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Abstract

:

Sex differences have been previously highlighted in the cardioprotective effects of the Mediterranean diet (MedDiet). The objective of this study was to investigate whether sex differences also exist with regard to LDL particle size distribution and oxidation. Participants were 37 men and 32 premenopausal women (24–53 years) with slightly elevated LDL-C concentrations (3.4–4.9 mmol/L) or total cholesterol/HDL-C ≥5.0. Variables were measured before and after a four-week isoenergetic MedDiet. Sex differences were found in response to the MedDiet for the proportion of medium LDL (255–260 Å) (p for sex-by-time interaction = 0.01) and small, dense LDL (sdLDL; <255 Å) (trend; p for sex-by-time interaction = 0.06), men experiencing an increase in the proportion of medium LDL with a concomitant reduction in the proportion of sdLDL, while an opposite trend was observed in women. A sex difference was also noted for estimated cholesterol concentrations among sdLDL (p for sex-by-time interaction = 0.03), with only men experiencing a reduction in response to the MedDiet. The MedDiet marginally reduced oxidized LDL (oxLDL) concentrations (p = 0.07), with no sex difference. Results suggest that short-termconsumption of the MedDiet leads to a favorable redistribution of LDL subclasses from smaller to larger LDL only in men. These results highlight the importance of considering sex issues in cardiovascular benefits of the MedDiet.
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1. Introduction


Lowering LDL-C concentration is the primary target of therapy for the prevention of cardiovascular disease (CVD) [1,2,3]. However, in addition to LDL-C concentrations, it has been shown that a more detailed analysis of LDL physico-chemical properties (e.g., size and oxidation) provides further insight into individual cardiovascular risk [4,5,6]. Individuals characterized by a predominance of small, dense LDL particles (sdLDL) are at increased risk of coronary heart disease compared to those with larger, buoyant LDL particles [7,8,9]. Compared with large LDL, sdLDL possess a lower affinity for the LDL receptor and a longer half-life in plasma [10], bind more tightly to arterial proteoglycans [11], penetrate the arterial subendothelial space more easily [12] and are more susceptible to oxidation [13]. LDL oxidation is another process through which LDL contribute to atherosclerotic plaque formation by favoring endothelial dysfunction, the release of inflammatory cytokines and macrophage transformation into foam cells [6]. Accordingly, oxidized LDL (oxLDL) concentrations have been identified as an important marker of atherosclerotic lesions [5,6].



Sex disparities have been previously reported for LDL physico-chemical properties, men being characterized by a higher proportion of sdLDL and greater concentrations of oxLDL than premenopausal women [14,15,16,17,18,19]. Given that the presence of both sdLDL and oxLDL are predictive of an increased cardiovascular risk, such sex differences could contribute in part to the higher risk of coronary heart disease found in men compared with premenopausal women.



Adopting the traditional Mediterranean diet (MedDiet) has been identified as a useful strategy in the prevention of cardiovascular events. The Prevención con Dieta Mediterránea (PREDIMED) study, consisting of a nutritional intervention among 7447 high-risk individuals, indicates that the adherence to an energy-unrestricted MedDiet supplemented with extra-virgin olive oil or mixed nuts for 4.8 years reduces by approximately 30% the incidence of myocardial infarction, stroke and cardiovascular death compared with a low-fat diet [20]. Different mechanisms of action have been proposed for the beneficial cardioprotective effects of the MedDiet, one largely documented being its LDL-C lowering effects [21]. Nevertheless, strong evidence suggests beneficial effects of the MedDiet beyond its impact on LDL-C and other traditional risk factors [22].



A shift toward larger LDL particles and a reduction in oxLDL concentrations have been previously observed with the consumption of the MedDiet in some [23,24,25,26,27], but not all studies [28], suggesting that some factors, such as the characteristics of participants (e.g., sex, age, genetic predisposition, usual dietary intakes) may modulate these effects. In this sense, previous results suggest that men have greater cardiometabolic changes in response to the MedDiet than premenopausal women [29,30,31]. However, no study has examined whether sex differences exist in the effects of this food pattern on LDL physico-chemical properties. One could speculate that, because of the higher proportion of sdLDL habitually found in men compared with premenopausal women [14,15,16,17], men may experience a more important shift toward larger LDL particles than women in response to the MedDiet. Consequently, since larger, less dense LDL particles are less susceptible to oxidation than sdLDL [13], men may have greater reduction in oxLDL concentrations than women. As estrogens exert beneficial effects on LDL size and oxidation [18,32,33,34,35] and the MedDiet has been previously shown to reduce estrogen concentrations in women [36], these facts further support the hypothesis that men may benefit more than premenopausal women from this food pattern.



