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Mediterranean Diet, Energy Restriction, Physical Activity,
and Atherogenicity of Very-Low Density Lipoproteins:
Findings from Two Randomized Controlled Trials

Karla Alejandra Pérez-Vega, Olga Castaner, Albert Sanllorente, Camille Lassale,

Emilio Ros, Xavier Pinté, Ramdn Estruch, Jordi Salas-Salvadd, Dolores Corella,

Angel M. Alonso-Gémez, Lluis Serra-Majem, Cristina Razquin, Miquel Fiol, José Lapetra,
Enrique Gémez-Gracia, Francisco J. Tinahones, Alvaro Herndez,* and Montserrat Fité

Scope: Some very-low density lipoprotein (VLDL) properties may render them
more pro-atherogenic. We aimed to assess whether a Mediterranean diet
(MedDiet) or an energy-reduced MedDiet with increased physical activity
improves them.

Methods and results: In a sample of the PREvencién con Dleta MEDiterrdnea
(PREDIMED) study, a 1-year intervention with MedDiet with extra-virgin olive
oil (n = 89) or nuts (MedDiet-Nuts; n = 79) is compared with a low-fat diet

(n = 90). In the PREDIMED-Plus study, a 1-year intervention with
energy-reduced MedDiet and physical activity (n = 103) is compared with an
ad libitum MedDiet (n = 101). VLDL levels of apolipoprotein C-1, C-Ill,
triglycerides, and cholesterol; the apolipoprotein E-/C-I ratio; and VLDL
ex-vivo triglyceride transfer are measured. In PREDIMED participants in both
MedDiet groups combined, VLDL apolipoprotein C-11I levels are nominally
reduced (—0.023 SD units, 95% Cl —0.44 to —0.014, p = 0.037). VLDL
triglyceride transfer is nominally increased in the MedDiet-Nuts group (+0.39
SD units, 95% Cl 0.012-0.78, p = 0.045). In PREDIMED-Plus, no inter-group
differences are detected.

Conclusions: In older adults at high cardiovascular risk, MedDiet is
associated with lower VLDL atherogenicity versus a low-fat diet. No
differences are seen after an energy-reduced MedDiet with physical activity.

1. Introduction

High triglyceride levels cause cardiovas-
cular disease.!l Triglycerides are mainly
found in the bloodstream in very-low
density lipoproteins (VLDL; synthesized
in the liver) at fasting, and in intestinal-
derived lipoproteins such as chylomi-
crons at postprandial state. Both parti-
cles transfer triglyceride to peripheral tis-
sues via their interaction with lipoprotein
lipase.?l One of the mechanisms explain-
ing the pathogenic role of triglycerides
on cardiovascular disease is the pro-
atherogenic potential of VLDLs. Some
VLDLs can cross the endothelial barrier,
trigger the development of atheroscle-
rotic plaques, and contribute to the local
activation of pro-inflammatory immune
cells. In addition, VLDLs that remain too
long in circulation are likely to be trans-
formed into highly atherogenic, small,
dense low-density lipoproteins (LDLs).[%]
As observed in other lipoproteins such as
high-density lipoproteins (HDL)!**l and
LDLs,’l some qualitative characteristics
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may increase VLDL atherogenicity or their time in circulation.
For example, VLDLs may become richer in apolipoprotein C-I
(ApoC-I) and C-III (ApoC-III), both of which are inhibitors of
lipoprotein lipase and the VLDL binding to their hepatic recep-
tors. This hinders the transfer of VLDL fatty acids to periph-
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eral cells and their withdrawal from circulation, which may in-
crease VLDL concentrations and half-life.*’] VLDLs might be-
come poorer in apolipoprotein C-II (ApoC-II, an activator of
the lipolytic action of lipoprotein lipase),!®! which contributes to
greater VLDL concentrations, or in apolipoprotein E (ApoE, an
essential mediator of VLDL return to hepatocytes), which may in-
crease their time in circulation.l! Lipid-rich VLDLs (with higher
levels of triglycerides or cholesterol) are also present in dyslipi-
demias that are linked to greater cardiovascular risk such as fa-
milial hypertriglyceridemia.l']

There is evidence that lifestyle modifications can improve
quality-related traits of lipoproteins. Adhering to a Mediterranean
diet (MedDiet) can improve several HDL functional properties!'!]
and decrease LDL atherogenicity.['?) An extended intervention
with an energy-reduced MedDiet intervention plus physical ac-
tivity further improved some HDL properties related to triglyc-
eride metabolism."3] Regarding VLDL, a short-term intervention
with MedDiet decreased VLDL lipids in a small sub-sample of
the PREDIMED (PREvenci6én con Dleta MEDiterranea) study.['*]
Thus, we hypothesize that MedDiet-related lifestyle interventions
may improve further VLDL pro-atherogenic characteristics.

Our aims were to assess whether a 1-year intervention with a
traditional MedDiet (relative to a low-fat control diet) improve the
atherogenic properties of VLDL particles, and whether an inter-
vention with an energy-reduced MedDiet with physical activity
(relative to a traditional, ad libitum MedDiet) further enhanced
these properties in individuals at high cardiovascular risk.

2. Experimental Section

2.1. Study Design and Population

The study populations were two samples of the PREDIMED
(PREvencién con Dleta MEDiterranea; clinical trial number IS-
RCTN35739639) and PREDIMED-Plus (clinical trial number IS-
RCTN89898870) studies.

