL cholesterol,
remnant lipoprotein cholesterol, apoB, NMR lipids and lipoprotein
subfractions, glucose, insulin, CRP, and PCSK9; adhesion molecules
(serum E-selectin, P-selectin, VCAM-1, ICAM-1), markers of
cholesterol intestinal absorption (β-sitosterol, cholestanol, and cam-
pesterol), and endogenous cholesterol synthesis (lathosterol, desmos-
terol). For secondary outcome variables, no formal sample size
calculations were performed. P < 0.01 was chosen a priori when
assessing the significance of these secondary variables to allow for
multiple comparisons and identification of interesting findings [21].
Analysis of relative PBMC mRNA gene expression was conducted in a
subgroup of participants (n¼ 57 for SREBF1, NR1H3, ABCG1; n¼ 58
for LDL-R). Since this analysis was considered exploratory, P < 0.05
was chosen as the level of significance, in line with other studies
determining PBMC gene expression [22, 23].

Data were analyzed using a linear mixed model with the “ImerTest”
package in R (version 4.1.2). The model included age (y), BMI (kg/
m2), baseline measurements (for each response variable), diets (higher-
SFA/lower-UFA, lower-SFA/higher-UFA), and study center as fixed
effects, and participants as a random effect. Estimated marginal means
(EMMs), adjusted for all fixed factors, were presented along with their
95% confidence intervals (CIs). Pairwise comparisons were performed
to compare EMMs between the 2 diets using the “emmeans” package.
For each outcome, participants with missing values resulting from
inadequate sample collection or technical errors during analysis were
excluded from the statistical analysis. For the PBMC relative mRNA
gene expression data, the linear mixed model was adjusted for age and
baseline BMI. Data were log transformed if not normally distributed. In
such cases, the linear mixed model EMMs on the log scale and pairwise
comparisons (Δ, delta) were performed using the “type¼response”
option in the “emmeans” package, expressing comparisons as ratios of
predicted means rather than differences. All EMMs, CIs, and pairwise
comparisons are presented on the original untransformed scale to
facilitate interpretation.

In addition to the main analysis, the linear mixed model was also
used to assess the differential effects of the 2 diets in relation to the
APOE genotype carrier code. The potential influence of APOE geno-
type on baseline (visit 1) measurements was evaluated using analysis of
variance (ANOVA), with a post hoc Tukey’s honest significance test for
multiple comparisons. To present the variability in LDL cholesterol
response after replacing dietary SFA with UFA, we performed a
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waterfall plot showing individual changes in serum LDL cholesterol
(Figure 1). Predictive variables affecting this variation in serum LDL
cholesterol were examined by stepwise regression (n¼ 52) (in Minitab
version 19.2020.2.0), using the difference (delta) in LDL cholesterol
(mmol/L) between the higher-SFA/lower-UFA and lower-SFA/higher-
UFA diets, as the dependent variable. Outcome measures that showed
significant change when SFA was replaced with UFA were selected as
potential predictors, along with other variables chosen for their bio-
logical relevance to lipid metabolism and cardiovascular health,
including anthropometric, dietary, APOE genotype, gene expression,
and metabolic outcomes. A full list of predictive variables is provided
in the Online Supplementary Material. The significance level for var-
iable entry and removal for the stepwise regression was set at a sig-
nificance level of P < 0.05.

Results

Baseline characteristics of participants
The baseline characteristics of participants are shown in Table 1. A

total of 109 healthy, male participants (mean age 48 (SD 11) y and BMI
25.1 (SD 3.3) kg/m2) who completed both dietary fat intervention arms
(67 at Reading, 42 at Surrey) were analyzed, from 118 volunteers who
enrolled in the study. Participants dropped out because of work com-
mitments (n ¼ 5), new medication (n ¼ 2), or loss of interest (n ¼ 2)
(Supplementary Figure 1). The participants self-identified their ethnic
group as White (86.2%), Asian or Asian British (9.1%), Black, Black
British, Caribbean, or African (2.8%), or mixed or multiple ethnic
(1.8%) [12]. Carriage of APOE alleles were 66% E3/E3 (n ¼ 70), 14%
E2 carriers (E2/E2 and E2/E3, n¼ 15) and 20% E4 carriers (E4/E4 and
E3/E4, n ¼ 21). At baseline (visit 1) (pre-diets), APOE4 carriers had
significantly higher serum LDL cholesterol, non–HDL cholesterol, and



TABLE 1
Anthropometric measurements, blood pressure and CVD risk markers in adult males at baseline and after following the higher-SFA/lower-UFA and lower-SFA/
higher-UFA diets, each for 4 wk1.

Parameters n Baseline Higher-SFA/lower-UFA Lower-SFA/higher-UFA Difference (Δ) P

Anthropometrics
Weight, kg 109 79.6 (77.4, 81.7) 79.5 (79.2, 79.7) 79.3 (79.1, 79.6) �0.16 (�0.34, 0.01) 0.064
BMI, kg/m2 109 25.1 (24.5, 25.7) 25.1 (25.0, 25.2) 25.1 (25, 25.2) �0.05 (�0.10 0.01) 0.105
Waist circumference, cm 107 92.3 (90.5, 94.1) 91.7 (91.2, 92.2) 91.5 (91.0, 92.0) �0.17 (�0.65, 0.32) 0.495
Hip circumference, cm 107 102 (101, 103) 102 (101, 102) 102 (101, 102) �0.08 (�0.52, 0.35) 0.699
Waist:hip ratio 107 0.90 (0.89, 0.91) 0.90 (0.89, 0.90) 0.90 (0.89, 0.90) 0 (�0.01, 0) 0.624
Body fat, % 109 21.4 (20.3, 22.6) 21.3 (21.1, 21.6) 21.1 (20.8, 21.4) �0.24 (�0.47, �0.01) 0.044

Blood pressure (BP), mmHg
Systolic BP 100 120 (118, 122) 120 (118, 121) 120 (118, 121) 0.16 (�1.19, 1.51) 0.813
Diastolic BP 102 78 (76.0, 79.1) 77 (75.7, 78.0) 77 (75.6, 78.0) �0.09 (�1.37, 1.19) 0.893
Pulse pressure 100 43 (40.6, 44.4) 43 (41.6, 44.1) 43 (41.8, 44.4) 0.253 (�1.25, 1.75) 0.739