The aim of the present study was to verify whether the impact of the MedDiet on LDL size distribution, as well as on oxLDL concentrations differs between men and women. Results presented in this paper suggest that adhering to the MedDiet, in addition to a clinically-relevant reduction in LDL-C concentrations, also has additional positive effects on LDL particle size phenotype, leading to a favorable redistribution from smaller to larger LDL in men, but not in women. This study provides new and useful clinical information in order to improve our understanding of the variability in the response to the MedDiet and, ultimately, to further individualize dietary recommendations in the prevention of cardiovascular disease.




2. Experimental Section


2.1. Subjects


Thirty-eight men and 32 premenopausal women took part to this study. However, one man was excluded from analyses, because of a lack of dietary compliance due to illness during several days just before the end of the controlled MedDiet phase. Analyses were therefore conducted in a sample of 37 men and 32 premenopausal women, aged between 24 and 53 years, who participated in a study that was initially designed to directly document sex differences in the impact of a MedDiet on LDL-C concentrations [29]. The main inclusion criteria were to have slightly elevated LDL-C concentrations (between 3.4 and 4.9 mmol/L) or a total cholesterol to HDL-C ratio ≥5.0, as well as at least one of the four following CVD risk factors: waist circumference >94 cm in men and >80 cm in women [37]; TG ≥1.7 mmol/L; fasting glycemia between 6.1 and 6.9 mmol/L and/or blood pressure levels ≥130/85 mm Hg. No participant had a history of cardiovascular events, and none were taking medication that could affect the dependent variables under study (e.g., lipid-lowering medication). Smokers and pregnant women or those using systemic hormonal contraceptives were excluded from this study. The present study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all procedures involving human subjects were approved by the Laval University Ethics Committee (#2007-180, 4 October 2007). This clinical trial was registered at www.clinicaltrials.gov as NCT01293344.



Before the intervention (i.e., at screening), no difference between men and women was found for age (mean (SD): men 42.5 (7.3) years; women 41.1 (7.4) years, p for sex difference = 0.45) and BMI (mean (SD): men 28.8 (3.1) kg/m2; women 29.2 (5.6) kg/m2, p for sex difference = 0.92). However, men had higher mean values than women for body weight (mean (SD): men 90.7 (13.7) kg; women 77.4 (14.7) kg, p for sex difference <0.001) and waist circumference (mean (SD): men 102.1 (9.9) cm; women 94.3 (10.3) cm, p for sex difference = 0.001).



Power analyses for repeated measures and within-between interactions showed that a total sample size of n = 69 is sufficient to detect significant differences in all outcomes measured with a small effect size estimate (Cohen’s d of 0.20 [38]) and with an α = 0.05 and a power of 0.8 (G*Power Version 3.0.10, Franz Faul, Universität Kiel, Germany).




2.2. Study Design


The study protocol consisted of a 4-week run-in period, immediately followed by a 4-week fully-controlled MedDiet phase [29]. During the run-in period, subjects received personalized recommendations by a registered dietitian in order to follow the healthy recommendations of Canada’s Food Guide [39]. Briefly, Canada’s Food Guide is an educational tool that promotes healthy eating for Canadians in order to reduce the risk of chronic diseases and to achieve overall health. It indicates the recommended number of food guide servings per day for each of the four food groups (vegetables and fruits, grain products, milk and alternatives and meat and alternatives) according to the age and sex of individuals. In addition, more specific recommendations are provided for each food groups (e.g., eat at least one dark green and one orange vegetable each day, make at least half of your grain products whole grain each day, select lower fat milk and alternatives, have meat alternatives, such as beans, lentils and tofu, often and eat at least two servings of fish each week). The 4-week run-in period allowed comparing the effects of the MedDiet between men and women having similar baseline dietary intakes, as reported previously [29]. Moreover, the concordance of men’s and women’s diet with the traditional MedDiet was similar at the end of the run-in period, as suggested by a Mediterranean score (MedScore; from 0–44 points: 24.8 (5.9) points in men and 24.6 (4.4) points in women, p for sex difference = 0.87) [40]. This MedScore has been previously shown to be a valid indicator of MedDiet adherence [40,41]. A MedScore of forty-four would imply a food pattern that is perfectly concordant with the traditional MedDiet. No change in body weight was found during the run-in period (+0.02 (0.19) kg in men and −0.01 (0.16) kg in women, respectively p = 0.93 and p = 0.84).