In PREDIMED, participants were randomized to: a) a MedDiet
enriched with extra-virgin olive oil (MedDiet-EVOO), b) a Med-
Diet enriched with nuts (MedDiet-Nuts), or c) a low-fat control
diet. Eligible individuals were women aged 60-80 years and men
aged 55-80 years who presented at enrollment: a) type 2 diabetes
mellitus or b) three or more cardiovascular risk factors: current
smoking, hypertension (blood pressure >140/90 mmHg or use
of antihypertensive drugs), LDL cholesterol levels >160 mg dL1,
low HDL cholesterol (<40 mg dL™!), independently of lipid-
lowering therapy, body mass index (BMI) >25 kg m~2, or a family
history of premature coronary heart disease.!'>1¢] More details of
the design and main outcomes were previously published.*]
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PREDIMED

Total participants
(n=7447)

Random sample selection

Sample availability
(n=258)
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PREDIMED-Plus

Total participants in Hospital del Mar
recruitment center (n = 407)

Random sample selection

Sample availability
(n=204)

' Mediterranean Diet

Energy-reduced '

. Mediterranean Diet Low-fat Ad libitum :
. enriched with enriched with control Mediterranean diet :: Mediterranean diet |
¢ extra-virgin olive oil mixed nuts diet with physical activity i control intervention
5 (n=89) (n=79) (n=90) (n=103) (n=101)

Figure 1. Flow charts.

In PREDIMED-Plus, participants were randomized to: a) an
intensive intervention with an energy-restricted MedDiet com-
bined with physical activity, or b) an ad libitum MedDiet and with-
out physical activity recommendations. Eligible subjects were
women aged 60-75 years and men aged 55-75 years with BMI
between 27 and 40 kg m~2 and at least three criteria for metabolic
syndrome: 1) triglycerides >150 mg dL! or triglyceride-lowering
medication; 2) fasting glucose >100 mg dL~! or glucose-lowering
medication; 3) systolic/diastolic blood pressure >130/85 mmHg
or antihypertensive medication; 4) low HDL cholesterol levels
<50 mg dL~! in women and <40 mg dL~! in men or medication;
and/or 5) waist circumference >88 cm in women and >102 cm
in men.[1317] Details of the study were available elsewhere.[”]

A traditional MedDiet was the dietary pattern underlying both
interventions. It was rich in extra-virgin olive oil as main culi-
nary fat, seasonal vegetables and fruits, and legumes; presented
moderate intakes of fish and red wine; showed low consump-
tion of red and processed meats, refined grains, whole-fat dairy,
and ultra-processed foods (sweets, bakery goods, and sugary bev-
erages); and was based on traditional cooking methods such as
“sofrito.”('”] In PREDIMED, the consumption of mixed nuts was
particularly encouraged in the MedDiet intervention enriched
with nuts, whereas in PREDIMED-Plus it was promoted in both
arms. Further details of lifestyle interventions in PREDIMED and
PREDIMED-Plus were available in the Supporting information.
Due to the nature of interventions, blinding only affected data
analysts.

For this study, random selections of participants with blood
samples at baseline and 1-year post intervention were made. The
study population was a subsample of 258 participants from the
PREDIMED Study (3.5% of total participants, from seven recruit-
ing centers) and 204 from the PREDIMED-Plus Study (2.9% of
total participants, from the Hospital del Mar recruiting center).
Flow charts were available in Figure 1.

Mol. Nutr. Food Res. 2023, 67, 2200338 2200338 (3 of 8)

2.2. Ethical Aspects

In both studies each recruiting center had the protocol approved
by local institutional ethics committees. All participants gave
written informed consent before enrolling in the studies. The two
protocols were registered in the ISRCTN Registry (PREDIMED:
ISRCTN35739639; PREDIMED-Plus: ISRCTN89898870).

2.3. Biological Samples and Plasma Determinations

Fasting ethylenediaminetetraacetic acid plasma were collected
at baseline and post-intervention and stored at —80 °C until
use. In these, glucose (Glucose HK CP, Horiba ABX), total
cholesterol (Cholesterol CP, Horiba ABX), triglycerides (Triglyc-
erides CP, Horiba ABX), and HDL cholesterol (HDL Direct CP,
Horiba ABX) in an autoanalyzer ABX Pentra were measured.
LDL cholesterol with the Friedewald equation when triglycerides
were <300 mg dL™' was calculated. VLDL particles from these
samples by sequential density gradient ultracentrifugation as pre-
viously described were isolated.['"12]

2.4. VLDL Atherogenicity Properties

In isolated VLDL samples, their content of triglycerides (Triglyc-
erides CP, Horiba ABX), cholesterol (Spinreact), apolipoprotein
B (ApoB, Spinreact), ApoC-II (Spinreact), ApoC-III (Spinreact),
and ApoE (Spinreact) in an ABX Pentra autoanalyzer were mea-
sured. Triglyceride, cholesterol, ApoC-I, and ApoC-III concen-
trations in VLDL were expressed per pg of ApoB in the VLDL
sample.3] The study also calculated the ratio ApoE/ApoC-1 (the
main player vs the main inhibitor of VLDL hepatic clearance),®!
an indicator of the VLDL uptake by hepatocytes.

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Ex vivo triglyceride transfer from VLDL in a human THP-1
monocyte-derived macrophage cell line was measured. After
growing the cells as previously described,!**) macrophages were
incubated with isolated VLDL samples of the participants for
48 h, and finally measured triglyceride levels in the supernatant
(Triglycerides CP, Horiba ABX). Triglyceride transfer was calcu-
lated as the difference between the initial quantity of triglycerides
in the VLDL sample and the concentration after the incubation
(expressed as percent change). Samples in duplicate were ran
and allowed no intra-repetition coefficient of variation >50%. The
study divided this result by the amount of ApoC-II in the VLDL
sample to assess this functional capacity per unit of the main
apolipoprotein driving this phenomenon.®!

Inter-assay variability was controlled by: 1) analyzing pre- and
post-intervention samples of the same participant in the same ex-
perimental run; 2) randomizing the order in which the samples
were analyzed (in the PREDIMED samples, the study analyzed
one sample pair from the MedDiet-EVOO group followed by one
from the MedDiet-Nuts group and one from the low-fat control
group; in the PREDIMED-Plus study, the study alternated sample
pairs from the intervention and control groups); and 3) including
in each experiment a VLDL sample pool from 20 healthy volun-
teers to calculate inter-assay coefficients of variation. Laboratory
analyzes for both studies were performed consecutively to use
same the methodology and reagent batch.