Blood biochemical analysis
Total cholesterol, mmol/L 109 5.15 (4.96, 5.34) 5.42 (5.32, 5.53) 4.77 (4.67, 4.88) �0.65 (�0.75, �0.55) <0.0001
LDL cholesterol, mmol/L 109 3.18 (3.02, 3.35) 3.38 (3.29, 3.46) 2.88 (2.79, 2.96) �0.50 (�0.58, �0.42) <0.0001
HDL cholesterol, mmol/L 109 1.42 (1.36, 1.48) 1.48 (1.45, 1.52) 1.37 (1.34, 1.41) �0.11 (�0.14, �0.08) <0.0001
TAG, mmol/L 109 1.21 (1.10, 1.31) 1.24 (1.17, 1.31) 1.15 (1.08, 1.22) �0.08 (�0.15, �0.01) 0.018
NEFA, mmol/L 108 0.44 (0.40, 0.48) 0.41 (0.38, 0.44) 0.43 (0.40, 0.46) 0.02 (�0.02, 0.06) 0.245
TC:HDL cholesterol ratio 109 3.79 (3.59, 3.99) 3.84 (3.76, 3.93) 3.62 (3.54, 3.71) �0.22 (�0.29, �0.15) <0.0001
LDL cholesterol:HDL cholesterol ratio 109 2.37 (2.20, 2.54) 2.42 (2.35, 2.49) 2.21 (2.14, 2.28) �0.21 (�0.28, �0.15) <0.0001
Non-HDL cholesterol, mmol/L 109 3.73 (3.54, 3.92) 3.94 (3.84, 4.03) 3.40 (3.31, 3.50) �0.54 (�0.62, �0.46) <0.0001
Remnant lipoprotein cholesterol, mmol/L 109 0.55 (0.50, 0.60) 0.56 (0.53, 0.59) 0.52 (0.49, 0.56) �0.04 (�0.07, �0.01) 0.018
ApoB, g/L 108 0.83 (0.79, 0.87) 0.85 (0.84, 0.87) 0.76 (0.74, 0.78) �0.09 (�0.11, �0.07) <0.0001
LDL cholesterol:apoB ratio3 108 1.49 (1.46, 1.52) 1.53 (1.50, 1.55) 1.45 (1.43, 1.48) �0.07 (�0.1, �0.05) <0.0001
Non-HDL cholesterol:apoB ratio3 108 1.74 (1.71, 1.77) 1.78 (1.76, 1.80) 1.72 (1.70, 1.74) �0.06 (�0.09, �0.04) <0.0001
Glucose, mmol/L 109 5.24 (5.15, 5.32) 5.22 (5.16, 5.28) 5.24 (5.18, 5.30) 0.03 (�0.04, 0.09) 0.429
Insulin2, pmol/L 108 32.8 (23.8, 41.8) 35.6 (33.1, 38.2) 33.6 (31.0, 36.1) �2.09 (�4.66, 0.49) 0.503
CRP2, mg/L 91 1.20 (0.91, 1.49) 1.20 (1.03, 1.37) 1.10 (0.93, 1.27) �0.10 (�0.26, 0.05) 0.023
VCAM-12, ng/mL 108 474 (443, 505) 467 (448, 486) 475 (456, 494) 7.88 (�11.06, 26.82) 0.364
ICAM-12, ng/mL 108 234 (218, 250) 233 (226, 241) 228 (220, 235) �5.61 (�13.71, 2.48) 0.262
E-selectin, ng/mL 108 26.4 (24.5, 28.3) 26.5 (25.7, 27.3) 25.1 (24.3, 25.9) �1.40 (�2.16, �0.64) <0.0001
P-selectin, ng/mL 108 26.9 (25.5, 28.3) 27.6 (26.8, 28.4) 26.5 (25.7, 27.3) �1.09 (�1.93, �0.25) 0.011
PCSK92, ng/mL 108 192 (183, 201) 195 (189, 202) 197 (190, 203) 1.08 (�6.02, 8.18) 0.516

Abbreviations: BMI, body mass index; CRP, C-reactive protein; ICAM-1, intercellular cell adhesion molecule 1; n, refers to the number of participants for each
measured outcome; NEFA, non-esterified fatty acids; PCSK9, protein convertase subtilisin/kexin type 9; TAG, triacylglycerol; TC, total cholesterol; SFA,
saturated fatty acid; UFA, unsaturated fatty acid; VCAM-1, vascular cell adhesion molecule 1.
1 Values for higher-SFA/lower-UFA, lower-SFA/higher-UFA and Δ, are estimated marginal means with 95% confidence intervals derived from a mixed linear

model adjusted for age, BMI, baseline value of the measured outcome, and study center. Δ (Delta) denotes difference between the 2 diets and is calculated as
lower-SFA/higher-UFA minus higher-SFA/lower-UFA. The P value represents the pairwise comparisons of the estimated marginal means between the 2 diets.
The outcome BMI was adjusted only for age, baseline value, and study center. Baseline (visit 1) indicates values before the dietary intervention and are presented
as unadjusted means with 95% confidence intervals. For changes in blood cholesterol (primary outcome) TC, LDL cholesterol, and HDL cholesterol, P < 0.05
was considered statistically significant. All other measured outcomes are considered secondary and a more conservative P value of <0.01 was considered sta-
tistically significant.
2 Indicates data that were log transformed before statistical analysis; these data are presented untransformed and adjusted for age, BMI, baseline value of the

measured outcome, and study center.
3 Units of LDL cholesterol, non-HDL cholesterol, and apoB were converted to mg/dL before calculating these ratios.
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NEFA in comparison to E2 carriers, with the wild-type E3/E3 group
showing intermediate values (Supplementary Tables 1 and 2). There
were no diet � APOE genotype interactions for any of the study out-
comes; data are presented in Supplementary Tables 1 and 2).
Dietary intake and anthropometric measures
The achieved dietary intakes (%TE) were as follows: higher-SFA/

lower-UFA diet: SFA:19.1, MUFA:11.1, PUFA:3.7; lower-SFA/higher-
UFA diet: SFA:8.9, MUFA:13.4, PUFA:11.1. The intake of total en-
ergy, total fat, and other macronutrients were broadly similar between
the 2 diets. Further details on dietary intake and measures of compli-
ance have been described previously [12]. There were no significant
differences in body weight, BMI, waist and hip circumference, or
physical activity level (IPAQ questionnaire, data not shown) between
the 2 diets (Table 1).
858
Blood biochemical analysis
Isoenergetic replacement of dietary SFA with UFA resulted in sig-

nificant decreases in serum LDL cholesterol, HDL cholesterol, TC,
non-HDL cholesterol, apoB, LDL cholesterol:apoB, non-HDL
cholesterol:apoB, TC:HDL cholesterol and LDL cholesterol:HDL
cholesterol ratios, and E-selectin (Table 1). Reductions in serum TAG,
remnant lipoprotein cholesterol, CRP, and P-selectin were of borderline
significance (Table 1).
NMR lipids and lipoprotein subfractions
Plasma lipids measured by NMR spectroscopy (Table 2) showed

broadly similar changes in response to the dietary exchange to the
data presented in Table 1. Isoenergetic replacement of dietary SFAs
with UFAs resulted in significant reductions in plasma TC and LDL
cholesterol. Similarly, there were significant reductions in IDL



TABLE 2
NMR plasma lipid and lipoprotein subclass analysis in adult males at baseline and after following the higher-SFA/lower-UFA and lower-SFA/higher-UFA diets,
each for 4 wk1.