During the 4-week fully-controlled feeding phase, subjects consumed an experimental MedDiet formulated to be concordant with the characteristics of the traditional MedDiet [42]. More precisely, the experimental MedDiet included an abundance of fruits, vegetables, whole grain cereals, nuts and legumes, moderate amounts of fish, poultry, eggs and low-fat dairy products and low amounts of red meat and sweets. Olive oil was the main source of fat, and wine accompanied meals with moderation. The percentages of energy derived from lipids, carbohydrates, proteins and alcohol were respectively 32% (7.2% SFA, 17.9% MUFA and 4.6% PUFA), 46%, 17% and 5%. Details about the composition of the MedDiet have been already reported [29].



A 4-week controlled phase has been demonstrated as sufficient to induce significant changes in LDL particle size features [43,44] and oxLDL concentrations [45,46]. All foods for the MedDiet phase were prepared in a standardized manner in the Clinical Investigation Unit (CIU). Subjects were instructed to consume only the foods and beverages provided to them, which corresponded to 100% of their estimated energy needs. Energy needs were established by averaging energy requirements estimated by a validated food frequency questionnaire (FFQ) [47] administrated at the beginning of the run-in period and energy needs as determined by the Harris–Benedict formula. Participant’s body weight was monitored daily before the consumption of the lunch at the CIU, and energy intake was increased or decreased by 250 kcal/day if a subject lost or gained greater than 1 kg and maintained that body weight for at least 3 days. Participants completed a daily checklist confirming the consumption of provided foods and beverages and, if needed, the amount of foods not consumed. Participants were instructed to maintain their usual physical activity level. However, in order to verify whether participants followed this instruction, daily energy expenditure from physical activity participation was evaluated using a validated 3-day activity diary record developed by Bouchard et al. [48] administrated during the fourth week of both the run-in period and the MedDiet phase. Since some studies have suggested that fluctuations in female hormones influence the lipid-lipoprotein profile [49], women’s feeding was shortened or prolonged if needed in order to be able to carry out all tests in the early follicular phase of their menstrual cycle (from the third to the ninth day of the menstrual cycle; mean duration of the feeding period in women (SD): 28.8 (4.3) days).




2.3. Laboratory Analyses


Blood samples were collected from an antecubital vein into vacutainer tubes after a 12-h overnight fast. Total plasma cholesterol, TG and HDL-C concentrations were measured using commercial reagents on a Modular P chemistry analyzer (Roche Diagnostics, Mannheim, Germany). Apo B was measured by immunoturbidimetry (Roche Diagnostics, Mannheim, Germany). LDL-C was obtained by the equation of Friedewald [50]. Plasma apo A-1 and apo A-2 concentrations were measured by immunonephelometry. For the measurements of LDL particle size features and oxLDL concentrations, analyses were performed using plasma stored at −80 °C. Non-denaturing 2%–16% polyacrylamide gradient gel electrophoreses were used to characterize LDL particle size distribution, as previously described [51]. LDL particle size was computed on the basis of the relative migration of plasma standards of known diameter [52]. The LDL peak particle size was computed as the estimated diameter for the major peak of each scan. An integrated (or mean) LDL size, corresponding to the weighed mean size of all LDL subclasses in each individual, was also determined. As revealed by the analysis of pooled plasma standards, measurements of LDL peak particle size and LDL integrated particle size were highly reproducible, considering an inter-assay coefficient of variation of <2%. The relative proportion of sdLDL, characterized by a diameter <255 Å (LDL<255Å), was obtained by computing the relative area of the densitometric scan <255 Å. The absolute concentration of cholesterol in sdLDL particles was estimated by multiplying the total plasma LDL-C concentrations by the relative proportion of LDL<255Å. Similar approaches were used to estimate the relative proportion of medium and large LDL particles and their specific estimated cholesterol concentration, using respectively a diameter between 255 and 260 Å (LDL255–260Å) and >260 Å (LDL>260Å). LDL subclass Pattern A was characterized by an LDL peak particle size ≥255 Å, whereas LDL subclass Pattern B by a LDL peak particle size <255 Å. The measurements of the proportion of medium LDL and large LDL had a coefficient of variation of 12% and 9.3% respectively. oxLDL concentrations were measured using a commercial enzyme-linked immune-sorbent assay (ELISA) kit (Alpco, Salem, NH), with an intra-assay coefficient of variation of 3.9%–5.7% and inter-assay coefficient of variation of 9%–11%.