2.5. Other Variables

Healthcare professionals collected at baseline data of age,
sex, prevalence of diabetes, hypercholesterolemia, and hyper-
tension, and BMIL[®'] Obesity was defined as having BMI
>30 kg m~2, and atherogenic dyslipidemia as presenting triglyc-
erides >150 mg dL~! and low HDL cholesterol levels (<40 mg L~}
in men, <46 mg dL~! in women).['8] Adherence to the PRED-
IMED Study intervention (traditional MedDiet) was assessed
with a 14-tem questionnairel’) and compliance with the
PREDIMED-Plus intervention (energy-reduced MedDiet) with a
17-item questionnaire.?%) Physical activity levels were estimated
using the long (PREDIMED) and short version (PREDIMED-
Plus) of the Minnesota Leisure-Time Physical Activity Question-
naire validated for Spanish adult population.['®'7] Intakes of en-
ergy and food group were estimated by semiquantitative validated
food frequency questionnaires.[?!]

2.6. Sample Size

As there was no previous randomized controlled trial with diet on
VLDL atherogenic properties, the study calculated sample size
considering the variability of the differences in plasma triglyc-
erides considering a 2-sided type I error of 0.05, >80% power,
and the standard deviation (SD) of the inter-group differences
in PREDIMED!™! and PREDIMED-Plus.['] In PREDIMED, a
sample size of 80 participants per group allowed the detec-
tion of differences of 27 mg dL~! among intervention arms. In
PREDIMED-Plus, a sample size of 100 participants per group al-
lowed to observe inter-arm differences of 23 mg dL™! in triglyc-
erides.

Mol. Nutr. Food Res. 2023, 67, 2200338 2200338 (4 of 8)
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2.7. Statistical Analyses

The study described categorical variables by proportions, nor-
mally distributed continuous variables by means and SDs, and
non-normally distributed continuous variables by medians (1st—
3rd quartile). The study explored by multivariable linear regres-
sions whether there were differences in the post-intervention
values in the MedDiet-EVOO and MedDiet-Nuts intervention
groups (individually and combined) relative to the low-fat con-
trol diet in PREDIMED participants, and in the intensive inter-
vention group relative to the control group in the PREDIMED-
Plus subjects. VLDL-related variables were transformed into z-
scores prior to the analyses and findings were described in SD
units. Models were adjusted for baseline levels of each parameter
(continuous), age (continuous), sex, recruiting center (in PRED-
IMED), and triglycerides (continuous). Given that the study was
unable to quantify some biomarkers because some determina-
tions were below the limit of quantification of the technique
(ApoC-III levels in VLDL, the ApoE/ApoC-I ratio), inter-group
differences were assessed here using an adapted version of sur-
vival regression models as described by Helsel.[??! To correct
the findings on VLDL characteristics for multiple comparisons
(VLDL determinations were highly inter-correlated), the number
of independent factors was first identified that correctly defined
the set of VLDL-related variables according to Horn’s parallel
analysis®®! and subsequently used it for the Bonferroni correc-
tion. As complementary analysis, the differences in VLDL prop-
erties at baseline between participants with and without several
cardiovascular risk factors (age <65 or >65 years, sex, type-2 di-
abetes, hypercholesterolemia, atherogenic dyslipidemia, hyper-
tension, and obesity) were assessed. Analyses were performed
using R Software version 4.0.5.04]

3. Results
3.1. Study Population

PREDIMED participants were older adults (mean age 65.2 years
old, 52.7% women), 89.5% of them were overweight or obese and
presented a high prevalence of cardiovascular risk factors (type-
2 diabetes mellitus 48.4%, hypercholesterolemia 77.9%, athero-
genic dyslipidemia 35.0%, hypertension 82.2%, current smok-
ing 14.3%). PREDIMED-Plus participants were also older adults
(mean age 65.7 years old, 51.5% women), by study design all
of them were overweight or obese and presented as well as a
high prevalence of cardiovascular risk factors (type-2 diabetes
mellitus 34.3%, hypercholesterolemia 69.6%, atherogenic dys-
lipidemia 45.3%, hypertension 85.3%, current smoking 8.33%).
There were no apparent inter-group differences in baseline char-
acteristics in both trials (Table 1). VLDL properties at baseline
were exclusively impaired in participants with atherogenic dys-
lipidemia (Table S1, Supporting Information).

3.2. Adherence to Interventions

After 1-year of follow-up, participants in the intervention arms
in the PREDIMED Study increased their adherence to a Med-
Diet relative to the control group (MedDiet-EVOO: +1.50 points,

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Table 1. Baseline characteristics of the participants in PREDIMED and PREDIMED-Plus sub-samples.

PREDIMED study

PREDIMED-Plus study

All participants ~ MedDiet-EVOO MedDiet-Nuts Low-fat diet All Intensive Ad libitum

(n=259) (n=289) (n=179) (n=190) participants intervention MedDiet

(n=204) (n=101) (n=103)
Age (years, mean + SD) 65.2 +6.33 65.0 +£5.72 65.2 +6.72 65.4 £ 6.61 65.7 + 4.70 65.7 +4.84 65.7 +4.57
Women (n, %) 136 (52.7%) 43 (48.3%) 49 (62.0%) 44 (48.9%) 105 (51.5%) 52 (51.5%) 3 (51.5%)
Type-2 diabetes mellitus (n, %) 125 (48.4%) 43 (48.3%) 41 (51.9%) 1 (45.6%) 70 (34.3%) 34 (33.7%) 6 (35.0%)
Atherogenic dyslipidemia (n, %) 90 (35.0%) 34 (38.2%) 28 (35.9%) 28 (31.1%) 92 (45.3%) 50 (50.0%) 42 (40.8%)
Hypertension (n, %) 212 (82.2%) 74 (83.1%) 64 (81.0%) 74 (82.2%) 174 (85.3%) 83 (82.2%) 91 (88.3%)
Hypercholesterolemia (n, %) 201 (77.9%) 71 (79.8%) 61 (77.2%) 69 (76.7%) 142 (69.6%) 69 (68.3%) 73 (70.9%)

