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Abstract

Objective: A Mediterranean diet supplemented with olive oil and nuts prevents cardiovascular 

disease in clinical studies, but the underlying mechanisms are incompletely understood. We 

investigated whether the preventive effect of the diet could be due to inhibition of atherosclerosis 

and foamy monocyte formation in Ldlr–/– mice fed with a diet in which milkfat in a western diet 

was replaced with extra-virgin olive oil and nuts (EVOND).

Approach and results: Ldlr–/– mice were fed EVOND or a western diet for 3 (or 6) months. 

Compared to the western diet, EVOND decreased triglyceride and cholesterol levels but increased 

unsaturated fatty acid concentrations in plasma. EVOND also lowered intracellular lipid 

accumulation in circulating monocytes, indicating less formation of foamy monocytes, compared 

with the western diet. In addition, compared to the western diet, EVOND reduced monocyte 

expression of inflammatory cytokines, CD36, and CD11c, with decreased monocyte uptake of 

oxidized LDL ex vivo and reduced CD11c+ foamy monocyte firm arrest on vascular cell adhesion 

molecule–1– and E-selectin–coated slides in an ex vivo shear flow assay. Along with these 

changes, EVOND compared to the western diet reduced the number of CD11c+ macrophages in 

atherosclerotic lesions and lowered atherosclerotic lesion area of the whole aorta and aortic sinus.
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Conclusion: A diet enriched in extra-virgin olive oil and nuts, compared to a western diet high 

in saturated fat, lowered plasma cholesterol and triglyceride levels, inhibited foamy monocyte 

formation, inflammation, and adhesion, and reduced atherosclerosis in Ldlr–/– mice.

Graphical Abstract
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Introduction

The Prevención con Dieta Mediterránea (PREDIMED) clinical trial demonstrated that a 

Mediterranean diet supplemented with extra-virgin olive oil or nuts, which are rich in 

unsaturated fatty acids (UFAs), including monounsaturated fatty acids (MUFAs) and 

polyunsaturated fatty acids (PUFAs), reduced the incidence of major cardiovascular events 

in a high cardiovascular risk population.1 Accumulating evidence supports the benefit of 

dietary UFAs over saturated fatty acids (SFAs) to improve cardiovascular health.2, 3 

However, the mechanisms by which UFAs reduce the risk for atherosclerotic cardiovascular 

disease have not been fully defined.

Atherosclerosis is an inflammatory process. Recently, the Canakinumab Anti-inflammatory 

Thrombosis Outcomes Study (CANTOS) showed benefits of an inflammation-targeting 

therapy on reducing the risk for recurrent atherosclerotic cardiovascular events.4 Monocytes, 

a critical component of the innate immune system, quickly respond to changes in plasma 

lipids and contribute to atherogenesis by infiltrating the subendothelial space of arterial 

Lian et al. Page 2

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



walls, where they form inflammatory macrophage foam cells.5–12 Our previous studies 

showed that a western diet (WD; 21% milkfat, high SFAs and cholesterol) induces formation 

of circulating foamy monocytes (FM), which contain intracellular lipid droplets, express 

high levels of CD11c and CD36, present with inflammatory phenotypes, and contribute to 

atherogenesis in animal models.7, 8 FM also exist in the circulation of humans with 

hyperlipidemia, including familial hypercholesterolemia or postprandial 

hypertriglyceridemia, and may contribute to atherosclerosis.12, 13 However, how high-UFA 

diet affects FM formation and phenotypes is still poorly understood.

In the present study, we fed Ldlr–/– mice either a WD or a diet in which milkfat in WD was 

replaced with extra-virgin olive oil and nuts (EVON), the so-called EVON diet (EVOND), 

and then examined FM formation, monocyte phenotypes, and extent of atherosclerosis.

The EVOND-fed mice showed lower plasma total triglyceride (TG) and cholesterol levels, 

but higher plasma UFA levels, than WD-fed mice. Compared to those from WD-fed mice, 

monocytes from EVOND-fed mice had less lipid accumulation, decreased adhesion to 

endothelial cell adhesion molecules, and reduced uptake of oxidized low-density lipoprotein 

(oxLDL). Compared to WD, EVOND decreased atherosclerosis development in these mice.

Materials and Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Animals and diets

To avoid the potential confounding effects of estrogen on lipid metabolism and 

atherosclerosis development,14–16 male Ldlr–/– mice (The Jackson Laboratory, stock 

number: 002207-B6.129S7-Ldlrtm1Her/J) were used and maintained in an environmentally 

controlled animal facility at Baylor College of Medicine. All animal studies were approved 

by the Institutional Animal Care and Use Committee of Baylor College of Medicine. Mice 

were either fed a normal laboratory diet (ND) throughout or switched to WD (21% milkfat, 

0.2% cholesterol; Dyet 112734, Dyets Inc) or EVOND (21% total fat from extra-virgin olive 

oil, walnuts, almonds, and hazelnuts; 0.2% cholesterol) at age 8 weeks and maintained on 

WD or EVOND for 3 months unless stated otherwise. EVOND was a customized diet from 

Dyets Inc (Supplemental Table I); the major fatty acid (FA) profile was analyzed by gas 

chromatography–mass spectrometry (GC-MS, see below), which showed that percentages of 

MUFAs and PUFAs in total measured FAs were higher and the SFA percentage was lower in 

EVOND than in WD (Supplemental Table II). Plasma lipid levels were determined from 

blood drawn via facial vein puncture after 6-h fast, and plasma glucose, total cholesterol and 