NMR plasma lipid and lipoprotein subfractions Baseline Higher-SFA/lower-UFA Lower-SFA/higher-UFA Difference (Δ) P

NMR lipids
Total cholesterol, mmol/L 4.81 (4.63, 5.02) 4.95 (4.79, 5.12) 4.57 (4.40, 4.73) �0.39 (�0.58, �0.20) <0.0001
VLDL cholesterol, mmol/L 0.40 (0.35, 0.45) 0.39 (0.35, 0.42) 0.38 (0.34, 0.41) �0.01 (�0.06, 0.03) 0.630
IDL cholesterol, mmol/L 0.23 (0.21, 0.26) 0.24 (0.22, 0.26) 0.19 (0.17, 0.21) �0.05 (�0.07, �0.02) <0.0001
LDL cholesterol2, mmol/L 2.82 (2.69, 2.97) 2.97 (2.84, 3.09) 2.64 (2.51, 2.76) �0.33 (�0.47, �0.20) <0.0001
HDL cholesterol, mmol/L 1.37 (1.32, 1.43) 1.38 (1.34, 1.43) 1.35 (1.30, 1.40) �0.04 (�0.09, 0.02) 0.192
Total TAG2, mmol/L 1.11 (1.01, 1.21) 1.09 (1.01, 1.18) 1.07 (0.99, 1.16) �0.02 (�0.11, 0.07) 0.300
VLDL-TAG2, mmol/L 0.76 (0.68, 0.84) 0.73 (0.66, 0.80) 0.74 (0.66, 0.81) 0.01 (�0.06, 0.08) 0.851
IDL-TAG2, mmol/L 0.10 (0.08, 0.11) 0.10 (0.08, 0.11) 0.09 (0.07, 0.10) �0.01 (�0.02, 0.01) 0.322
LDL-TAG, mmol/L 0.15 (0.15, 0.16) 0.16 (0.15, 0.16) 0.15 (0.14, 0.15) �0.01 (�0.02, 0) 0.013
HDL-TAG, mmol/L 0.11 (0.10, 0.11) 0.11 (0.10, 0.11) 0.10 (0.10, 0.11) �0.004 (�0.010, 0.001) 0.119
Total apoB100, g/L 0.76 (0.73, 0.80) 0.79 (0.76, 0.82) 0.73 (0.70, 0.76) �0.06 (�0.09, �0.03) <0.0001
VLDL apoB100, g/L 0.07 (0.07, 0.08) 0.07 (0.06, 0.07) 0.07 (0.06, 0.07) 0.001 (�0.004, 0.007) 0.634
IDL apoB100, g/L 0.04 (0.03, 0.04) 0.04 (0.04, 0.04) 0.03 (0.03, 0.03) �0.01 (�0.01, 0) <0.0001
LDL apoB1002, g/L 0.64 (0.61, 0.67) 0.67 (0.65, 0.70) 0.61 (0.58, 0.63) �0.06 (�0.09, �0.04) <0.0001
Total apoA1, g/L 1.37 (1.33, 1.40) 1.38 (1.35, 1.41) 1.34 (1.31, 1.37) �0.04 (�0.07, 0) 0.042
Total apoA2, g/L 0.32 (0.31, 0.33) 0.32 (0.31, 0.32) 0.31 (0.30, 0.32) �0.01 (�0.02, 0) 0.107
HDL apoA1, g/L 1.36 (1.32, 1.40) 1.37 (1.34, 1.40) 1.33 (1.30, 1.36) �0.04 (�0.07, �0.01) 0.020
HDL apoA2, g/L 0.31 (0.31, 0.32) 0.31 (0.30, 0.32) 0.30 (0.30, 0.31) �0.01 (�0.02, 0) 0.072
LDL cholesterol:HDL cholesterol ratio 2.13 (2.00, 2.26) 2.23 (2.13, 2.32) 2.04 (1.94, 2.13) �0.19 (�0.29, �0.09) <0.0001
ApoB100:apoAI ratio 0.57 (0.54, 0.60) 0.58 (0.56, 0.60) 0.55 (0.53, 0.57) �0.03 (�0.05, �0.01) 0.001

NMR LDL subfractions2,3

LDL-I cholesterol, mmol/L 0.55 (0.52, 0.58) 0.57 (0.54, 0.59) 0.51 (0.48, 0.53) �0.06 (�0.09, �0.03) <0.0001
LDL-II cholesterol, mmol/L 1.80 (1.70, 1.91) 1.93 (1.84, 2.02) 1.65 (1.56, 1.74) �0.28 (�0.37, �0.19) <0.0001
LDL-III cholesterol, mmol/L 0.47 (0.43, 0.51) 0.48 (0.45, 0.51) 0.48 (0.45, 0.51) 0 (�0.03, 0.04) 0.637
LDL-I TAG, mmol/L 0.04 (0.04, 0.04) 0.04 (0.04, 0.05) 0.04 (0.04, 0.04) 0 0.605
LDL-II TAG, mmol/L 0.07 (0.07, 0.08) 0.08 (0.07, 0.08) 0.07 (0.06, 0.07) �0.01 (�0.02, �0.01) <0.0001
LDL-III TAG, mmol/L 0.04 (0.03, 0.04) 0.04 (0.03, 0.04) 0.04 (0.04, 0.04) 0 0.694
LDL-I apoB100, g/L 0.11 (0.10, 0.11) 0.11 (0.11, 0.11) 0.10 (0.10, 0.11) �0.01 (�0.01, 0) 0.0017
LDL-II apoB100, g/L 0.40 (0.38, 0.43) 0.43 (0.41, 0.45) 0.37 (0.35, 0.39) �0.06 (�0.08, �0.04) <0.0001
LDL-III apoB100, g/L 0.14 (0.13, 0.15) 0.14 (0.13, 0.15) 0.15 (0.14, 0.15) 0 (�0.01, 0.01) 0.942

Abbreviations: Apo, apolipoprotein; IDL, intermediate density lipoprotein; TAG, triacylglycerol; SFA, saturated fatty acid; UFA, unsaturated fatty acid.
1 Values (n ¼ 105) for higher-SFA/lower-UFA, lower-SFA/higher-UFA and Δ, are estimated marginal means with 95% confidence intervals derived from a

mixed linear model adjusted for age, BMI, baseline value of the measured outcome, and study center. Δ (Delta) denotes difference between the 2 diets and is
calculated as lower-SFA/higher-UFA minus higher-SFA/lower-UFA. The P value represents the pairwise comparisons of the estimated marginal means between
the 2 diets. Baseline (visit 1) indicates values before the dietary intervention and are presented as unadjusted means with 95% confidence intervals. NMRmeasured
outcomes are considered secondary and a more conservative P value of <0.01 was considered statistically significant.
2 Indicates data that were log transformed before statistical analysis; these data are presented untransformed and adjusted for age, BMI, baseline value of the

measured outcome and study center.
3 Concentration of cholesterol, TAG and apoB100 in LDL subfractions (LDL-I¼large size: 27.5–27.0 nm; LDL-II¼intermediate size: 27.0–25.5 nm; LDL-III

¼small size: 25.5–24.2 nm).
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cholesterol, LDL cholesterol:HDL cholesterol ratio, apoB100, IDL
apoB100, LDL apoB100, and the apoB100/apo A-I ratio (Table 2).
Isoenergetic replacement of dietary SFAs with UFAs also signifi-
cantly reduced the cholesterol and apoB100 concentration of the
largest less-dense LDL subfraction (LDL-I); and cholesterol, TAG,
and apoB100 concentrations in the LDL subfraction of intermediate
size and density (LDL-II) (Table 2). There were no significant effects
of diet on VLDL and HDL subfractions, other than a significant
decrease in the concentration of TAG in the smallest subfraction
VLDL-5, in the concentration of apoA2 in the HDL-1 subfraction,
and concentrations of apoA1 and apoA2 in the HDL-2 subfraction
(Supplementary Table 3).
Plasma noncholesterol sterols as markers of intestinal
absorption and endogenous synthesis of cholesterol