Triglycerides (mg dL™",
median [15-39 quartile])

113 [84.4;159] 121[94.0;163]

Body mass index categories:

113 [78.0;164]

108 [80.9;146] 146 [106;188] 146 [111;183] 145 [106;189]

<25 kg m2 (n, %) 27 (10.5%) 7 (7.87%) 13 (16.5%) 7 (7.78%)

25-30 kg m~2 (n, %)
>30 kg m~2 (n, %)

Tobacco use:

109 (42.2%)
122 (47.3%)

39 (43.8%)

Never smoker (n, %) 143 (55.4%)
Current smoker (n, %) 37 (14.3%)
78 (30.29%)

50 (56.29%)

Former smoker (n, %) 24 (27.0%)

33 (41.8%)
43 (48.3%) 33 (41.8%)

40 (50.6%)
15 (16.9%) 10 (12.7%) 12 (13.3%)
29 (36.7%)

37 (41.1%)
46 (51.1%)

43 (21.1%) 24 (23.8%) 19 (18.4%)
161 (78.9%) 77 (76.29%) 84 (81.6%)
53 (58.9%) 90 (44.1%) 46 (45.5%) 44 (42.7%)
17 (8.33%) 8 (7.92%) 9 (8.74%)

25 (27.8%) 97 (47.5%) 47 (46.5%) 50 (48.5%)

MedDiet, Mediterranean diet; MedDiet-EVOO, Mediterranean diet enriched with extra-virgin olive oil; MedDiet-Nuts, Mediterranean diet enriched with mixed nuts. Athero-
genic dyslipidemia is defined as presenting triglycerides >150 mg dL~" and low HDL cholesterol levels (<40 mg L™" in men, <46 mg dL™" in women).

Both MedDiets combined

MedDiet-EVOO MedDiet-Nuts

vs. low-fat diet p-value vs. low-fat diet p-value vs. low-fat diet p-value

VLDL triglycerides - Non-adjusted e 0.022 e 0.117 e 0.016
_________________ Adusted b 0129 ke 0165 k0230
VLDL cholesterol - Non-adjusted e 0.163 e 0.602 e 0.051
,,,,,,,,,,,,,,,, Adusted ke 0208 b 0495 b= 0126
VLDL apolipoprotein C-I - Non-adjusted e 0.192 e 0.668 e 0.060
______________________ Adusted b 0288 b 0788 k0107
VLDL apolipoprotein C-IIl - Non-adjusted s s | 0.042 e 0.105 e 0.057
_______________________ Adusted b 003 ke 007 ke 0070
Ratio apolipoprotein E/C-I in VLDL - Non-adjusted e 0.156 e 0.086 e 0.493
_______________________________ Adjusted  _ _ _____b—®—d 0105  b—#—d 0060 b 0397
VLDL capacity to transfer triglycerides - Non-adjusted e 0.160 e 0.818 F——a——- 0.023
Adjusted | — 0.248 | ——— 0.895 ——s— 0.045

T T T T T T 1
-0.75 -05 -025 0 025 05 075
Inter-group difference
in z-scores [95% Cl]

-0.75 -05 025 0 025 05 075
Inter-group difference
in z-scores [95% Cl]

-0.75 -05 -025 0 025 05 0.75
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Figure 2. Inter-group differences in VLDL characteristics in the PREDIMED study. Intergroup comparisons in post-intervention values relative to con-
trol group were estimated by multivariable linear regression models adjusted for age, sex, recruiting center, baseline levels of the parameters, and

triglycerides.

95% confidence interval [CI] 1.05-1.96, p-value < 0.001; MedDiet-
Nuts: +1.92 points, 95% CI 1.44-2.39, p-value < 0.001) due to in-
creases in the consumption of olive oil, legumes, and fish, and
decreases in the intake of bakery goods (Table S2, Supporting In-
formation). No inter-group differences for changes in physical
activity were found (Table S2, Supporting Information).

In PREDIMED-Plus, participants in the intensive group had
a higher adherence to the intervention after 1-year of follow-up
when compared with the control arm (+1.22 points, 95% CI 0.60—
1.84, p-value < 0.001) because of a higher consumption of whole
grains, fish, and white meat (Table S3, Supporting Information).
We observed higher physical activity in the intensive interven-
tion arm relative to baseline (+700 metabolic equivalents of task-
min/wk, 95% CI 254-1100, p-value = 0.003), but not versus the
control group (Table S3, Supporting Information).

Mol. Nutr. Food Res. 2023, 67, 2200338 2200338 (5 of 8)

3.3. Effects of the PREDIMED Intervention

No inter-group differences in post-intervention clinical parame-
ters were observed (Table S4, Supporting Information).
Regarding VLDL properties (Figure 2), according to the Horn’s
parallel analysis, two independent factors correctly defined our
set of VLDL-related variables. Thus, following the Bonferroni cor-
rection, here we considered as significant results with p-values
< 0.05/2 (<0.025). When assessing both MedDiet intervention
groups together, we observed nominally lower levels of ApoC-
I11 relative to the low-fat control group (—0.23 SD units, 95% CI
—0.44 to —0.014, p-value = 0.037; similar results were seen in the
MedDiet-EVOO and MedDiet-Nuts groups individually). There
was a nominally significant increase in VLDL triglyceride trans-
fer to cells only in the MedDiet-Nuts arm relative to the control

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. Inter-group differences in VLDL characteristics in the PREDIMED-Plus Study. Intergroup comparisons in post-intervention values relative to
control group were estimated by multivariable linear regression models adjusted for age, sex, baseline levels of the parameters, and triglycerides.

diet (+0.39 SD units, 95% CI 0.012-0.78, p-value = 0.045). In the
MedDiet-Nuts group in the non-adjusted analyses, we observed
a decrease in the VLDL content of triglycerides (—0.37 SD units,
95% CI —0.67 to —0.070, p-value = 0.016; similar changes were
seen for both MedDiets combined) and trends towards lower
concentrations of cholesterol (—0.30 SD units, 95% CI —0.60-2
x-107*, p-value = 0.051), and ApoC-I (—0.29 SD units, 95% CI
—0.62-0.009, p-value = 0.060). However, these changes were at-
tenuated after adjusting for confounders. No differences in the
rest of VLDL properties or in the MedDiet-EVOO intervention
group were seen. Pre- and post-intervention values and inter-
group differences in physiological units are available in Table S5,
Supporting Information.