TG levels were measured enzymatically (Wako Diagnostics). Fasting plasma insulin levels 

were determined by ELISA kit (Millipore Sigma). Plasma malondialdehyde (MDA) level 

was determined by TBARS assay kit (Cayman Chemical). Mouse body composition was 

assayed by small animal MRI (Lunar Corporation). For insulin tolerance test (ITT), mice 

were fasted for 6 h and then were injected i.p. with 1.25 U/kg regular human insulin (Novo 

Nordisk). Blood glucose levels were measured before and at 30 to 120 min after injection by 

glucometer (Bayer Contour).17
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Plasma FA and lipoprotein profiles

For FA profiling by GC-MS, plasma samples from mice were hydrolyzed with 0.5% NaOH 

for 2 h and then delipidated by organic solvent extraction (CHCl3-CH3OH, 2:1, v/v) to yield 

total hydrolyzed FAs. In addition, split plasma samples were also analyzed by GC-MS for 

nonesterified FAs (NEFAs). Both total FAs and NEFAs were derivatized with methanol-

acetyl chloride (50:1 (v/v)) to yield methylated FAs. FA methyl esters were analyzed by gas 

chromatography on a fused silica capillary column (Alltech, Deerfield, IL.; 30 m × 0.25 mm 

× 0.25 μm film). Analysis was performed on a Hewlett-Packard 6890GC coupled to a 5973 

Mass Selective Detector as previous described.18, 19 Dietary FA composition was also 

examined by the above procedure.

Plasma lipoprotein profiles were determined by size exclusion chromatography (SEC, 

Superose HR6 column; GE Health) of 200 μL plasma per mouse as previously described.20 

Cholesterol and TG concentrations of each fraction were determined enzymatically (Wako 

Diagnostics).

Quantitative polymerase chain reaction (qPCR) analysis

To analyze gene expression, total RNA was isolated from tissues using TRIzol™ reagent 

(Life Technologies) and an RNA miniprep Kit (Zymo Research) and subjected to qPCR on 

StepOne plus system with SYBR Green dye (Applied Biosystem). mRNA levels of target 

genes were normalized to GAPDH. Primer sequences were cited from Primerbank and are 

shown in Supplemental Table III.21

Antibodies and fluorescence-activated cell sorter (FACS) analysis of circulating 
monocytes

For FACS analysis, monoclonal antibodies against the following mouse antigens were used: 

CD115 (PE, AFS98, eBioscience), CD204 (FITC, 2F8, Bio-Rad Laboratories), CD11c 

(PerCP-Cy5.5, N418, eBioscience), CD36 (FITC, MF3, Bio-Rad Laboratories), Ly-6C 

(APC, HK1.4, eBioscience), TNFα (PE, MP6-XT22, eBioscience), and IL-1β (PE, 

NJTEN3, eBioscience). For cell surface staining,7, 8 blood samples were diluted with equal 

volume of phosphate-buffered saline (PBS) supplemented with 0.5% bovine serum albumin 

(BSA) and incubated with fluorescence-conjugated monoclonal antibodies or with 

appropriate isotype negative controls for 30 min. After washing with PBS, the samples were 

incubated with BD FACS Lysing Solution (BD Biosciences) for 10 min then washed with 

PBS again. For Nile red staining, after red blood cells were lysed, cells were stained with 

Nile red (0.1 μM) for 20 min and then washed twice with PBS. For intracellular staining,
13, 22 100 μL blood was incubated with 5 μg/mL lipopolysaccharide (LPS) plus Golgi plug 

(BD bioscience) for 4 h, then stained for TNFα or IL-1β following the intracellular staining 

protocol of BD cytofix/cytoperm plus kit. After staining, all samples were resuspended in 

2% paraformaldehyde in PBS. Data were collected by a BD LSRII cytometer and analyzed 

using Kaluza software (Beckman Coulter). Monocytes and subsets were identified following 

the same strategy as described previously.7, 8 Briefly, CD115+ or CD204+ leukocytes were 

defined as total monocytes. Monocyte subsets were identified using the combination staining 

of CD115, CD11c, CD36, and Ly-6C, with corresponding isotypes as negative controls 

(Supplemental Figure I).
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Triglyceride-rich lipoprotein (TGRL) treatment and oxLDL uptake assay

TGRL fraction (density <1.006 g/mL) was floated and isolated from plasma of mice fed WD 

or EVOND by ultracentrifugation. TG and cholesterol concentrations in TGRLs were 

determined enzymatically. EDTA-anticoagulated blood (100 μL) from Ldlr–/– mice on ND 

was washed and resuspended in RPMI-1640 medium, then incubated for 4 h with TGRL 

fraction at 200 mg/dL of TG. To determine the effects of FAs derived from TGRLs on 

monocyte phenotypic changes, TGRL fractions (equal to 200 mg/dL of TG) were treated 

with 2 U/mL lipoprotein lipase (LPL) for 30 minutes at 37°C, then lipolysis products were 

immediately added to medium and incubated with washed blood (from Ldlr–/– mice on ND) 

for an additional 4 h.23 After incubation, monocytes were surface stained for FACS analyses.