2.4. Statistical Analyses


Statistical analyses were performed using SAS statistical package Version 9.4 (SAS Institute Inc., Cary, NC, USA). All statistical tests were two-sided. p ≤ 0.05 was considered as significant. Data were collected before (i.e., immediately after the run-in period, referred as baseline values) and after the controlled MedDiet phase. Differences in baseline characteristics between men and women were assessed using Student’s t-test. Mixed procedures for repeated measurements were used to assess the main effects of time, sex and sex-by-time interaction on LDL particle size features and oxLDL concentrations. When a significant main effect was found, Tukey-Kramer adjusted p-values were used to identify the precise location of differences. Associations between variables were assessed by Pearson’s correlation analyses. One woman was excluded from analyses of oxLDL concentrations due to a baseline extreme value (i.e., 3027.8 ng/mL vs. group’s mean (SD) of 166.4 (200.6) ng/mL).



Although the MedDiet phase aimed at being isoenergetic, both men and women experienced a small, but significant body weight change (mean (SD): −1.19 (1.23) kg in men, p < 0.001 and −0.55 (0.98) kg in women, p = 0.01). Given that changes in body weight may influence LDL physico-chemical properties (both size and oxidation) [5,53], all analyses presented here were adjusted for this small change in body weight. Waist circumference did not statistically change during the MedDiet phase in both men and women (mean (SD): −0.29 (2.68) cm in men, p = 0.56; −0.80 (2.56) cm in women, p = 0.09).





3. Results


Even if there were no difference between men and women for LDL-C concentrations before the MedDiet (i.e., immediately after the run-in period; p = 0.36), some sex differences were observed in LDL physico-chemical properties (Table 1). In fact, men had a lower proportion of medium LDL(255–260Å) (p = 0.02) and a higher proportion of sdLDL(<255Å) (p = 0.01) than women. Moreover, men had higher estimated cholesterol concentrations among sdLDL(<255Å) than women (p = 0.01). Finally, men were characterized by smaller LDL peak particle size (p = 0.04) and LDL integrated size (p = 0.04) than women. No difference was found between men and women for all of the other variables related to LDL particle size features (p > 0.08). Men and women had similar oxLDL concentrations prior to the controlled MedDiet intervention (p = 0.86).



3.1. Plasma Lipids and Lipoproteins


As reported previously [29], reductions in total cholesterol, LDL-C, HDL-C, total cholesterol to HDL-C ratio and apo B were observed in response to the MedDiet, and no difference was found between men and women (p for sex-by-time interaction ≥0.16; Table 1). More precisely, reductions in LDL-C concentrations of 10.4% in men and 7.3% in women were noted (respectively, p = 0.003 and p = 0.04).
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Table 1. Effects of the four-week Mediterranean diet (MedDiet) on the lipid-lipoprotein profile and LDL physical properties in men and women.
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Variables

	
Men (n = 37)