Isoenergetic replacement of SFAs with UFAs was accompanied by
significant increases in all 3 serum noncholesterol sterol biomarkers of
cholesterol absorption in the intestine (β-sitosterol, cholestanol, and
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campesterol (Table 3). Biomarkers of whole-body cholesterol synthesis
either significantly increased (desmosterol) or showed no effect (lath-
osterol) (Table 3).
Gene expression in circulating PBMCs
The fold change in the PBMC mRNA expression in response to the

higher-SFA/lower-UFA and lower-SFA/higher-UFA diets are shown in
Figure 1. There was a significant upregulation in the mRNA expression
for the LDL-receptor (higher-SFA/lower-UFA: 1.04; 95% CI: 0.91,
1.17; lower-SFA/higher-UFA: 1.24; 95% CI: 1.11, 1.37), NR1H3
(higher-SFA/lower-UFA: 0.96; 95% CI: 0.88, 1.05; lower-SFA/higher-
UFA: 1.09; 95% CI: 1.01, 1.17), and ABCG1 (higher-SFA/lower-UFA:
0.92; 95% CI: 0.79, 1.05; lower-SFA/higher-UFA: 1.25; 95% CI: 1.12,
1.38) genes after the lower-SFA/higher-UFA diet relative to after the
higher-SFA/lower-UFA diet. There was no significant effect of the
sequential dietary intervention on the mRNA expression of SREBF1
(higher-SFA/lower-UFA: 0.99; 95% CI: 0.90, 1.08; lower-SFA/higher-
UFA: 1.10; 95% CI: 1.01, 1.19) (Figure 1).



TABLE 3
Markers of intestinal cholesterol absorption and endogenous cholesterol synthesis in adult males at baseline and after following the higher-SFA/lower-UFA and
lower-SFA/higher-UFA diets, each for 4 wk1.

Outcome Baseline Higher-SFA/lower-UFA Lower-SFA/higher-UFA Difference (Δ) P

Sitosterol 1.38 (1.29, 1.48) 0.97 (0.94, 1.01) 1.31 (1.27, 1.34) 0.33 (0.30, 0.37) <0.0001
Cholestanol 1.63 (1.55, 1.70) 1.25 (1.22, 1.28) 1.44 (1.41, 1.47) 0.19 (0.16, 0.22) <0.0001
Campesterol2 1.29 (1.21, 1.37) 0.91 (0.87, 0.94) 1.14 (1.11, 1.18) 0.24 (0.20, 0.27) <0.0001
Lathosterol 1.32 (1.22, 1.41) 1.13 (1.09, 1.16) 1.08 (1.04, 1.12) �0.05 (�0.09, 0.00) 0.068
Desmosterol 0.76 (0.73, 0.79) 0.61 (0.59, 0.63) 0.66 (0.65, 0.68) 0.06 (0.04, 0.08) <0.0001

Abbreviations: TC, total cholesterol; SFA, saturated fatty acid; UFA, unsaturated fatty acid.
1 Values (n¼108) for higher-SFA/lower-UFA, lower-SFA/higher-UFA and Δ, are estimated marginal means with 95% confidence intervals derived from a

mixed linear model adjusted for age, BMI, baseline value of the measured outcome, and study center. Δ (Delta) denotes difference between the 2 diets and is
calculated as lower-SFA/higher-UFA minus higher-SFA/lower-UFA. The P value represents the pairwise comparisons of the estimated marginal means between
the 2 diets. The outcome BMI was adjusted only for age, baseline value, and study center. Baseline (visit 1) indicates values before the dietary intervention and are
presented as unadjusted means with 95% confidence intervals. All noncholesterol sterols are presented as a ratio to total cholesterol. P < 0.01 was considered
statistically significant for all secondary outcomes.
2 Indicates data that were log transformed before statistical analysis; these data are presented untransformed and adjusted for age, BMI, baseline value of the

measured outcome and study center.
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Interindividual variability in serum LDL cholesterol
response and predictors of variation

There was marked interindividual variation in serum LDL
cholesterol response to the isoenergetic replacement of SFAs with
UFAs, (n ¼ 109, range �1.39 to þ0.77 mmol/L, mean (SD) �0.5
(0.41) mmol/L) (Figure 2). The serum LDL cholesterol concentration
before the lower-SFA/higher-UFA diet (visit 2), explained 27%
(adjusted R2) of the variation in serum LDL cholesterol response upon
transitioning from the higher-SFA/lower-UFA to the lower-SFA/
higher-UFA diet (β coefficient �0.293 mmol/L; 95% CI: �0.410,
�0.177; P < 0.0001). The reduction in dietary SFA (%TE) between
the 2 diets explained 6.7% of the serum LDL cholesterol response
(adjusted R2) (β coefficient 0.038 %TE; 95% CI: 0.007, 0.069; P ¼
0.017). When combined, these 2 variables accounted for 33.7%
(adjusted R2) of the difference in serum LDL cholesterol in response
to replacing SFA with UFA.
FIGURE 2. Waterfall plot showing individual changes in serum LDL cholesterol
UFA. Each bar represents an individual participant’s (n ¼ 109 adult males) chan
lower-UFA diet) with UFA (lower-SFA/higher-UFA diet) for 4 wk.
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Discussion

Reduction in SFA intake to below current dietary recommendations
of 10% TE, with a matched intake of total fat and other macronutrients,
was achieved in a 4-wk, sequential study design, to reproduce the
adoption of this dietary advice. This fulfilled the primary aim of the
study by lowering serum LDL cholesterol and other CVD risk bio-
markers. This dietary exchange produced substantial interindividual
variability in the serum LDL cholesterol, one-third of which was
explained by the concentration of serum LDL cholesterol before the
lower-SFA/higher-UFA diet, combined with the reduction in energy
intake from dietary SFA between the 2 diets.

In view of existing evidence for a more favorable effect of n-6 PUFA
relative to MUFA in lowering serum LDL cholesterol, the study design
included a preference for n-6 PUFA-rich foods in the lower-SFA/higher-
UFA diet [12]. The dietary exchange resulted in a marked decrease in
(mmol/L) estimated by Friedewald equation in response to replacing SFAwith
ge in LDL cholesterol (Δ LDL-C) after replacing dietary SFA (higher-SFA/
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our primary outcome of serum LDL cholesterol, as determined indi-
rectly by calculation (Friedewald, �0.50 mmol/L; 95% CI: �0.58,
�0.42) and directly in plasma by NMR spectroscopy (�0.33 mmol/L;
95% CI:�0.47,�0.20). The order of magnitude of these responses was
consistent with previously published predictive regression and
meta-analyses [24–27], and in accordance with reductions in serum
LDL cholesterol in response to similar food exchanges in our own, and
previous interventions of 4–6 months [28,29]. The lower LDL choles-
terol value determined by NMR is consistent with a previous report of
lower cholesterol measured in plasma relative to serum [30].

The reduction in plasma LDL cholesterol was predominantly in
particles of intermediate density and size (LDL-II), and to a lesser
extent, larger LDL (LDL-I). The former, which represented the pre-
dominant LDL subfraction in most participants, contains the greatest
proportion of cholesterol per LDL particle [31] and has a higher affinity
for LDL receptors than both large and small, dense LDL [32]. More-
over, because the concentration of serum LDL cholesterol is regulated,
primarily, by its rate of uptake into cells via LDL receptors [33], it
follows that the upregulation of the fold change in LDL-receptor gene
expression, in response to our dietary exchange, results in a reduction
in the most receptor-active LDL of intermediate size and density
(LDL-II). The LDL cholesterol:apoB ratio has also been used to esti-
mate LDL particle size, with a value of 1.2 and below reflecting a
predominance of small-dense LDL and increased CVD risk [34]. In the
present study, this ratio decreased from 1.53 to 1.45 after the replace-
ment of SFAwith UFA. Although this indicates a reduction in the mean
particle size of LDL, ratios above 1.2 were not considered to be of
clinical significance with respect to small, dense LDL [34]. The
precursor-product relationship between smaller VLDL particles and
LDL, as reported in lipoprotein kinetic, trace-labeling studies [35],
suggests a link between the decrease in the smallest VLDL-5 sub-
fraction and LDL cholesterol, via a reduction in the production of LDL
from this VLDL precursor.