For ex vivo monocyte oxLDL uptake assay, mouse whole blood was used and endogenous 

lipoproteins were removed from blood by centrifugation and washing with PBS. Then, cell 

pellets were resuspended in RPMI1640 medium and were incubated at 37°C with DiI-

labeled oxLDL (Kalen Biomedical) at 0.05 mg/mL for 1 h, with or without 4 μg/mL of an 

anti-mCD36 antibody (Abcam). Monocyte DiI-oxLDL uptake was detected by FACS after 

staining with FITC–anti-CD204 antibodies.

Ex vivo micro–flow adhesion assay

Design and assembly of the microfluidic device and the whole blood adhesion assay were 

performed as previously reported.24 Briefly, clean coverslips that were coated with 

recombinant mouse VCAM-1/Fc chimera and E-selectin/Fc chimera (R&D Systems) were 

assembled with a 4-channel PDMS device and kept on a 37°C surface. Peripheral blood (0.1 

mL) was drawn into heparin-coated tubes via facial vein puncture and incubated with PE–

anti-CD115 and FITC–anti-CD11c antibodies (with corresponding isotypes as negative 

controls, Supplemental Figure II) at room temperature for 20 min. Then, after 1:3 dilution in 

PBS with calcium and magnesium, 60 μL diluted blood was introduced into the channel at a 

flow rate that produced a shear stress of 2 dynes/cm2 at fluid–glass interface. Blood was 

perfused through the chamber for 5 min followed by fixation and mounting in medium 

containing DAPI. The number of adherent “foamy” (CD115+CD11c+) monocytes was 

counted and normalized by total infused monocyte number.

Analysis of atherosclerotic lesions

For the mouse atherosclerosis study, we adhered to the guidelines for experimental 

atherosclerosis studies as described in the American Heart Association Statement.7, 8, 25–27 

Briefly, the aortae were dissected and fixed in 4% paraformaldehyde/PBS, and then cut and 

pinned longitudinally on a black pad and stained with oil red O; digital images were 

captured with a Nikon camera. Atherosclerotic lesion areas that were oil red O positive were 

quantitated using ImageJ analysis software and expressed as percentage relative to the whole 

aortae.

For aortic sinus monocyte/macrophage analysis, mouse hearts were harvested and embedded 

in Tissue Tek optimal cutting temperature (OCT) medium (Sakura Finetek). Tissue sections 

(5 μm thickness) were acquired from the initial appearance of the aortic valves. Serial 

sections were collected on consecutive slides. For fluorescent immunostaining, the sections 
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were fixed in 4% paraformaldehyde in PBS for 5 min at room temperature. After blocking 

with 2.5% BSA/PBS for 30 min, aortic sections were stained with CD11c (PE, N418, 

eBioscience) and Mac3 (FITC, M3/84, BD) (or corresponding isotype negative controls, 

Supplemental Figure III) by coincubation overnight at 4°C.7, 8 Then the sections were 

washed and mounted with ProLong Gold medium (Thermo Fisher Scientific). Fluorescent 

images were captured by an LSM780 confocal microscope. For aortic sinus lesion detection, 

sections were subjected to oil red O staining. The average atherosclerotic lesion area of one 

slide including 8 sections from each mouse was quantified using ImageJ analysis software.

Statistics

GraphPad Prism was used for statistical analyses and figure plotting. Data are presented as 

mean±SEM. Student’s t-test (for comparison between 2 groups) or one-way analysis of 

variance (for comparisons of 3 or more groups) followed by Tukey post hoc pairwise tests 

were used for statistical analyses of data that passed tests for the normality of distribution by 

Kolmogorov–Smirnov and for equal variance. If data failed normality of distribution or 

equal variance tests, Mann–Whitney (for 2-group comparison) or Kruskal–Wallis test (for 

comparison of 3 or more groups) with Dunnett post hoc pairwise test was used for statistical 

analyses. P<0.05 is considered statistically significant.

Results

EVOND improved lipid profiles in Ldlr–/– mice compared to WD

After 3 months on diets, mice fed WD or EVOND gained more body weight and had larger 

livers and epididymal fat pads than those on ND (Figures 1A and 1B). Weight gain, food 

intake, and liver weights were not different between the WD and EVOND groups (Figures 

1A and 1B). However, epididymal fat pad weights were lower in mice on EVOND vs. WD 

(Figure 1B). Consistently, body composition analysis revealed that mice fed EVOND had 

lower fat mass and higher lean mass than mice fed WD (Supplemental Figure IV A).

Total plasma cholesterol and TG levels were higher among mice on WD and EVOND than 

on ND, but were significantly lower in mice on EVOND than on WD (Figure 1C). 

Nevertheless, SEC analysis showed that cholesterol and TG were distributed similarly across 

all lipoprotein fractions in the EVOND- and WD-fed mice (Figure 1D). Similarly, hepatic 

TG and cholesterol content was higher in WD- vs. ND-fed mice and lower in EVOND- vs. 

WD-fed mice (Figure 1E). Hepatic mRNA levels of key lipogenic genes—Srebf1, Scd1, and 

Fas—and of Cd36 were higher in mice on WD vs. ND and lower in mice on EVOND vs. 

WD (Figure 1F). Compared to mice fed WD, mice fed EVOND showed no significant 

differences in plasma glucose and insulin levels (Supplemental Figure IV B) or insulin 

sensitivity (Supplemental Figure IV C).