3.4. Effects of the PREDIMED-Plus Intervention

In participants in the intensive intervention relative to the con-
trol arm, we observed lower BMI (—1.79 kg m=2, 95% CI
—2.16 to —1.42, p-value < 0.001) and waist circumference values
(—4.55 cm, 95% CI —5.67 to —3.43, p-value < 0.001) (Table S6,
Supporting Information). However, we detected no inter-group
differences in VLDL-related properties (Figure 3, Table S7, Sup-
porting Information).

4, Discussion

A 1-year intervention with a traditional MedDiet pattern, relative
to a low-fat diet, tended to decrease VLDL atherogenicity in older
adults at high cardiovascular risk. No differences were observed
when reducing energy intake and promoting physical activity in
this dietary pattern in a second randomized controlled trial in a
similar population.

Compared to a control low-fat diet, following a MedDiet pat-
tern tended to modify some VLDL-related properties (we ob-
served a nominally significant decrease in ApoC-III levels, a nom-
inally significant increment in VLDL transfer of triglycerides,

Mol. Nutr. Food Res. 2023, 67, 2200338 2200338 (6 of 8)

and suggestive lower concentrations of VLDL lipids and ApoC-
I). These properties were particularly impaired in individuals
with atherogenic dyslipidemia (which could in turn be linked to
a decrease in cardiovascular risk in this population). Although
these differences should be confirmed in studies with larger sam-
ple size and other similar dietary interventions, three possible
mechanisms may explain them. First, lipoproteins are known
to become richer in bioactive food compounds after following
MedDiet-related interventions. HDLs and LDLs became richer
in antioxidants!?>?%l and VLDLs incorporate the fatty acids con-
tained in olive oil and nuts.['*l In HDLs and LDLs, dietary antiox-
idants are hypothesized to protect HDL active proteins against
oxidation and keep them more functional.[''122728] Something
similar may happen in VLDL active proteins such as ApoC-II,
which may explain a greater capacity to bind to peripheral cells
to transfer triglycerides and a general decrease in circulating lev-
els of VLDL lipids. The known impact of nut-related polyun-
saturated fatty acids on triglyceride metabolism!?’! may also be
partially due to local effects on VLDL. Second, the synthesis
of ApoC-III is known to be increased in individuals with im-
paired glucose tolerance.l*”) Following a MedDiet enhances glu-
cose metabolism, 3! which could in turn decrease ApoC-111 levels
in circulation and bound to VLDL particles. Finally, low-fat diets
have been reported to reduce VLDL clearance without increas-
ing de novo VLDL synthesis.[32] This fact may help to explain an
inter-group decrease in parameters reflecting VLDL concentra-
tions such as triglycerides and ApoC-III.

Following an energy reduced MedDiet intervention with
enhanced physical activity did not modify VLDL quality char-
acteristics relative to an ad libitum MedDiet. Weight loss and
physical activity decrease triglyceride concentrations!®! by
promoting their uptake by muscle.}*) However, these factors
also impact lipid metabolism since the increased lipolysis after
energy-reduced diets with physical activity may transiently in-
crease hepatic VLDL synthesis using the fatty acids from adipose
tissue.3%] The collection of plasma samples in fasting state after
such interventions (also linked to greater adipose lipolysis)!®*!
may add complexity to the assessment of differences in VLDL
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biology. In any case, the PREDIMED-Plus intervention reduced
circulating triglycerides**l and we suggest that this reduction
happened without affecting the quality of triglyceride-rich
lipoproteins, even though it modified some triglyceride-related
properties of other lipoproteins such as HDLs.!'3! The smaller
size of the PREDIMED-Plus sub-sample, the greater proportion
of excess weight and atherogenic dyslipidemia in this popu-
lation, and the differences in interventions and weight loss
objectives may contribute to explaining the divergence in the
findings from both studies. While in the PREDIMED subjects
a slight improvement in VLDL profile was observed, perhaps a
longer steady state in weight loss is required to appreciate an
improvement in triglyceride-related markers in VLDL particles.

Our study has some strengths. This is the largest and most
comprehensive study addressing the effect of lifestyle interven-
tions on the quality characteristics of VLDL in individuals at high
cardiovascular risk. Its randomized design provides high quality
scientific evidence and minimizes the risk of potential confound-
ing. However, the study also has some limitations. First, our sam-
ple size limited the statistical power in some determinations (e.g.,
we found no inter-group difference in energy intake and physical
activity in the PREDIMED-Plus sub-sample when this difference
has been reported in the whole cohort).’*] Therefore, further
studies with larger number of participants and involving other
kinds of equivalent dietary modifications are warranted. Second,
we only found (and expected) moderate differences between in-
tervention groups because the trials are based on modest and re-
alistic lifestyle changes and control groups are active compara-
tors, as observed in similar publications.['"*] Third, our work fol-
lowed a hypothesis-driven approach and investigated a compre-
hensive set of VLDL properties (surrogate outcomes in the PRED-
IMED and PREDIMED-Plus studies) that are correlated and non-
independent. Thus, nominally significant results should be in-
terpreted cautiously. Fourth, participants of both studies were el-
derly people with high cardiovascular risk, which complicates the
extrapolation of our findings to other populations. Finally, sam-
ples were collected at fasting state and the increased lipolysis in
the adipose tissue in this time frame[**! could add complexity to
the interpretation of differences in VLDL qualitative properties.
Further studies assessing VLDL biology in non-fasting states are
advisable.