Although there were no significant effects of the diets on blood
pressure in the present study, there is evidence that SFA replacement
reduces blood pressure [36,37]. We have reported previously a sig-
nificant decrease in night systolic blood pressure in response to 16 wk
of SFAs replacement with UFAs, in participants at increased risk of
CVD [29]. In addition to being of longer duration, and in participants at
moderate risk of CVD, this previous study also measured 24-h
ambulatory blood pressures and focused on vascular function as its
primary outcome. Interestingly, this and the present study found sig-
nificant reductions in serum E-selectin, a cell adhesion molecule
involved in the transendothelial migration of leukocytes, a key process
in the development of vascular inflammation and atherosclerosis [38].
Increased concentrations of E-selectin have been reported in patients
with coronary artery disease [39], and implicated in vascular
dysfunction, tissue injury, and vascular diseases [38]. Although there
were no significant changes in other cell adhesion molecules, the
reduction in E-selectin could reflect a favorable effect of the dietary
exchange on vascular health.

The extent of interindividual variation in serum LDL cholesterol in
response to the replacement of SFA has been well documented [6–8,
40–43]. Regulation of serum LDL cholesterol via the transcription of
LDL receptors is driven, in part, by a reciprocal relationship between
the endogenous synthesis of cholesterol, primarily in the liver, and its
absorption in the intestine, which is key to the LDL cholesterol
lowering effect of replacing SFAs with UFAs [44–46]. Although it is
reasonable to speculate that the observed increase in serum biomarkers
(β-sitosterol, campesterol, and cholestanol) of intestinal cholesterol
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absorption, following the lower-SFA/higher-UFA diet, could be a
reciprocal response to decreased cholesterol synthesis (due to
diet-induced upregulation of LDL receptor activity), this was not
supported by reductions in serum biomarkers of cholesterol synthesis,
lathosterol or desmosterol. Dietary fat-induced adaptation in the lipid
composition of cellular membranes between individuals has been re-
ported as a possible origin of serum LDL cholesterol variation but was
not considered here [47].

APOE4 carriers showed significantly higher serum LDL cholesterol
compared with APOE2 carriers. This finding is consistent with the
impact of these APOE variants on serum LDL cholesterol concentra-
tion in European populations [48]. However, the APOE polymorphism
had no significant effect on the serum LDL cholesterol response to the
current dietary exchange, possibly because of the short dietary inter-
vention, low serum LDL cholesterol at baseline, or
under-representation of APOE4 carriers and homozygotes in our
participants.

The reduction in energy from dietary SFA (transition from the
higher-SFA/lower-UFA to the lower-SFA/higher-UFA diet) and serum
concentration of LDL cholesterol before the lower-SFA/higher-UFA
diet, explained one-third of the variation in serum LDL cholesterol
response. These findings may reflect the extent of influence of SFA
removal on serum LDL cholesterol and confirm that the concentration
of LDL cholesterol is one of several factors that determine the rate of
LDL removal from the blood [49]. The mean reductions in serum and
plasma LDL cholesterol supports the clinical efficacy of replacing SFA
with UFA. At the same time, these average values conceal variation in
the LDL cholesterol response that has implications for the management
and extent of CVD risk reduction across the range of LDL responses. A
decrease in serum LDL cholesterol in an “LDL-responsive” individual
of 1 mmol/L translates to a predicted reduction in risk of a cardiac event
that is 2-fold greater (24% decrease for myocardial infarction (MI),
22% for MIþ stroke) than a relatively non–LDL-responsive individual
(reduction in LDL cholesterol 0.5 mmol/L), irrespective of the baseline
serum LDL cholesterol [50]. This highlights the importance of tar-
geting dietary advice to responsive individuals to maximize the clinical
efficacy of this dietary guideline.

Strengths of the study include its higher-SFA/lower-UFA run-in and
sequential diet (lower-SFA/higher-UFA), which were designed to
reproduce a transition by replacing SFAs with UFAs, in line with the
national dietary guidelines, and used successfully in a previous study
(SATgene) [51]. Implementation of the food exchange model was ach-
ieved using commercially available foods, with compliance being
confirmed by multiple methods [12], making our dietary approach and
findings applicable to free-living populations. Furthermore, a
per-protocol approach was chosen a priori to allow evaluation of the
efficacy of this public health intervention on traditional and novel CVD
risk markers. A possible limitation was the retrospective analysis of
APOE polymorphism, which resulted in genotype groups of unequal
sizes. A dietary intervention of 4 wk may also have been insufficient to
observe significant differences in secondary outcome measures and may
have underestimated the contribution of these outcomes to the variation
in LDL cholesterol response. In attempting to control for the con-
founding effects of hormones on our primary outcome, our study was
limited to male participants. Despite a lack of evidence for the
sex-specific effects of replacing SFA with UFA on serum LDL choles-
terol, this restriction limits the translation of our findings to males only.

In conclusion, this study supports the efficacy of dietary guidelines
to reduce SFA to no >10% TE, with replacement with UFAs, in
lowering serum LDL cholesterol and other CVD risk factors in only 4
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wk. Despite evidence of significant changes in secondary endpoints
associated with the LDL-lowering effect of replacing SFAs, only serum
LDL cholesterol concentration after the higher-SFA/lower-UFA diet,
and reduction in dietary SFA intake predicted variation in the serum
LDL cholesterol response. Future studies involving isotopic trace-
labeling of dietary fats may provide further insight into the genetic
and metabolic origins of this phenomenon.

Acknowledgments

We thank Dr Nicola Jackson for technical support, Rada Mihaylova
and Karen Jenkins for clinical support, and Professor Stine Marie
Ulven for providing the assay ID information for the genes measured in
the PBMC.
Author contributions
The authors’ responsibilities were as follows – BAG, JAL, KGJ,

BAF, MDR, JS, AK, RA: designed research; AK, RA, EO, LS, GW,
KGJ, HA: conducted research; AK, RA, LS: analyzed data or per-
formed statistical analysis; AK, BAG, JAL: wrote the article; BAG,
JAL: had primary responsibility for final content; and all authors have
contributed to the interpretation of the data, read and approved the final
manuscript.

Conflict of interest
JAL is Deputy Chair of the UK Government's Scientific Advisory

committee on Nutrition (SACN). JAL (Chair), LS and KGJ were
members of the International Life Science Institute (ILSI) Europe
expert group on “Update on health effects of different dietary saturated
fats” (2017–2022). The other authors have no conflicts of interest or
competing interests to declare.
Funding
The RISSCI study was funded by the Biotechnology and Biological

Sciences Research Council (BBSRC) project “Mechanisms to Explain
Variation in Serum Low Density Lipoprotein Cholesterol Response to
Dietary Saturated Fat” (Project references: BB/P010245/1 and BB/
P009891/1).

Data availability
Data described in the manuscript will be made available upon

request to the corresponding author pending application and approval.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.ajcnut.2024.07.032.