EVOND increased plasma UFA level and decreased plasma SFA level in Ldlr–/– mice 
compared to WD

The plasma FA profiles of mice were drastically affected by different diets (Figures 2A and 

2B). As expected, increased concentrations of several SFAs in total hydrolyzed FA and 

NEFA profiles were observed in mice fed WD compared to those fed ND. Palmitic acid 
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(C16:0) was the most abundant FA in plasma of mice fed WD, representing ~30–32% of 

total FA measured in total hydrolyzed FA and NEFA profiles. The percentages of palmitic 

acid in total hydrolyzed FA and NEFA profiles were also higher in mice on WD than on ND. 

In addition, the concentrations and percentages of palmitoleic acid (C16:1) and oleic acid 

(C18:1) were also significantly higher in the WD group than the ND group. In contrast, the 

percentages of most PUFAs in total hydrolyzed FA and NEFA profiles were lower in mice 

on WD than on ND. These changes corresponded to a dramatic decrease in the UFA/SFA 

ratio in the WD group compared to the ND group (Figure 2C). Compared to mice fed WD, 

mice fed EVOND had significant decreases in the concentrations of several SFAs, including 

capric acid (C10:0), lauric acid (C12:0), and myristic acid (C14:0), in total hydrolyzed FA 

profiles and myristic acid, palmitic acid, and stearic acid (C18:0) in NEFA profiles. The 

percentages of SFAs in total hydrolyzed FAs or NEFAs were mostly decreased in plasma of 

mice fed EVOND compared with mice fed WD. In contrast, the oleic acid level was higher 

in the total hydrolyzed FA profile, and palmitoleic acid was lower in total hydrolyzed FA 

and NEFA profiles in mice fed EVOND compared to those fed WD. Oleic acid was the 

major FA in plasma of EVOND-fed mice and represented ~26–28% of hydrolyzed FA and 

NEFA profiles. The percentages of oleic acid in total hydrolyzed FA and NEFA profiles 

were also or tended to be higher in mice on EVOND than on WD. Compared to mice fed 

WD, mice fed EVOND also had increases in the concentrations and percentages of linoleic 

acid (C18:2), α-linolenic acid (C18:3), and arachidonic acid (C20:4) in total hydrolyzed FA 

and NEFA profiles and in docosahexaenoic acid level and percentage in the total hydrolyzed 

FA profile.

In summary, these data show that compared to Ldlr–/– mice fed ND, those fed WD had 

significantly higher plasma SFA and MUFA levels but lower plasma PUFA levels. 

Compared to the WD group, the EVOND group had lower plasma levels of SFA but higher 

levels of MUFA and PUFA. As a result, the UFA/SFA ratio was significantly higher in the 

EVOND group than the WD group (Figure 2C). The TBARS assay showed significantly 

higher plasma levels of MDA in the EVOND group than in the WD group (Supplemental 

Figure V), consistent with higher plasma UFA levels in the EVOND group.

EVOND suppressed FM formation and inflammation

We next examined monocyte phenotypes in the circulation and found a higher frequency of 

circulating monocytes in mice fed WD or EVOND than on ND, but similar frequencies in 

mice fed WD and EVOND (Figure 3A). The side scatter (SSC) level of monocytes, which 

reflects cell granularity and monocyte lipid accumulation,7 continuously increased over time 

in monocytes, indicating FM formation, in mice fed WD compared to mice fed ND (Figure 

3B), in accord with our previous reports.7, 8 Importantly, starting within 2 months on diets, 

the SSC value was significantly lower, indicating less lipid accumulation, in monocytes from 

mice on EVOND vs. WD (Figure 3B, Supplemental Figure VI A). Nile red staining for 

lipids confirmed FM formation in the circulation of mice fed WD and less lipid staining in 

monocytes of mice on EVOND vs. WD (Figure 3B).

In contrast to our previous report showing 3 distinct monocyte subsets based on CD11c and 

CD36 expression, i.e., CD36–CD11c–, CD36+CD11c–, and CD36+CD11c+, in apoE–/– mice,
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7 our current study showed that CD36+CD11c– and CD36+CD11c+ subsets were difficult to 

distinguish in Ldlr–/– mice (Supplemental Figure I). Therefore, we classified monocytes into 

CD36– (mainly representing Ly-6Chigh) and CD36+ (mainly representing 

Ly-6Clow/intermediate) monocytes subsets in Ldlr–/– mice (Supplemental Figure I). Compared 

to those in ND-fed mice, CD36– monocytes in WD-fed Ldlr–/– mice were modestly higher 

in SSC value. In contrast, CD36+ monocytes showed a dramatic increase in SSC level in 

Ldlr–/– mice on WD vs. ND (Figures 3C), a finding similar to our previous report in apoE–/– 

mice.7 Although the SSC level was not different between CD36+ and CD36– monocytes in 

Ldlr–/– mice on ND, the SSC value of CD36+ monocytes was significantly higher than that 

of CD36– monocytes in mice fed WD or EVOND, consistent with our previous observations 

that CD36+ monocytes were prone to take up lipids and become FM.7 Of note, CD36+, but 

not CD36–, monocytes showed a significant decrease in SSC value, indicating less lipid 

accumulation, in mice fed EVOND compared with those in mice fed WD (Figures 3C).

We next examined CD11c expression on monocyte subsets. Consistent with those in apoE–/– 

mice, CD36– monocytes in Ldlr–/– mice on either diet were low in CD11c expression 

(Figure 3D, Supplemental Figures I and VI B). In contrast, CD36+ monocytes were high in 

CD11c (Figure 3D, Supplemental Figures I and VI B). Furthermore, with the increased lipid 

accumulation, CD36+ monocytes from the WD group exhibited significantly increased 

CD11c MFI levels compared to those from ND group (Figure 3D), a finding similar to that 

in our previous report showing increased CD36+CD11c+–to–CD36+CD11c– ratio in apoE–/– 

mice fed WD. Importantly, compared to those in the WD group, CD36+ monocytes in the 

EVOND group, with less lipid accumulation, had reduced CD11c MFI levels (Figures 3D, 

Supplemental Figure VI B).