5. Concluding Remarks

In older adults at high cardiovascular risk, a traditional MedDiet
(relative to a low-fat control diet) seems to be linked to a de-
crease in VLDL atherogenicity, while an energy reduced MedDiet
with increased physical activity did not modify these characteris-
tics. Our results suggest that healthy lifestyle modifications could
have a positive impact on VLDL quality characteristics, especially
in individuals with atherogenic dyslipidemia. However, our find-
ings should be verified in further studies with similar lifestyle
modifications and larger sample sizes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Mol. Nutr. Food Res. 2023, 67, 2200338 2200338 (7 of 8)

www.mnf-journal.com

Acknowledgements

The authors want to thank Daniel Mufioz-Aguayo, Gemma Blanchart, and
Sonia Gaixas for their laboratory support, and Stephanie Lonsdale for her
help in editing the English text. A full list of names of all PREDIMED and
PREDIMED-Plus study collaborators is available in the Supporting files Ap-
pendix 1. The authors also thank the PREDIMED-Plus Biobank Network as
a part of the National Biobank Platform of the ISCIII for storing and man-
aging the PREDIMED-Plus biological samples. CIBER de Fisiopatologfa
de la Obesidad y Nutricién (CIBEROBN) is an initiative of Instituto de
Salud Carlos Il (Madrid, Spain), and is financed by the European Regional
Development Fund. Acknowledgements to European Research Council
(Grant 340918). This work was supported by the Instituto de Salud Car-
los 11l (grant numbers: IF120/00002, PI19/00017, P115/00047, P118/00020,
PI16/00533, PI13/00233, PI21/00024, PI20/00012, and CP21/00097) and
co-funded by the European Union. The funders played no role in study
design, collection, analysis, or interpretation of data, and neither in the
process of writing the manuscript and the publish process.

Open access funding was provided by the Norwegian Institute of Public
Health.

Conflict of Interest

E.R. reports personal fees, grants, and nonfinancial support from the Cal-
ifornia Walnut Commission and Alexion; personal fees and nonfinancial
support from Danone; and nonfinancial support from the International
Nut Council. J.S.-S. reports being a board member and personal fees
from Instituto Danone Spain; being a board member and grants from
the International Nut and Dried Fruit Foundation. R.E. reports being a
board member of the Research Foundation on Wine and Nutrition, the
Beer and Health Foundation, and the European Foundation for Alcohol
Research; personal fees from KAO Corporation; lecture fees from Insti-
tuto Cervantes, Fundacién Dieta Mediterranea, Cerveceros de Espana, Lilly
Laboratories, AstraZeneca, and Sanofi; and grants from Novartis, Amgen,
Bicentury, and Grand Fountaine. X.P. reports being a board member, lec-
ture fees, and grants from Ferrer International; to be a board member and
grants from the Residual Risk Reduction Initiative Foundation; personal
fees from Abbott Laboratories; lecture fees and grants from Merck and
Roche; lecture fees from Danone, Esteve, Menarini, Mylan, LACER, and
Rubio Laboratories; and grants from Sanofi, Kowa, Unilever, Boehringer
Ingelheim, and Karo Bio. L.S.-M. reports being a board member of the
Mediterranean Diet Foundation and the Beer and Health Foundation. All
other authors report no conflicts of interest.

Author Contributions

K.A.P.V.: formal analysis, methodology, writing — original draft prepa-
ration. O.C.: supervision, writing-review & editing. A.S.: supervision,
writing—review & editing. C.L.: supervision, writing—review & editing. E.R.:
data curation, funding acquisition, project administration, supervision,
writing—review & editing. X.P.: data curation, supervision, writing—review
& editing. R.E.: data curation, funding acquisition, project administration,
supervision, writing—review & editing. J.S.S.: data curation, funding
acquisition, project administration, supervision, writing—review & edit-
ing. D.C.: data curation, funding acquisition, project administration,
supervision, writing—review & editing. A.AM.A.G.: data curation, super-
vision, writing—review & editing. L.S.M: data curation, supervision,
writing—review & editing. C.R.: data curation, supervision, writing—review
& editing. M.F.: data curation, supervision, writing—review & editing.
J.L.: data curation, supervision, writing—review & editing. E.G.G.: data
curation, supervision, writing—review & editing. F.J.T.. data curation,
funding acquisition, project administration, supervision, writing—review
& editing. A.H.: study design and conceptualization, formal analysis,
methodology, writing — original draft preparation. M.F.: study design and
conceptualization, formal analysis, methodology, project administration,
writing — original draft preparation.

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BA TR0 3|cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUONIPUCD-PUR-SLLLIBY/WID" A8 1M ARIq 1 Ul UO//:SdNY) SUORIPUOD pue SWid | 8L 88S *[£202/T0/0] Uo Ariqiauliuo A8|iMm ‘(uleAnde) aanopesy Aq 888002202 JUL/Z00T OT/I0p/L0o" A8 | 1M Ake.q 1 jpuluo//:Sdny Wo.y papeojumod ‘T ‘€202 ‘SETHETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

lar Nutrition
ood Research

Mo

Keywords

energy-reduced diet, Mediterranean diet, randomized controlled trial,
triglycerides, very low-density lipoprotein

Received: September 8, 2022
Revised: October 14, 2022
Published online: November 18, 2022

(1]

(2]
(3]

(4]

(3]

(6]
(7]

(8]

9]
(1]

!