References

[1] B.A. Ference, H.N. Ginsberg, I. Graham, K.K. Ray, C.J. Packard,
E. Bruckert, et al., Low-density lipoproteins cause atherosclerotic
cardiovascular disease. 1. Evidence from genetic, epidemiologic, and clinical
studies. A consensus statement from the European Atherosclerosis Society
Consensus Panel, Eur. Heart J. 38 (32) (2017) 2459–2472, https://doi.org/
10.1093/eurheartj/ehx144.

[2] J. Bor�en, M.J. Chapman, R.M. Krauss, C.J. Packard, J.F. Bentzon, C.J. Binder,
et al., Low-density lipoproteins cause atherosclerotic cardiovascular disease:
pathophysiological, genetic, and therapeutic insights: a consensus statement
from the European Atherosclerosis Society Consensus Panel, Eur. Heart J. 41
(24) (2020) 2313–2330, https://doi.org/10.1093/eurheartj/ehz962.
862
[3] GOV.UK, Saturated fats and health: SACN report. GOV.UK [Internet], 2019
[cited January 21, 2024]. Available from: https://www.gov.uk/government/
publications/saturated-fats-and-health-sacn-report.

[4] World Health Organization, Saturated fatty acid and trans-fatty acid intake for
adults and children: WHO guideline [Internet], 2023 [cited January 21, 2024].
Available from: https://www.who.int/publications-detail-redirect/9789240073630.

[5] D. Steinberg, Thematic review series: the pathogenesis of atherosclerosis. An
interpretive history of the cholesterol controversy: part II:the early evidence
linking hypercholesterolemia to coronary disease in humans, J. Lipid Res. 46
(2) (2005) 179–190, https://doi.org/10.1194/jlr.R400012-JLR200.

[6] D.R. Jacobs, J.T. Anderson, P. Hannan, A. Keys, H. Blackburn, Variability in
individual serum cholesterol response to change in diet, Arteriosclerosis 3 (4)
(1983) 349–356, https://doi.org/10.1161/01.atv.3.4.349.

[7] E. Schaefer, S. Lamon-Fava, L. Ausman, J. Ordovas, B. Clevidence, J. Judd, et
al., Individual variability in lipoprotein cholesterol response to National
Cholesterol Education Program Step 2 diets, Am. J. Clin. Nutr. 65 (3) (1997)
823–830, https://doi.org/10.1093/ajcn/65.3.823.

[8] B.A. Griffin, R.P. Mensink, J.A. Lovegrove, Does variation in serum LDL-
cholesterol response to dietary fatty acids help explain the controversy over fat
quality and cardiovascular disease risk? Atherosclerosis 328 (2021) 108–113,
https://doi.org/10.1016/j.atherosclerosis.2021.03.024.

[9] V.L. Veum, J. Laupsa-Borge, Ø. Eng, E. Rostrup, T.H. Larsen,
J.E. Nordrehaug, et al., Visceral adiposity and metabolic syndrome after very
high-fat and low-fat isocaloric diets: a randomized controlled trial, Am. J. Clin.
Nutr. 105 (1) (2017) 85–99, https://doi.org/10.3945/ajcn.115.123463.

[10] A.M.Minihane, L. Jofre-Monseny,E.Olano-Martin,G.Rimbach,ApoEgenotype,
cardiovascular risk and responsiveness to dietary fatmanipulation, Proc. Nutr. Soc.
66 (2) (2007) 183–197, https://doi.org/10.1017/S0029665107005435.

[11] H. Gylling, T.A. Miettinen, Cholesterol absorption and synthesis related to low
density lipoprotein metabolism during varying cholesterol intake in men with
different apoE phenotypes, J. Lipid Res. 33 (9) (1992) 1361–1371, https://
doi.org/10.1016/S0022-2275(20)40550-4.

[12] L. Sellem, R. Antoni, A. Koutsos, E. Ozen, G. Wong, H. Ayyad, et al., Impact
of a food-based dietary fat exchange model for replacing dietary saturated with
unsaturated fatty acids in healthy men on plasma phospholipids fatty acid
profiles and dietary patterns, Eur. J. Nutr. 61 (7) (2022) 3669–3684, https://
doi.org/10.1007/s00394-022-02910-2.

[13] W.T. Friedewald, R.I. Levy, D.S. Fredrickson, Estimation of the concentration
of low-density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge, Clin. Chem. 18 (6) (1972) 499–502, https://doi.org/10.1093/
clinchem/18.6.499.

[14] BRUKER, NMR Clinical Research Solutions [Internet], 2024 [cited January
22, 2024]. Available from: https://www.bruker.com/en/products-and-solutions/
mr/nmr-clinical-research-solutions.html.

[15] B.A. Griffin, M.J. Caslake, B. Yip, G.W. Tait, C.J. Packard, J. Shepherd, Rapid
isolation of low density lipoprotein (LDL) subfractions from plasma by density
gradient ultracentrifugation, Atherosclerosis 83 (1) (1990) 59–67, https://
doi.org/10.1016/0021-9150(90)90131-2.

[16] D.S. Mackay, P.J.H. Jones, Plasma noncholesterol sterols: current uses,
potential and need for standardization, Curr. Opin. Lipidol. 23 (3) (2012)
241–247, https://doi.org/10.1097/MOL.0b013e328353292e.

[17] D.S. Mackay, P.J.H. Jones, S.B. Myrie, J. Plat, D. Lütjohann, Methodological
considerations for the harmonization of non-cholesterol sterol bio-analysis,
J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 957 (2014) 116–122,
https://doi.org/10.1016/j.jchromb.2014.02.052.

[18] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using
real-time quantitative PCR and the 2�ΔΔCT method, Methods 25 (4) (2001)
402–408, https://doi.org/10.1006/meth.2001.1262.

[19] D. Vasilopoulou, O. Markey, K.E. Kliem, C.C. Fagan, A.S. Grandison,
D.J. Humphries, et al., Reformulation initiative for partial replacement of
saturated with unsaturated fats in dairy foods attenuates the increasein LDL
cholesterol and improves flow-mediated dilatation compared with conventional
dairy: the randomized, controlled REplacement of SaturatEd fat in dairy on
Total cholesterol (RESET) study, Am. J. Clin. Nutr. 111 (4) (2020) 739–748,
https://doi.org/10.1093/ajcn/nqz344.

[20] R.W. Welch, J.-M. Antoine, J.-L. Berta, A. Bub, J. de Vries, F. Guarner, et al.,
Guidelines for the design, conduct and reporting of human intervention studies
to evaluate the health benefits of foods, Br. J. Nutr. 106 (Suppl 2) (2011)
S3–S15, https://doi.org/10.1017/S0007114511003606.

[21] D.L. Streiner, Best (but oft-forgotten) practices: the multiple problems of
multiplicity-whether and how to correct for many statistical tests, Am. J. Clin.
Nutr. 102 (4) (2015) 721–728, https://doi.org/10.3945/ajcn.115.113548.