Lipid accumulation may increase inflammation in monocytes.7, 28, 29 We next examined 

expression of inflammatory cytokines IL-1β and TNFα in monocytes after LPS stimulation 

for 4 h. Expression levels of TNFα and IL-1β were both significantly lower in monocytes of 

Ldlr–/– mice on EVOND than on WD (Figure 3E).

In summary, among Ldlr–/– mice on EVOND vs. WD, circulating monocytes, CD36+ 

monocytes in particular, had lower lipid accumulation, which was associated with lower 

CD11c expression and less monocyte inflammation.

EVOND reduced monocyte uptake of oxLDL

The lower plasma levels of cholesterol and TG may contribute substantially to the altered 

monocyte phenotypes, including less lipid accumulation, in mice fed EVOND. Another 

potential contributor is the change in FA composition in plasma lipoproteins. To test this, we 

isolated TGRLs, which carried the majority of plasma esterified FAs, from mice fed WD and 

EVOND, and incubated isolated TGRLs (200 mg/dL) with monocytes from Ldlr–/– mice on 

ND. Incubation of monocytes with TGRLs from mice on EVOND vs. WD was associated 

with lower monocyte SSC levels, indicating less lipid (Figure 4A). To determine the effects 

of FAs in TGRLs on monocyte phenotypes, we hydrolyzed TGRLs with LPL prior to 

incubation with monocytes. Similar to TGRLs, the lipolysis products (mainly FAs) of 

TGRLs from mice fed EVOND induced lower SSC level of monocytes than those from mice 
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fed WD (Supplemental Figure VII A). These findings imply that changes in FA composition 

may alter TGRL-mediated effects on monocyte lipid accumulation.

Lipid accumulation in monocytes also increased CD36 levels as indicated by mean 

fluorescence intensity.7 Along with reduced lipid accumulation, monocytes in mice fed 

EVOND expressed lower level of CD36 than those fed WD (Figure 4B). Consistent with 

less lipid accumulation, monocytes treated ex vivo with TGRLs from EVOND-fed mice also 

had or tended to have lower CD36 levels than monocytes treated with TGRLs from WD-fed 

mice (Figure 4C, Supplemental Figure VII B).

While TGRLs contribute to monocyte foam cell formation, LDL, particularly modified LDL 

such as oxLDL, is the major lipoprotein that causes foam cell formation in atherosclerotic 

lesions.30, 31 Monocyte/macrophage uptake of modified LDL is a key step in atherosclerotic 

foam cell formation, in which CD36 plays an important role.7, 11, 32 Therefore, we tested 

whether the differences in monocyte levels of CD36 between WD and EVOND groups 

affected monocyte uptake of oxLDL and observed that after ex vivo incubation with DiI-

oxLDL, monocytes in mice fed EVOND had significantly lower DiI levels, indicating less 

oxLDL uptake, than those in mice fed WD (Figure 4C). Furthermore, blocking of CD36 

with an antibody significantly decreased monocyte uptake of oxLDL. These data indicated 

that reductions in monocyte levels of CD36 in mice fed EVOND were associated with less 

monocyte uptake of modified LDL, which may also contribute to reductions in monocyte 

lipid accumulation and foam cell formation in these mice.

EVOND reduced FM adhesion

CD11c, a β2 integrin upregulated on monocytes with lipid accumulation (FM formation) in 

hyperlipidemia,7, 8 mediates monocyte adhesion to endothelial cells,33, 34 a process 

important for inflammation including atherosclerosis. Indeed, we have previously shown that 

CD11c on monocytes contributes to the development of atherosclerosis.7, 8 Consistently, 

compared to those in mice on ND, monocytes in mice fed WD, with lipid accumulation (FM 

formation) and increased CD11c expression (Figures 3B and 3D), had enhanced adhesion to 

VCAM-1 and E-selectin, indicated by increased frequencies of firmly arrested CD11c+ 

monocytes on these endothelial adhesion molecules in the ex vivo flow adhesion assay 

(Figures 5A and 5B). In contrast, monocytes in mice fed EVOND, with less lipid 

accumulation and reduced CD11c expression (Figures 3B and 3D), had significantly reduced 

adhesion to VCAM-1 and E-selectin compared to those from mice fed WD (Figures 5A and 

5B).

EVOND reduced atherosclerosis development

Finally, we examined effects of EVOND on development of atherosclerosis in Ldlr–/– mice. 

Oil red O staining showed that mice on ND had minor atherosclerotic lesions and that mice 

fed WD for 3 months developed profound atherosclerosis in the whole aorta and aortic sinus 

(Figure 6A). Along with the above changes in monocyte phenotypes and plasma lipid levels, 

mice fed EVOND developed significantly less atherosclerosis in whole aorta and aortic sinus 

compared to mice fed WD (Figures 6A and 6B). A separate set of experiments showed that 

mice on EVOND vs. WD for 6 months had greater reductions in development of 
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atherosclerosis (34.2% reduction, Supplemental Figures VIII A and VIII B) than those on 

diets for 3 months (25.6% reduction). Further analyses of lesion formation in different 

locations in the aorta showed that mice fed EVOND as compared to WD displayed 

significantly smaller lesions in aortic arch and descending aortic regions (Supplemental 

Figures IX A and IX B). With reduced FM (CD11c+) adhesion, mice fed EVOND also had 

significantly less CD11c+ macrophage/dendritic cell accumulation in atherosclerotic lesions 

compared to mice fed WD (Figures 6C and 6D).