	
Women (n = 32)

	
p-value a




	
Baseline b

	
After MedDiet

	
Change

	
Baseline b

	
After MedDiet

	
Change

	
Time

	
Sex * time




	
Mean

	
SEM

	
Mean

	
SEM

	
%

	
Mean

	
SEM

	
Mean

	
SEM

	
%






	
TG (mmol/L) c,d

	
1.86

	
0.19

	
1.59

	
0.10

	
−14.6

	
1.36

	
0.11

	
1.26

	
0.08

	
−7.7

	
0.06

	
0.53




	
Total cholesterol (mmol/L) c

	
5.56

	
0.15

	
5.01

	
0.13

	
−9.9

	
5.40

	
0.11

	
5.06

	
0.10

	
−6.2

	
<0.001

	
0.16




	
LDL-C (mmol/L) c

	
3.61

	
0.12

	
3.23

	
0.11

	
−10.4

	
3.47

	
0.09

	
3.22

	
0.09

	
−7.3

	
<0.001

	
0.34




	
HDL-C (mmol/L) c,d

	
1.09

	
0.05

	
1.05

	
0.04

	
−4.4

	
1.30

	
0.05

	
1.27

	
0.04

	
−2.6

	
0.02

	
0.57




	
Total cholesterol/HDL-C ratio c

	
5.30

	
0.17

	
4.97

	
0.17

	
−6.1

	
4.26

	
0.14

	
4.08

	
0.12

	
−4.3

	
0.001

	
0.36




	
Apo B (g/L) c

	
1.14

	
0.04

	
1.03

	
0.04

	
−9.5

	
1.04

	
0.03

	
0.95

	
0.03

	
−9.0

	
<0.001

	
0.69




	
LDL physical properties

	

	

	

	

	

	

	

	

	

	

	

	




	
LDL peak particle diameter (Å) d

	
253.2

	
0.5

	
253.3

	
0.4

	
0.0

	
254.7

	
0.6

	
254.4

	
0.5

	
−0.1

	
0.79

	
0.42




	
LDL integrated size (Å) d

	
254.2

	
0.4

	
254.4

	
0.3

	
0.1

	
255.5

	
0.5

	
255.4

	
0.4

	
−0.1

	
0.70

	
0.25




	
Relative distribution among LDL subclasses

	

	

	

	

	

	

	

	

	

	

	

	




	
Large LDL>260Å (%) d

	
17.0

	
2.0

	
16.5

	
1.6

	
−0.5

	
22.3

	
2.7

	
20.8

	
2.8

	
−1.5

	
0.41

	
0.57




	
Medium LDL255–260Å (%)

	
26.9

	
1.5

	
29.9

	
1.4

	
3.0

	
32.7

	
2.1

	
31.5

	
1.7

	
−1.2

	
0.25

	
0.01




	
Small LDL<255Å (%)

	
56.2

	
2.9

	
53.6

	
2.6

	
−2.5

	
45.0

	
3.4

	
47.7

	
3.0

	
2.6

	
0.97

	
0.06




	
Absolute concentration of cholesterol in LDL subclasses

	

	

	

	

	

	

	

	

	

	

	

	




	
Large LDL-C>260Å (mmol/L) d

	
0.64

	
0.08

	
0.56

	
0.06

	
−12.6

	
0.77

	
0.09

	
0.71

	
0.11

	
−8.9

	
0.03

	
0.54




	
Medium LDL-C255–260Å (mmol/L)

	
0.99

	
0.07

	
0.97

	
0.06

	
−1.2

	
1.14

	
0.08

	
1.01

	
0.06

	
−11.5

	
0.06

	
0.12




	
Small LDL-C<255Å (mmol/L)

	
1.99

	
0.10

	
1.70

	
0.09

	
−14.3

	
1.55

	
0.12

	
1.49

	
0.09

	
−3.5

	
0.001

	
0.03




	
oxLDL (ng/mL) d

	
167.2

	
28.7

	
160.6

	
25.8

	
−4.0

	
165.5

	
41.5

	
152.6

	
32.5

	
−7.8

	
0.07

	
0.85








TG, triglycerides; LDL-C, low-density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; Apo, apolipoprotein; oxLDL, oxidized LDL. a All analyses are adjusted for the body weight change during the MedDiet phase; b baseline values represent those collected after the run-in period, immediately before the 4-week MedDiet; c these data have been previously reported [30]; d since these variables were not normally distributed, a transformation was performed in order to obtain a normal distribution. TG, HDL-C and oxLDL were log-transformed; LDL peak particle diameter, LDL integrated size and small LDL-C<255Å were inversed transformed; and large LDL>260Å was square transformed.