[22] S.V. Larsen, K.B. Holven, I. Ottestad, K.N. Dagsland, M.C.W. Myhrstad,
S.M.Ulven, Plasma fatty acid levels andgeneexpression related to lipidmetabolism
in peripheral blood mononuclear cells: a cross-sectional study in healthy subjects,
Genes Nutr 13 (2018) 9, https://doi.org/10.1186/s12263-018-0600-z.

https://doi.org/10.1016/j.ajcnut.2024.07.032
https://doi.org/10.1016/j.ajcnut.2024.07.032
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehz962
https://www.gov.uk/government/publications/saturated-fats-and-health-sacn-report
https://www.gov.uk/government/publications/saturated-fats-and-health-sacn-report
https://www.who.int/publications-detail-redirect/9789240073630
https://doi.org/10.1194/jlr.R400012-JLR200
https://doi.org/10.1161/01.atv.3.4.349
https://doi.org/10.1093/ajcn/65.3.823
https://doi.org/10.1016/j.atherosclerosis.2021.03.024
https://doi.org/10.3945/ajcn.115.123463
https://doi.org/10.1017/S0029665107005435
https://doi.org/10.1016/S0022-2275(20)40550-4
https://doi.org/10.1016/S0022-2275(20)40550-4
https://doi.org/10.1007/s00394-022-02910-2
https://doi.org/10.1007/s00394-022-02910-2
https://doi.org/10.1093/clinchem/18.6.499
https://doi.org/10.1093/clinchem/18.6.499
https://www.bruker.com/en/products-and-solutions/mr/nmr-clinical-research-solutions.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-clinical-research-solutions.html
https://doi.org/10.1016/0021-9150(90)90131-2
https://doi.org/10.1016/0021-9150(90)90131-2
https://doi.org/10.1097/MOL.0b013e328353292e
https://doi.org/10.1016/j.jchromb.2014.02.052
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/ajcn/nqz344
https://doi.org/10.1017/S0007114511003606
https://doi.org/10.3945/ajcn.115.113548
https://doi.org/10.1186/s12263-018-0600-z


A. Koutsos et al. The American Journal of Clinical Nutrition 120 (2024) 854–863
[23] A. Rundblad, K.B. Holven, I. Bruheim, M.C. Myhrstad, S.M. Ulven, Effects of
fish and krill oil on gene expression in peripheral blood mononuclear cells and
circulating markers of inflammation: a randomised controlled trial, J. Nutr. Sci.
7 (2018) e10, https://doi.org/10.1017/jns.2018.2.

[24] H.N. Ginsberg, P. Kris-Etherton, B. Dennis, P.J. Elmer, A. Ershow,
M. Lefevre, et al., Effects of reducing dietary saturated fatty acids on plasma
lipids and lipoproteins in healthy subjects: the DELTA Study, protocol 1,
Arterioscler. Thromb. Vasc. Biol. 18 (3) (1998) 441–449, https://doi.org/
10.1161/01.atv.18.3.441.

[25] S. Yu-Poth, G. Zhao, T. Etherton, M. Naglak, S. Jonnalagadda, P.M. Kris-
Etherton, Effects of the National Cholesterol Education Program’s Step I and
Step II dietary intervention programs on cardiovascular disease risk factors: a
meta-analysis, Am. J. Clin. Nutr. 69 (4) (1999) 632–646, https://doi.org/
10.1093/ajcn/69.4.632.

[26] R. Micha, D. Mozaffarian, Saturated fat and cardiometabolic risk
factors, coronary heart disease, stroke, and diabetes: a fresh look at the evidence,
Lipids 45 (10) (2010) 893–905, https://doi.org/10.1007/s11745-010-3393-4.

[27] R.P. Mensink, World Health Organization, Effects of saturated fatty acids on
serum lipids and lipoproteins: a systematic review and regression analysis
[Internet], World Health Organization, Geneva, 2016 [cited 22 January, 2024].
Available from: https://iris.who.int/handle/10665/246104.

[28] S.A. Jebb, J.A. Lovegrove, B.A. Griffin, G.S. Frost, C.S. Moore,
M.D. Chatfield, et al., Effect of changing the amount and type of fat and
carbohydrate on insulin sensitivity and cardiovascular risk: the RISCK
(Reading, Imperial, Surrey, Cambridge, and Kings) trial, Am. J. Clin. Nutr. 92
(4) (2010) 748–758, https://doi.org/10.3945/ajcn.2009.29096.

[29] K. Vafeiadou, M. Weech, H. Altowaijri, S. Todd, P. Yaqoob, K.G. Jackson, et
al., Replacement of saturated with unsaturated fats had no impact on vascular
function but beneficial effects on lipid biomarkers, E-selectin, and blood
pressure: results from the randomized, controlled Dietary Intervention and
VAScular function (DIVAS) study, Am. J. Clin. Nutr. 102 (1) (2015) 40–48,
https://doi.org/10.3945/ajcn.114.097089.

[30] N.E. Berentzen, A.H. Wijga, L. van Rossem, J.C. de Jongste, H.C. Boshuizen,
H.A. Smit, Plasma-serum cholesterol differences in children and use of
measurements from different specimens, Ann. Nutr. Metab. 63 (4) (2013)
305–310, https://doi.org/10.1159/000357954.

[31] B.A. Griffin, Low-density lipoprotein subclasses: mechanisms of formation and
modulation, Proc. Nutr. Soc. 56 (2) (1997) 693–702, https://doi.org/10.1079/
pns19970069.

[32] S. Lund-Katz, P.M. Laplaud, M.C. Phillips, M.J. Chapman, Apolipoprotein B-
100 conformation and particle surface charge in human LDL subspecies:
implication for LDL receptor interaction, Biochemistry 37 (37) (1998)
12867–12874, https://doi.org/10.1021/bi980828m.

[33] M.S. Brown, J.L. Goldstein, A receptor-mediated pathway for cholesterol
homeostasis, Science 232 (4746) (1986) 34–47, https://doi.org/10.1126/
science.3513311.

[34] L. Xiao, K. Zhang, F. Wang, M. Wang, Q. Huang, C. Wei, et al., The LDL-C/
ApoB ratio predicts cardiovascular and all-cause mortality in the general
population, Lipids Health Dis 22 (1) (2023) 104, https://doi.org/10.1186/
s12944-023-01869-1.

[35] C.J. Packard, J. Shepherd, Lipoprotein heterogeneity and apolipoprotein B
metabolism, Arterioscler. Thromb. Vasc. Biol. 17 (12) (1997) 3542–3556,
https://doi.org/10.1161/01.atv.17.12.3542.

[36] W.L. Hall, Dietary saturated and unsaturated fats as determinants of blood
pressure and vascular function, Nutr. Res. Rev. 22 (1) (2009) 18–38, https://
doi.org/10.1017/S095442240925846X.

[37] A.M. Tindall, K.S. Petersen, A.C. Skulas-Ray, C.K. Richter, D.N. Proctor,
Replacing saturated fat with walnuts or vegetable oils improves central blood
863
pressure and serum lipids in adults at risk for cardiovascular disease: A
randomized controlled-feeding trial, J. Am. Heart. Assoc. 8 (2019) e011512,
https://doi.org/10.1161/JAHA.118.011512.

[38] C.F. Krieglstein, D.N. Granger, Adhesion molecules and their role in vascular
disease, Am. J. Hypertens. 14 (6 Pt 2) (2001) 44S–454S. https://oi.org/10.1016/
s0895-7061(01)02069-6.

[39] L. Stoner, A.A. Lucero, B.R. Palmer, L.M. Jones, J.M. Young, J. Faulkner,
Inflammatory biomarkers for predicting cardiovascular disease, Clin.
Biochem. 46 (15) (2013) 1353–1371, https://doi.org/10.1016/
j.clinbiochem.2013.05.070.

[40] M.B. Katan, M.A. Berns, J.F. Glatz, J.T. Knuiman, A. Nobels, J.H. de Vries,
Congruence of individual responsiveness to dietary cholesterol and to saturated
fat in humans, J. Lipid Res. 29 (7) (1988) 883–892, https://doi.org/10.1016/
S0022-2275(20)38481-9.