Discussion

Different types of dietary fat may play distinct roles in cardiovascular health.35–37 The 

clinical outcomes of the PREDIMED, REDUCE-IT, and CANTOS trials have increased the 

priority of understanding how dietary FAs impact atherosclerosis, lipoproteins, and 

inflammation.1, 4, 38 Our current study showed that replacement of SFA from milkfat with 

UFA from extra-virgin olive oil and nuts in a cholesterol-rich WD reduced development of 

atherosclerosis in Ldlr–/– mice, in support of the clinical benefits of Mediterranean-type diet 

supplemented with extra-virgin olive oil and nuts in reducing the risk for cardiovascular 

events as demonstrated by the PREDIMED clinical trial.1 The decreased plasma lipid 

concentrations with EVOND may play an important role in the reduced atherosclerosis. 

However, how changes in plasma lipid concentrations alter atherogenesis remains 

incompletely understood. We made the novel observations that compared to WD, EVOND 

improved circulating monocyte phenotypes, with reductions in monocyte lipid accumulation, 

inflammation, expression of CD36 and CD11c, oxLDL uptake, and monocyte adhesion 

capacity, in this mouse model of atherosclerosis. Given the recent CANTOS study showing 

the benefits of targeting inflammation for prevention of atherosclerotic cardiovascular 

disease events,39 our observations of improved monocyte inflammatory phenotypes, which 

can be induced by reduced plasma lipid concentrations and altered FA composition (see the 

following discussion), may provide an important mechanism underlying the protective effect 

of EVOND on atherogenesis.

Compared to WD, EVOND is high in UFAs, including MUFAs and PUFAs, but low in 

SFAs. As expected, plasma levels of UFAs were higher and of SFAs were lower in mice fed 

EVOND than in mice fed WD. Specifically, compared to mice fed WD, mice fed EVOND 

had higher plasma levels of oleic acid and linoleic acid and lower levels of capric acid, lauric 

acid, and myristic acid, which reflected the differences in abundance of these FAs between 

EVOND and WD. In addition, mice fed EVOND compared to WD also had higher plasma 

levels of α-linolenic acid, arachidonic acid, and DHA, which were different from the content 

of these FAs in each diet. Furthermore, our study showed smaller changes in FA profiles in 

mouse plasma than in diets. This may be because of the role of hepatic de novo FA synthesis 

and other mechanisms such as lipolysis in adipose tissue and fat utilization in muscle in 

response to different dietary fats. Importantly, compared to WD, EVOND reduced plasma 

and hepatic levels of cholesterol and TG in Ldlr–/– mice. Previous studies have demonstrated 

that high UFA intake reduced plasma and hepatic levels of cholesterol and TG through 

regulating lipid metabolism.40–43 In contrast, SFAs have been shown to promote lipid 

biosynthesis in the liver, leading to increases in hepatic and plasma lipid levels.44, 45 

Consistent with these reports, we observed that hepatic expression of lipogenic genes was 
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decreased in EVOND-fed mice compared to WD-fed mice, suggesting that a diet high in 

UFAs (i.e., EVOND) has a favorable impact on the plasma lipid profile and hepatic lipid 

metabolism compared to a diet high in SFAs (i.e., WD).

Elevated plasma levels of cholesterol and TG transported in lipoproteins play important roles 

in monocyte uptake of lipids, resulting in formation of FM.7, 8, 13, 34, 46, 47 Therefore, 

decreased plasma levels of TG and cholesterol in mice fed EVOND may lead to less 

monocyte lipid accumulation and reduced FM formation. Consistently, reduction of 

hyperlipidemia in humans with familial hypercholesterolemia decreases lipid accumulation 

within circulating monocytes.6, 12 Beyond the effect of blood cholesterol and TG levels, we 

observed that lipid accumulation in monocytes was reduced by treatment with TGRLs from 

EVOND-fed mice compared to those from WD-fed mice at the same TG concentration, also 

supporting a role for altered lipoprotein FA composition in monocyte uptake of TGRLs and 

FM formation. Our ongoing and future studies will examine the mechanisms by which 

monocytes take up TGRLs.

Lipid accumulation may upregulate proinflammatory marker expression in monocytes/

macrophages.7, 28, 29 Therefore, less lipid accumulation in monocytes of mice fed EVOND 

may contribute to decreased monocyte inflammation in these mice. In addition, SFAs, but 

not UFAs, induce expression of inflammatory cytokines in monocytes.48, 49 Therefore, the 

changes in FA profiles may also contribute to reduced monocyte inflammation in mice fed 

EVOND.