[12]

[13]

[14]

(15]

[16]

Mol. Nutr. Food Res. 2023, 67, 2200338

H. N. Ginsberg, C. ). Packard, M. ). Chapman, . Borén, C. A. Aguilar-
Salinas, M. Averna, B. A. Ference, D. Gaudet, R. A. Hegele, S. Kersten,
G. F. Lewis, A. H. Lichtenstein, P. Moulin, B. G. Nordestgaard, A. T.
Remaley, B. Staels, E. S. G. Stroes, M.-R. Taskinen, L. S. Tokgézoglu,
A. Tybjaerg-Hansen, ). K. Stock, A. L. Catapano, Eur. Heart J. 2021, 42,
4791.

Z. Reiner, Nat. Rev. Cardiol. 2017, 14, 401.

M. T. Soria-Florido, O. Castafier, C. Lassale, R. Estruch, . Salas-
Salvadé, M. A. Martinez-Gonzélez, D. Corella, E. Ros, F. Arés, R. Elo-
sua, J. Lapetra, M. Fiol, A. Alonso-Gémez, E. Gdmez-Gracia, L. Serra-
Majem, X. Pinté, M. Bullé, M. Ruiz-Canela, . v. Sorli, A. Herndez, M.
Fitd, Circulation 2020, 141, 444.

A. Sanllorente, O. Castafier, C. Lassale, E. Almanza-Aguilera, R. Elo-
sua, J. Vila, M. Soldado, G. Blanchart, D. Mufioz-Aguayo, |. Subi-
rana, ). Marrugat, A. Herndez, M. Fité, Eur Heart J. 2022, 29,
e47.

A. Herndez, M. T. Soria-Florido, H. Schréder, E. Ros, X. Pinté, R. Es-
truch, ). Salas-Salvadé, D. Corella, F. Arés, L. Serra-Majem, M. A.
Martinez-Gonzélez, M. Fiol, J. Lapetra, R. Elosua, R. M. Lamuela-
Raventds, M. Fitd, PLoS One 2019, 14, e0218533.

C.Zheng, C. Khoo, J. Furtado, F. M. Sacks, Circulation 2010, 121, 1722.
M. Larsson, E. Vorrsjé, P. Talmud, A. Lookene, G. Olivecrona, J. Biol.
Chem. 2013, 288, 33997.

A. Wolska, R. L. Dunbar, L. A. Freeman, M. Ueda, M. J. Amar, D. O.
Sviridov, A. T. Remaley, Atherosclerosis 2017, 267, 49.

E. Sehayek, S. Eisenberg, J. Biol. Chem. 1991, 266, 18259.

H. H. J. J. van Barlingen, L. A. W. Kock, F. H. A. F. de Man, D. W.
Erkelens, T. W. A. de Bruin, Atherosclerosis 1996, 121, 75.

A. Herndez, O. Castafier, R. Elosua, X. Pinté, R. Estruch, |. Salas-
Salvadé, D. Corella, F. Arés, L. Serra-Majem, M. Fiol, M. Ortega-
Calvo, E. Ros, M. A. Martinez-Gonzélez, R. de la Torre, M. C. Lépez-
Sabater, M. Fité, Circulation 2017, 135, 633.

A. Herndez, O. Castafier, A. Goday, E. Ros, X. Pinté, R. Estruch, ).
Salas-Salvadd, D. Corella, F. Arés, L. Serra-Majem, M. A. Martinez-
Gonziélez, M. Fiol, ). Lapetra, R. de la Torre, M. C. L6pez-Sabater, M.
Fitd, Mol. Nutr. Food Res. 2017, 61, 1601015.

A. Sanllorente, M. T. Soria-Florido, O. Castarier, C. Lassale, |. Salas-
Salvadd, M. A. Martinez-Gonzalez, |. Subirana, E. Ros, D. Corella, R.
Estruch, F. ). Tinahones, A. Herndez, M. Fit6, Am. J. Clin. Nutr. 2021,
114, 1666.

J. S. Perona, M.-l. Covas, M. Fit6, R. Cabello-Moruno, F. Aros, D.
Corella, E. Ros, M. Garcia, R. Estruch, M. A. Martinez-Gonzalez, V.
Ruiz-Gutierrez, J. Nutr. Biochem. 2010, 21, 892.

R. Estruch, E. Ros, ). Salas-Salvadd, M.-I. Covas, D. Corella, F. Arés, E.
Goémez-Gracia, V. Ruiz-Gutiérrez, M. Fiol, |. Lapetra, R. M. Lamuela-
Raventos, L. Serra-Majem, X. Pinté, ). Basora, M. A. Mufioz, ). v.
Sorli, J. A. Martinez, M. Fitd, A. Gea, M. A. Hernan, M. A. Martinez-
Gonzdlez, N. Engl. J. Med. 2018, 378, e34.

M. A. Martinez-Gonzalez, D. Corella, ). Salas-Salvado, E. Ros, M. I.
Covas, M. Fiol, J. Warnberg, F. Aros, V. Ruiz-Gutierrez, R. M. Lamuela-
Raventos, ). Lapetra, M. A. Munoz, ). A. Martinez, G. Saez, L. Serra-
Majem, X. Pinto, M. T. Mitjavila, J. A. Tur, M. d. P. Portillo, R. Estruch,
Int. . Epidemiol. 2012, 41, 377.

2200338 (8 of 8)

[17]

(18]

[19]

(20]

(21]

[22]

(23]
(24]

(25]

[26]

(27]
(28]

(29]
(3]

(3]
(32

(33]

(34]

35]
36]

www.mnf-journal.com

M. A. Martinez-Gonzélez, P. Buil-Cosiales, D. Corella, M. Bulld,
M. Fit6, ). Vioque, D. Romaguera, ). A. Martinez, |. Warnberg, J.
Lépez-Miranda, R. Estruch, A. Bueno-Cavanillas, F. Arés, ). A. Tur,
F. Tinahones, L. Serra-Majem, V. Martin, ). Lapetra, C. Vdzquez, X.
Pintd, J. Vidal, L. Daimiel, M. Delgado-Rodriguez, P. Matia, E. Ros,
F. Fernandez-Aranda, C. Botella, M. Puy Portillo, R. M. Lamuela-
Raventés, A. Marcos, et al., Int. J. Epidemiol. 2019, 48, 387.