3.2. LDL Size Distribution


Sex differences were observed in changes in LDL size distribution in response to the MedDiet and more precisely for the proportion of medium LDL(255–260Å) (p for sex-by-time interaction = 0.01) and sdLDL(<255Å) (trend; p for sex-by-time interaction = 0.06) (Table 1). Specifically, men experienced an increase in the proportion of medium LDL with a concomitant non-significant decrease in the proportion of sdLDL (respectively, p = 0.03 and p = 0.50), while an opposite non-significant trend was observed in women (respectively, p = 0.74 and p = 0.54). No change was observed for the proportion of large LDL(>260Å) in both men and women (Table 1). These results suggest that short-term consumption of the MedDiet leads to a favorable redistribution of LDL subclasses from smaller to larger LDL only in men.



A similar LDL size distribution was found in men and in women after the MedDiet (p for sex difference for each proportion of LDL subclass ≥0.14), suggesting that sex differences at baseline were no longer present after the short-term consumption of the MedDiet.




3.3. Estimated Cholesterol Concentration among Each LDL Subclass


A sex difference was noted for cholesterol concentrations among sdLDL(<255Å) (p for sex-by-time interaction = 0.03), with only men experiencing a reduction in response to the MedDiet (p < 0.001 in men and p = 0.88 in women; Table 1). In men, the reduction in cholesterol concentration among sdLDL correlated with concomitant reductions in TG (r = 0.38, p = 0.02), LDL-C (r = 0.41, p = 0.01) and apo B (r = 0.57, p < 0.001). The sex difference in cholesterol concentrations among sdLDL observed at baseline was no longer present after the short-term consumption of the MedDiet (p for sex difference ≥0.11).



Significant reductions in cholesterol concentration among large LDL(>260Å) and a tendency for a decrease in cholesterol concentration among medium LDL(255–260Å) were found, and no sex differences were observed for these variables (Table 1).




3.4. LDL Peak and Integrated (Mean) Size


Consumption of the MedDiet did not affect LDL peak particle size or the LDL integrated size in both men and women (Table 1).



However, a three-way sex-by-time-by-LDL subclass pattern (A or B) interaction was found for LDL peak particle size (p for interaction = 0.01). Subgroup analysis indicated that, among men and women with LDL Pattern A at baseline (LDL peak particle size ≥255 Å), only men experienced a decrease in LDL peak particle size in response to the MedDiet (p = 0.03 for men and p = 0.54 for women; p for time effect = 0.004; p for sex-by-time interaction = 0.12) (Figure 1). Moreover, among those with LDL Pattern B at baseline (LDL peak particle size <255 Å), LDL peak particle size was increased in men only (p = 0.003 for men and p = 0.90 for women; p for time effect = 0.007; p for sex-by-time interaction = 0.08). Among each subgroup, no difference between men and women was found for baseline LDL peak particle size (p for sex difference at baseline > 0.99 for Pattern A subgroup and 0.94 for Pattern B subgroup). These results suggest that LDL subclass pattern at baseline influences the LDL peak particle size response to the MedDiet, but only in men. No three-way interaction was found for the LDL integrated size.
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Figure 1. LDL peak particle size at baseline (i.e., immediately before the MedDiet) and after the four-week MedDiet in men and women according to their initial LDL subclass pattern (Pattern A: LDL peak particle diameter ≥255 Å, men n = 8 and women n = 14, p for sex-by-time interaction = 0.12; Pattern B: LDL peak particle diameter <255 Å, men n = 29 and women n = 18, p for sex-by-time interaction = 0.08). Data are means (SEM). * Different from baseline in men, p < 0.05 by mixed procedure followed by the Tukey-Kramer test. 
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Since TG concentrations are the main determinant of LDL size [4] and TG reduction in men was twice the reduction in women in response to the MedDiet (respectively −14.6% and −7.7%; Table 1), we thereafter adjusted the analyses for changes in TG concentrations. Sex differences in changes in LDL particle size features in response to the MedDiet were still observed after these adjustments (not shown).



Adjustments for waist circumference at baseline did not influence the results obtained (not shown), suggesting that differences between men and women in abdominal obesity do not explain sex differences observed in LDL size response to the MedDiet.




3.5. Oxidized LDL


A trend for a reduction in oxLDL concentrations was found in response to the MedDiet, and no difference was observed between men and women (p for time effect = 0.07; p for sex-by-time interaction = 0.85; Table 1).