While TG and FAs contribute to lipid accumulation within monocytes,13, 46, 47, 50 the major 

lipoprotein that induces foam cell formation for atherosclerosis is LDL, and oxLDL is 

believed to be a particularly potent substrate for this process.51 CD36, a type of scavenger 

receptor class B, plays a crucial role in monocyte/macrophage uptake of modified LDL and 

FM formation.7, 29, 52 In turn, lipid accumulation in monocytes further increases expression 

of CD36, forming a positive feedback loop to accelerate FM formation. Indeed, our current 

and previous studies showed preferential FM formation of CD36+ monocytes and further 

upregulation of CD36 on FM in mice fed WD.7 The lower CD36 levels on monocytes in 

mice on EVOND than on WD may also be caused by less lipid accumulation and the 

changes in FA composition within monocytes, as indicated by our ex vivo TGRL treatment 

assay. Indeed, palmitate, the most abundant SFA in WD and in plasma of WD-fed mice, 

upregulates CD36 expression on monocytes/macrophages.53 Importantly, the reduction in 

monocyte CD36 levels in mice fed EVOND was associated with reduced monocyte uptake 

of oxLDL, which may, in turn, contribute (at least partially) to the reduced monocyte lipid 

accumulation and foam cell formation and to decreased atherosclerosis in these mice fed 

EVOND. These data indicate that the changes in dietary fat composition by replacement of 

SFAs with UFAs result in lower monocyte CD36 expression, and therefore likely reduce 

monocyte lipid accumulation, foam cell formation, and inflammation. Our future approach 

will also need to examine additional mechanisms for monocyte uptake of oxLDL and lipid 

accumulation.

Lipid accumulation also increases monocyte/macrophage expression of CD11c, which 

mediates monocyte adhesion on endothelial cells and transendothelial migration into arterial 
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walls.7, 30 While many previous investigations showed that MUFA and PUFA infusion or 

dietary supplementation reduced monocyte endothelium adhesion in humans and animals,
54, 55 the mechanisms underlying reduced monocyte adhesion remain poorly understood. 

Our current study provides evidence supporting the hypothesis that less monocyte lipid 

accumulation leading to lower monocyte expression of CD11c may underlie the reduced 

monocyte adhesion to endothelial cells in mice on high-UFA diet. Reduction of monocyte 

CD11c and adhesion may also underlie the reduced accumulation of CD11c+ macrophages/

dendritic cells in atherosclerotic plaques and decreased atherosclerosis development in mice 

fed EVOND.

In our current study, we examined effects of changing the dietary FA composition by 

replacing milkfat with extra-virgin olive oil and mixed nuts in WD on monocyte phenotypes 

and atherosclerosis. However, some limitations should be noted. First, only male mice were 

studied. Considering that sex is an important biological variable, our future study will 

consider to compare male and female mice side-by-side. Second, we were not able to 

identify the specific FAs that may play a major role in the underlying pathophysiologic 

pathways discovered in our study. However, diet intake studies using high concentrations of 

highly purified FAs would be cost prohibitive and less relevant to human clinical studies. 

Third, the current study did not test the FA composition in plasma triglycerides and 

cholesteryl esters. Fourth, because of concerns in regard to limitations of commercial 

reagents for murine studies, we did not measure plasma levels of oxLDL in these mice. 

Instead, we analyzed plasma MDA level and found that higher plasma MDA levels in mice 

fed EVOND were consistent with the higher plasma UFA levels in these mice. Fifth, because 

of difficulty in obtaining sufficient monocytes from mouse blood, we were unable to 

perform intercellular FA profiling and gene network analysis (as shown in macrophages of 

Ldlr–/– mice on WD56) in foamy monocytes.

Our study in mice provides important mechanistic views as to how changes in dietary FA 

composition may impact monocyte phenotypes and atherosclerosis. The most recent results 

of the REDUCE-IT study, in which the addition of highly purified EPA led to reduced risk 

of ischemic events greater than predicted on the basis of the changes in plasma TG levels in 

patients with hypertriglyceridemia, suggest that other mechanisms beyond plasma lipid-

lowering effects played a role in reduction of atherosclerotic events by EPA.38, 57 We have 

previously shown that EPA improved fasting and postprandial monocyte phenotypes with 

reduced CD11c and CD36 levels on monocytes, with no significant reductions in 

postprandial blood TG levels, in subjects with hypertriglyceridemia,47 supporting a potential 

important role of improvements of monocyte phenotypes in reducing cardiovascular risk.

In summary, our current study showed that compared to WD high in SFAs, EVOND with 

high UFAs but low SFAs reduced FM formation, with decreased monocyte inflammation, 

lipid uptake, and adhesion, and decelerated atherosclerosis development in Ldlr–/– mice, 

thereby highlighting an important role of changes in dietary fat composition in regulating 

monocyte phenotypes and atherosclerosis.

Lian et al. Page 12

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Kerrie Jara for editorial assistance.

Sources of Funding

This work was supported by NIH grants under Award Numbers R01 HL098839 (HW), R01 AI047294 (SIS), R01 
HL082689 (SIS) and R01 HL056865 (HJP), an American Heart Association Award AHA16GRNT30410012, and 
an American Diabetes Association Award 1-17-IBS-082 (HW).

Nonstandard Abbreviations and Acronyms

EVOND extra-virgin olive oil and nuts diet

FA fatty acid

FM foamy monocyte

Ldlr–/– low-density lipoprotein receptor knockout

MUFA monounsaturated fatty acid

ND normal diet

NEFA nonesterified fatty acid

oxLDL oxidized low-density lipoprotein

PUFA polyunsaturated fatty acid

SFA saturated fatty acid

SSC side scatter

TG triglyceride

TGRL triglyceride-rich lipoprotein

UFA unsaturated fatty acid

WD western diet
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Highlights

1. Extra-virgin olive oil and nuts diet lowered plasma lipid elevations compared 

with western diet in Ldlr–/– mice

2. Compared to western diet, extra-virgin olive oil and nuts diet decreased 

foamy monocyte formation and inflammation.