A. de la Sierra, M. Gorostidi, P. Aranda, E. Corbella, X. Pintd, Rev. Esp.
Cardiol. 2015, 68, 592.

H. Schréder, M. Fité, R. Estruch, M. A. Martinez-Gonzalez, D.
Corella, J. Salas-Salvadé, R. Lamuela-Raventés, E. Ros, |. Salaver-
ria, M. Fiol, J. Lapetra, E. Vinyoles, E. Gdmez-Gracia, C. Lahoz, L.
Serra-Majem, X. Pinté, V. Ruiz-Gutierrez, M. Covas, J. Nutr. 2011, 141,
1140.

H. Schréder, M. D. Zomefio, M. A. Martinez-Gonzélez, |. Salas-
Salvadé, D. Corella, J. Vioque, D. Romaguera, J. A. Martinez, F. ). Tina-
hones, J. L. Miranda, R. Estruch, A. Bueno-Cavanillas, A. M. Alonso
Gémez, ). A. Tur, |. Warnberg, L. Serra-Majem, V. Martin, C. Vézquez,
J. Lapetra, X. Pintd, ). Vidal, L. Daimiel, J. J. Gaforio, P. Matia-Martin,
E. Ros, C. Lassale, M. Ruiz-Canela, N. Babio, J. v. Sorli, A. Garcia-
Arellano, et al., Clin. Nutr. 2021, 40, 4971.

J. D. Fernandez-Ballart, ). L. Pifiol, I. Zazpe, D. Corella, P. Carrasco, E.
Toledo, M. Perez-Bauer, M. A. Martinez-Gonzalez, ). Salas-Salvads,
J. M. Martin-Moreno, Br. J. Nutr. 2010, 103, 1808.

D. R. Helsel, Statistics for Censored Environmental Data Using
Minitab and R, Wiley, Hoboken, New Jersey 2012.

A. Dinno, Multivariate Behav. Res. 2009, 44, 362.

R Core Team, R: A Language And Environment For Statistical Com-
puting 2021.

A. Herndez, S. Fernandez-Castillejo, M. Farras, U. Catalén, I. Subi-
rana, R. Montes, R. Sol, D. Mufioz-Aguayo, A. Gelabert-Gorgues, O.
Diaz-Gil, K. Nyyssénen, H. J. F. Zunft, R. de La Torre, S. Martin-Peldez,
A. Pedret, A. T. Remaley, M. I. Covas, M. Fitd, Arterioscler. Thromb.
Vasc. Biol. 2014, 34, 2115.

E. Gimeno, K. de la Torre-Carbot, R. M. Lamuela-Raventés, A. I.
Castellote, M. Fité, R. de la Torre, M. |. Covas, M. C. Lépez-Sabater,
Br. J. Nutr. 2007, 98, 1243.

A. Herndez, M. Farras, M. Fit6, Curr. Opin. Lipidol. 2016, 27, 47.

A. Herndez, A. T. Remaley, M. Farras, S. Ferndndez-Castillejo, I. Subi-
rana, H. Schréder, M. Fernandez-Mampel, D. Mufioz-Aguayo, M.
Sampson, R. Sola, M. Farré, R. de la Torre, M. C. Lépez-Sabater, K.
Nyyssénen, H. ). F. Zunft, M. I. Covas, M. Fit6, J. Nutr. 2015, 145,
1692.

L. C. del Gobbo, M. C. Falk, R. Feldman, K. Lewis, D. Mozaffarian,
Am. J. Clin. Nutr. 2015, 102, 1347.

J. Borén, C. ). Packard, M. R. Taskinen, Front. Endocrinol. 2020, 11,
474,

M. Dinu, G. Pagliai, A. Casini, F. Sofi, Eur. J. Clin. Nutr. 2018, 72, 30.
E.J. Parks, R. M. Krauss, M. P. Christiansen, R. A. Neese, M. K. Heller-
stein, J. Clin. Invest. 1999, 104, 1087.

B. Hasan, T. Nayfeh, M. Alzuabi, Z. Wang, A. R. Kuchkuntla, L. J.
Prokop, C. B. Newman, M. H. Murad, T. I. Rajjo, J. Clin. Endocrinol.
Metab. 2020, 105, 3695.

Y. E. Tsekouras, F. Magkos, K. I. Prentzas, K. N. Basioukas, S. G. Mat-
sama, A. E. Yanni, S. A. Kavouras, L. S. Sidossis, Clin. Sci. 2009, 116,
147.

C. Capurso, A. Capurso, Vascul. Pharmacol. 2012, 57, 91.

J. Salas-Salvad6, A. Diaz-L6pez, M. Ruiz-Canela, |. Basora, M. Fit6,
D. Corella, L. Serra-Majem, ). Warnberg, D. Romaguera, J. Vidal, J. A.
Martinez, E. Ros, ). Vioque, J. L6pez-Miranda, A. Bueno-Cavanillas,
J. A. Tur, F. J. Tinahones, V. Martin, ). Lapetra, X. Pint6, L. Daimiel,
M. Delgado-Rodriguez, P. Matia, E. Gémez-Gracia, ). Diez-Espino,
N. Babio, O. Castafier, ). v. Sorli, M. Fiol, M. A. Zulet, et al., Diabetes
Care 2019, 42, 777.

© 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BA TR0 3|cedl|dde ayp Aq peuseno aJe ssjpie YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUONIPUCD-PUR-SLLLIBY/WID" A8 1M ARIq 1 Ul UO//:SdNY) SUORIPUOD pue SWid | 8L 88S *[£202/T0/0] Uo Ariqiauliuo A8|iMm ‘(uleAnde) aanopesy Aq 888002202 JUL/Z00T OT/I0p/L0o" A8 | 1M Ake.q 1 jpuluo//:Sdny Wo.y papeojumod ‘T ‘€202 ‘SETHETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