Diet-induced changes in oxLDL concentrations were not associated with oxLDL concentrations at baseline in either men or women (respectively r = −0.06, p = 0.71 and r = −0.16, p = 0.40). There was no association between changes in oxLDL concentrations and changes in LDL-C concentrations (respectively r = 0.20, p = 0.25 for men and r = 0.13, p = 0.50 for women) and changes in cholesterol concentration among sdLDL(<255Å) (r = 0.11, p = 0.54 for men and r = 0.08, p = 0.67 for women).



Although participants were instructed to maintain their usual physical activity level, a similar decrease in daily energy expenditure from physical activity participation was observed during the MedDiet phase in men and women (−27.8% in men and −27.6% in women, p for sex-by-time interaction = 0.25). Adjustment for changes in physical activity participation did not influence the results obtained (not shown).





4. Discussion


Elevated LDL-C concentration has been established as a major risk factor for CVD [1,2,3]. However, a more detailed analysis of LDL physico-chemical properties is highly relevant given the important atherogenicity of sdLDL particles and of oxLDL [4,5,6]. Accordingly, results from the present study highlight sex-specific cardiovascular benefits of the MedDiet, which would not have been observed if only LDL-C concentrations had been measured. Indeed, despite the fact that men and women have similar reductions in LDL-C concentrations in response to the MedDiet, different responses in LDL particle size features to this food pattern are observed. More precisely, men experienced an increase in the proportion of medium LDL particles with a concomitant reduction in the proportion of sdLDL, while an opposite non-significant trend was observed in women. Moreover, a reduction in cholesterol concentrations among sdLDL with MedDiet was noted in men, but not in women. Finally, results showed that the more deteriorated LDL particle size features found in men compared with premenopausal women at baseline were no longer present after the short-term consumption of the MedDiet.



Even if a favorable LDL size redistribution and a reduction in cholesterol concentration among sdLDL were observed in men, one might question the clinical relevance of these changes, since the MedDiet had no global impact on LDL peak particle size, a widely-used surrogate marker of sdLDL. However, a prospective study including 2,034 middle-aged men suggested that LDL peak particle size is a weak predictor of ischemic heart disease risk compared with the proportion and the cholesterol content of sdLDL, which were identified as very powerful and independent risk predictors, even after adjustments for non-lipid and other lipid CVD risk factors, including LDL-C, HDL-C, TG and lipoprotein(a) (Lp(a)) concentrations [51]. Therefore, one mechanism behind the reduction in cardiovascular events with the consumption of the MedDiet could be a reduction of sdLDL in dyslipidemic men.



As previously found in the literature, our results highlight that, compared with premenopausal women, age-matched men have a greater proportion of sdLDL [14,15,16,17]. Given their greater proportion of sdLDL at baseline, men had more room for improvement, which may explain at least partly why they benefited more from the MedDiet than premenopausal women. Indeed, in previous studies, those including subjects with metabolic syndrome, which is a cluster of metabolic abnormalities characterized by a predominance of sdLDL, found increases in LDL size and/or a favorable redistribution of cholesterol among each LDL subclass with the MedDiet [23,24,25], while one studying the impact of the MedDiet in healthy individuals has observed no effect [28]. In line with these previous studies, strong negative correlations were found in the present study between the proportion and the cholesterol content of sdLDL at baseline and changes in these specific variables in response to the MedDiet, meaning that individuals who were characterized by a higher proportion and cholesterol content of sdLDL benefited more from the MedDiet (respectively, r < −0.50 and r < −0.61, p < 0.001). Additional analyses also showed that, when men and women were individually matched for the proportion of sdLDL at baseline (23 men and 23 women), differences between men and women in changes in cholesterol concentration among sdLDL were considerably smaller than the one found with the whole sample (−10.4% in men and −7.9% in women, p for sex-by-time interaction = 0.68 in subjects paired for the proportion of sdLDL at baseline; vs. −14.3% in men and −3.5% in women when the whole sample was considered).