3. Extra-virgin olive oil and nuts diet decreased CD11c expression and adhesive 

capacity of monocytes.

4. Extra-virgin olive oil and nuts diet reduced atherosclerotic lesion size 

compared to western diet.
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Figure 1. 
In low-density lipoprotein receptor–knockout (Ldlr–/–) mice, extra-virgin olive oil and nuts 

diet (EVOND) improved lipid profiles compared to western diet (WD). Eight-week-old male 

Ldlr–/– mice were fed normal laboratory diet (ND), WD, or EVOND for 3 months. A, Body 

weight (n=12–20/group) and average food intake (n=5/group). B. Liver and epididymal fat 

pad weight (n=12–20/group). C, Fasting plasma total cholesterol and triglyceride (TG) levels 

(n=12–20/group). D, Plasma lipoprotein profile from mice on WD or EVOND showing 

cholesterol and TG distribution in each lipoprotein fraction (n=7/group). E, Hepatic TG and 

cholesterol content (n=9–13/group). F, mRNA levels of lipogenic genes in the liver (n=9–12/

group). Data are presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.001; ns, not 

significant.
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Figure 2. 
Plasma fatty acid (FA) profiles showed higher unsaturated fatty acid (UFA) and lower 

saturated fatty acid (SFA) concentrations in mice on EVOND than on WD. A, 

Concentrations of each SFA and UFA in total hydrolyzed FA profiles or nonesterified fatty 

acid (NEFA) profiles. B, Percentages of each SFA and UFA in total hydrolyzed FA profiles 

or NEFA profiles. C, UFA/SFA ratio in total hydrolyzed FA profiles or NEFA profiles. Data 

are shown as mean±SEM (n=9–12/group); *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. 
EVOND compared to WD reduced foamy monocyte formation and inflammation in Ldlr–/– 

mice. A, Monocyte frequency in total leukocytes of mice on ND, WD, and EVOND (n=12–

20/group). B, Side scatter (SSC) value and Nile red mean fluorescence intensity (MFI) of 

circulating monocytes of mice on different diets (3 months on diets for Nile red staining). C, 

Representative fluorescence-activated cell sorter (FACS) examples showing foamy 

monocytes in blood of Ldlr–/– mice on different diets (left panel). Monocytes (CD115+) 

were divided into two subsets based on CD36. Elevations in SSC indicated lipid 

accumulation and foamy monocyte formation; quantification of SSC values of CD36– and 

CD36+ monocytes in Ldlr–/– mice on diets (n=9–18/group; right panel). D, CD11c 

expression on CD36– and CD36+ monocytes in Ldlr–/– mice on diets (n=9–18/group). E, 

Expression of TNFα and IL-1β in monocytes of Ldlr–/– mice on diets (n=4/group). Data are 

shown as mean±SEM. *p<0.05, **p<0.01, ***p<0.001.

Lian et al. Page 21

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
EVOND reduced monocyte CD36 expression and oxidized LDL (oxLDL) uptake. A, SSC 

value of monocytes (from ND-fed Ldlr–/– mice) after incubation with triglyceride-rich 

lipoprotein (TGRL) fraction from mice on WD or EVOND (n=6/group). B, Expression level 

of CD36 on circulating monocytes from mice on different diets (left panel; n=9–15 mice/

group) or on monocytes from ND-fed Ldlr–/– mice after incubation with TGRL fraction 

from mice on WD or EVOND (right panel; n=6/group). C, Monocyte uptake of DiI-oxLDL. 

Total leukocytes from Ldlr–/– mice on WD or EVOND were incubated ex vivo with DiI-

oxLDL in the absence or presence of anti-mouse CD36 antibody for 1 h, and DiI signals 

representing monocyte uptake of oxLDL were examined by FACS (n=4/group). Data are 

shown as mean±SEM. *p<0.05, ***p<0.001.
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Figure 5. 
Reduced on-chip adhesion of foamy monocytes from mice on EVOND vs. WD. Circulating 

monocytes were stained with CD115 and CD11c and perfused through VCAM-1– and E-

selectin–coated chip. The number of arrested CD11c+ monocytes were counted and 

normalized by total infused monocyte number. A, Frequency of CD11c+ monocytes arrested 

on chips in the total infused monocyte. Data are shown as mean±SEM, *p<0.05, n=4/group. 

B, Representative images showing arrested cells on chips under flow with FITC-anti-CD11c 

(Green), PE-anti-CD115 (Red), and DAPI (Blue) staining. See “Ex vivo micro–flow 

adhesion assay” under Materials and Methods for experimental procedures. Foamy 

monocytes marked with white arrows were identified by CD115 and CD11c double staining.
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Figure 6. 
EVOND reduced atherosclerosis compared to WD in Ldlr–/– mice on diets for 3 months. A, 

Representative en face oil red O staining of whole aorta and aortic sinus (10x original 

magnification). B, Statistics of plaque area of whole aorta (upper panel) and aortic sinus 

(lower panel) (n=8/group). C, Representative immunofluorescence staining of Mac3 (green) 

and CD11c (red), with DAPI staining (blue) for nuclei, in aortic sinus lesions. D, CD11c 

fluorescent intensity (relative fluorescent unit [RFU]) in plaque of mice from WD and 

EVOND groups (n=6/group). Data are shown as mean±SEM. *p<0.05, **p<0.01.
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