[41] C. Cox, J. Mann, W. Sutherland, M. Ball, Individual variation in plasma
cholesterol response to dietary saturated fat, BMJ 311 (7015) (1995)
1260–1264, https://doi.org/10.1136/bmj.311.7015.1260.

[42] A.J. Wallace, J.I. Mann, W.H. Sutherland, S. Williams, A. Chisholm,
C.M. Skeaff, Variation in plasma cholesterol response to dietary
change, Nutr. Metab. Cardiovasc. Dis. 9 (4) (1999) 176–183. PMID:
10614059.

[43] A. O’Connor, E.L. Feeney, N. Bhargava, N. Noronha, E.R. Gibney,
Determination of factors associated with serum cholesterol response to
dairy fat consumption in overweight adults: secondary analysis from an
RCT, Front. Nutr. 9 (2022) 945723, https://doi.org/10.3389/fnut.2022.
945723.

[44] J.M. Dietschy, L.A. Woollett, D.K. Spady, The interaction of dietary
cholesterol and specific fatty acids in the regulation of LDL receptor activity
and plasma LDL-cholesterol concentrations, Ann. N. Y. Acad. Sci. 676 (1993)
11–26, https://doi.org/10.1111/j.1749-6632.1993.tb38722.x.

[45] J.M. Dietschy, Dietary fatty acids and the regulation of plasma low density
lipoprotein cholesterol concentrations, J. Nutr. 128 (Suppl 2) (1998)
444S–448S, https://doi.org/10.1093/jn/128.2.444S.

[46] P.A.S. Alphonse, P.J.H. Jones, Revisiting human cholesterol synthesis and
absorption: the reciprocity paradigm and its key regulators, Lipids 51 (5) (2016)
519–536, https://doi.org/10.1007/s11745-015-4096-7.

[47] M.K. Zin€ocker, K. Svendsen, S.N. Dankel, The homeoviscous adaptation to
dietary lipids (HADL) model explains controversies over saturated fat,
cholesterol, and cardiovascular disease risk, Am. J. Clin. Nutr. 113 (2) (2021)
277–289, https://doi.org/10.1093/ajcn/nqaa322.

[48] R. Fallaize, A.L. Carvalho-Wells, A.C. Tierney, C. Marin, B. Kiec-Wilk,
A. Dembinska-Kiec, C.A. Drevon, C. DeFoort, J. Lopez-Miranda, U. Riserus,
W.H. Saris, E.E. Blaak, H.M.Roche, J.A. Lovegrove, APOEgenotype influences
insulin resistance, apolipoprotien CII and CIII according to plasma fatty acid
profile in the Metabolic Syndrome, Sci. Rep. 7 (1) (2017) 6274, https://doi.org/
10.1038/s41598-017-05802-2.

[49] D.K. Spady, S.D. Turley, J.M. Dietschy, Rates of low density lipoprotein
uptake and cholesterol synthesis are regulated independently in the liver,
J. Lipid Res. 26 (4) (1985) 465–472, https://doi.org/10.1016/S0022-2275(20)
34361-3.

[50] H. Soran, R. Dent, P. Durrington, Evidence-based goals in LDL-C reduction,
Clin. Res. Cardiol. 106 (4) (2017) 237–248, https://doi.org/10.1007/s00392-
016-1069-7.

[51] A.L. Carvalho-Wells, K.G. Jackson, S. Lockyer, J.A. Lovegrove,
A.M. Minihane, APOE genotype influences triglyceride and C-
reactive protein responses to altered dietary fat intake in UK adults, Am.
J. Clin. Nutr. 96 (6) (2012) 1447–1453, https://doi.org/10.3945/
ajcn.112.043240.

https://doi.org/10.1017/jns.2018.2
https://doi.org/10.1161/01.atv.18.3.441
https://doi.org/10.1161/01.atv.18.3.441
https://doi.org/10.1093/ajcn/69.4.632
https://doi.org/10.1093/ajcn/69.4.632
https://doi.org/10.1007/s11745-010-3393-4
https://iris.who.int/handle/10665/246104
https://doi.org/10.3945/ajcn.2009.29096
https://doi.org/10.3945/ajcn.114.097089
https://doi.org/10.1159/000357954
https://doi.org/10.1079/pns19970069
https://doi.org/10.1079/pns19970069
https://doi.org/10.1021/bi980828m
https://doi.org/10.1126/science.3513311
https://doi.org/10.1126/science.3513311
https://doi.org/10.1186/s12944-023-01869-1
https://doi.org/10.1186/s12944-023-01869-1
https://doi.org/10.1161/01.atv.17.12.3542
https://doi.org/10.1017/S095442240925846X
https://doi.org/10.1017/S095442240925846X
https://doi.org/10.1161/JAHA.118.011512
https://oi.org/10.1016/s0895-7061(01)02069-6
https://oi.org/10.1016/s0895-7061(01)02069-6
https://doi.org/10.1016/j.clinbiochem.2013.05.070
https://doi.org/10.1016/j.clinbiochem.2013.05.070
https://doi.org/10.1016/S0022-2275(20)38481-9
https://doi.org/10.1016/S0022-2275(20)38481-9
https://doi.org/10.1136/bmj.311.7015.1260
http://refhub.elsevier.com/S0002-9165(24)00656-7/sref42
http://refhub.elsevier.com/S0002-9165(24)00656-7/sref42
http://refhub.elsevier.com/S0002-9165(24)00656-7/sref42
http://refhub.elsevier.com/S0002-9165(24)00656-7/sref42
http://refhub.elsevier.com/S0002-9165(24)00656-7/sref42
https://doi.org/10.3389/fnut.2022.945723
https://doi.org/10.3389/fnut.2022.945723
https://doi.org/10.1111/j.1749-6632.1993.tb38722.x
https://doi.org/10.1093/jn/128.2.444S
https://doi.org/10.1007/s11745-015-4096-7
https://doi.org/10.1093/ajcn/nqaa322
https://doi.org/10.1038/s41598-017-05802-2
https://doi.org/10.1038/s41598-017-05802-2
https://doi.org/10.1016/S0022-2275(20)34361-3
https://doi.org/10.1016/S0022-2275(20)34361-3
https://doi.org/10.1007/s00392-016-1069-7
https://doi.org/10.1007/s00392-016-1069-7
https://doi.org/10.3945/ajcn.112.043240
https://doi.org/10.3945/ajcn.112.043240

	Variation of LDL cholesterol in response to the replacement of saturated with unsaturated fatty acids: a nonrandomized, seq ...
	Introduction
	Methods
	Study design and participants
	Dietary intervention
	Outcomes
	Blood biochemical analysis
	NMR lipids and lipoprotein subfractions
	Plasma noncholesterol sterols
	Gene expression in PBMCs
	DNA extraction and genotyping
	Statistical analysis

	Results
	Baseline characteristics of participants
	Dietary intake and anthropometric measures
	Blood biochemical analysis
	NMR lipids and lipoprotein subfractions
	Plasma noncholesterol sterols as markers of intestinal absorption and endogenous synthesis of cholesterol
	Gene expression in circulating PBMCs
	Interindividual variability in serum LDL cholesterol response and predictors of variation

	Discussion
	Acknowledgments
	Author contributions
	Conflict of interest
	Funding
	Data availability

	Appendix A. Supplementary data
	References