In addition to the difference between men and women in LDL particle size features at baseline, other factors related to sex seem to influence the impact of the MedDiet on LDL size. In fact, in the present study, subjects characterized by the LDL Pattern B phenotype (i.e., predominance of sdLDL) experienced a favorable increase in LDL peak particle size, whereas a reduction was found in those characterized by the LDL Pattern A phenotype (i.e., predominance of large LDL particles). However, this pattern of changes was observed only in men, while women experienced no change, regardless of their baseline LDL peak particle size phenotype. Since these sub-analyses are based on small numbers of subjects in each group, they need to be confirmed.



Although not significant from a statistical perspective, men experienced nearly a two-fold greater reduction in TG concentrations compared with women (14.6% vs. 7.7%), and such a difference could be clinically significant. High concentrations of TG favor the production of large, TG-rich, very low density lipoprotein (VLDL), a precursor of TG-rich LDL. In turn, lipolysis of TG in TG-enriched LDL by hepatic lipase leads to the formation of sdLDL [4]. One could therefore assume that the greater reduction in the concentrations of sdLDL found in men compared with women in response to the MedDiet could also be explained by this greater reduction in TG concentrations in men. In the present study, a strong association between changes in sdLDL and concomitant changes in TG concentrations was found in men. However, sex differences in LDL particle size feature responses to the MedDiet were still observed after adjustments for changes in TG concentrations, suggesting that sex differences observed in the present study were not due only to a greater reduction in TG concentrations in men compared with women.



The reduction in oxLDL concentrations was not associated with decreases in LDL-C concentrations in response to the MedDiet in both men and women, suggesting that oxLDL reduction does not simply reflect the LDL-lowering effects of the MedDiet, but is likely to be due to the antioxidant properties of this food pattern. Since men reduced their proportion and cholesterol content of sdLDL more than women in response to the MedDiet and sdLDL is more susceptible to oxidation compared with larger particles [13], it could be expected that men may have reduced their oxLDL concentrations to a greater extent compared with women. However, this was not the case. In fact, no sex difference was found in response to the MedDiet, with a modest reduction in oxLDL concentrations observed in both men and women. One possible explanation is that the consumption of a diet rich in oleic acid, the more abundant fatty acid in the olive oil, may reduce the susceptibility of sdLDL to oxidation [54], leading to a reduction in oxLDL, which is independent of the one found in sdLDL. This disassociation between changes in sdLDL and changes in oxLDL concentrations was observed in both men and women. Moreover, the MedDiet is rich in antioxidants, such as carotenoids, tocopherols and phenolic compounds, mainly contained in vegetables, fruits, olive oil and red wine [55], which may provide an important protection for sdLDL to oxidation. Therefore, these results suggest that the high oleic acid content of the MedDiet, along with its important antioxidant properties, may overshadow the link between sdLDL and LDL oxidation.



One of the strengths of our study is a design that included a highly-controlled dietary phase, which permitted precisely investigating sex differences in response to the MedDiet with a maximum control of possible confounding variables. Moreover, this study included a large number of subjects for a strictly controlled feeding study. However, results should not be generalized, and additional studies are needed. The duration of the controlled phase was appropriate, considering that previous studies of equal or shorter lengths showed significant effects of diet on LDL particle size [43,44] and oxLDL concentrations [45,46]. Among the limitations, the study’s ‘single strand before and after’ design does not allow comparisons to a control diet, and therefore, non-specific treatment effects that are not attributable to the MedDiet cannot be ruled out. However, we consider that the absence of a control diet is not a major limitation, since the main objective of this study was to directly compare men’s and women’s response to the MedDiet.




5. Conclusions


In conclusion, data from this strictly-controlled feeding study indicated for the first time the existence of sex differences in the response of the LDL particle size features to the MedDiet in dyslipidemic men and premenopausal women. Our results suggest that adhering to the MedDiet, in addition to a clinically-relevant reduction in LDL-C concentrations (−10.4% in men and −7.3% in women), also has additional positive effects on LDL particle size phenotype, leading to a favorable redistribution from smaller to larger LDL in men, but not in women. Moreover, men, but not women, with smaller LDL peak particle size at baseline (<255 Å) increase LDL peak particle size in response to the MedDiet. Since sdLDL has been suggested as a strong predictor of the progression of atherosclerosis and CVD events [7,8,9], such findings have implications, both for improved understanding of sex-specific mechanisms behind the beneficial cardiovascular effects of the MedDiet and for the clinical management of dyslipidemic men.
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