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Abstract

:

Plant-based (PB) diets are considered a healthy dietary pattern; however, eggs are not always included in this dietary regime. We hypothesized that the addition of two eggs per day would increase HDL cholesterol as well as plasma lutein, zeaxanthin and choline in individuals with metabolic syndrome (MetS). In this randomized controlled crossover intervention, we recruited 30 participants (49.3 ± 8 y) with MetS who followed a PB diet for 13 weeks. A registered dietitian advised all subjects on food selection and followed them through the intervention to ensure compliance. Participants underwent a 2-week washout with no eggs or spinach (a source of dietary lutein and zeaxanthin) and were randomly allocated to consume spinach (70 g) with either two eggs (EGG) or the equivalent amount of egg substitute (SUB) for breakfast for 4 weeks. After a 3-week washout, they were allocated the alternate breakfast. A total of 24 participants (13 women/11 men) finished the intervention. Plasma lipids, glucose, insulin, anthropometrics, plasma lutein, zeaxanthin, choline and trimethylamine oxide (TMAO) were assessed at baseline and the end of each intervention. When we compared individuals consuming the EGG versus the SUB breakfast, we observed a lower body weight (p < 0.02) and a higher HDL cholesterol (p < 0.025) after the EGG diet. There were no differences in plasma LDL cholesterol, triglycerides, glucose, insulin, or blood pressure. The number of large HDL particles measured by NMR was higher after EGG (p < 0.01) as compared to SUB. Plasma choline was higher in both treatments (p < 0.01) compared to baseline (8.3 ± 2.1 μmol/L). However, plasma choline values were higher in EGG (10.54 ± 2.8 μmol/L) compared to SUB (9.47 ± 2.7 μmol/L) p < 0.025. Both breakfasts increased plasma lutein compared to baseline (p < 0.01), while plasma zeaxanthin was only increased in the egg intervention (p < 0.01). These results indicate that consuming a plant-based diet in combination with whole eggs increases plasma HDL cholesterol, choline and zeaxanthin, important biomarkers in subjects with MetS.
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1. Introduction


Current evidence from several studies demonstrates an association between consuming a plant-based (PB) diet and a reduced prevalence or risk of developing metabolic syndrome (MetS) [1,2,3]. However, vegetarian diets also document lower levels of high-density lipoprotein cholesterol (HDL-C) and higher levels of triglycerides (TG) [4]. The inclusion of eggs in a plant-based (PB) diet (lacto-ovo-vegetarian) may improve the metabolic conditions in MetS [5].



The modulatory effect of egg consumption on HDL-C composition in healthy [6] and MetS participants [7] is well-documented. Daily whole-egg consumption leads to more significant increases in plasma HDL-C and improvements in HDL profiles in MetS compared to intake of a yolk-free egg substitute during moderate carbohydrate restriction [8]. HDL being the primary transporter of lutein and zeaxanthin may impact the formation of HDL particles [9]. A positive association between plasma concentration of egg-yolk-derived carotenoids and lipoprotein particle size and HDL concentrations [9] suggests that eggs promote the formation of more large HDL particles that have been determined to be more functional [10]. Lifestyle interventions promoting low-fat, PB eating patterns have reduced HDL levels, with significant reductions in blood pressure, lipid profile and fasting blood glucose [11]. Based on this background, the addition of whole eggs to a PB diet will provide additional health benefits regarding plasma lipids.



MetS is associated with reductions in plasma lutein and zeaxanthin, and the altered composition of their lipoprotein transporters may affect disease risk [11,12,13,14]. Lutein and zeaxanthin protect cellular membranes and lipoproteins against oxidative-stress-induced reactive oxygen species (ROS) [15,16] and oxidized LDL. Lutein and zeaxanthin have been shown to reduce atherosclerosis in guinea pigs [17] and protect against age-related macular degeneration [18,19]. Previous observational and interventional studies suggest that lutein and zeaxanthin intakes are positively correlated with plasma HDL cholesterol and negatively correlated with plasma LDL cholesterol and triglyceride [20,21]. An intake of 6 mg/d of these carotenoids is sufficient to protect against oxidative stress, which leads to AMD or heart disease [22]. However, the dietary intake of lutein and zeaxanthin is very low in the American diet [23].



Raw spinach, one of the richest sources of lutein, contains about 20 mg of lutein plus zeaxanthin/100 g [24]. In contrast, most regular eggs typically contain about 0.3 mg of lutein + zeaxanthin/egg [24]. Even though the intake of green leafy vegetables increases serum lutein levels in healthy individuals, the bioavailability of this carotenoid is higher in eggs [25], possibly due to the lipid matrix of the egg yolk [12]. Given the ability of eggs to increase plasma lutein and zeaxanthin to a greater extent than leafy greens, eggs can be an important dietary source of carotenoids [26].



Eggs are an excellent source of choline in the form of phosphatidylcholine (PC), found in the egg yolk [27,28]. Choline is an essential nutrient for health because of its many functions in growth and development, neurological function and formation of membrane phospholipids, including phosphatidylcholine (PC) and sphingomyelin [29]. Betaine, derived from choline, has been shown to reduce fasting glucose in prediabetics [30], increase HDL in MetS [31], as well as reduce body fat and aid in weight loss [32]. Being a nutrient derived from either direct dietary intake or oxidation of choline, betaine is not considered an essential nutrient.



Intestinal microbes may metabolize dietary choline and betaine to form trimethylamine (TMA), which is subsequently absorbed and metabolized in the liver by the hepatic flavin-containing monooxygenase family of enzymes (FMOs) into trimethylamine N-oxide (TMAO) [33]. TMAO is recognized as a risk factor for cardiovascular disease (CVD) [33]. In contrast, betaine may decrease serum homocysteine concentration [34] associated with CVD risk and stroke [35]. However, these findings indicating the CVD risks associated with choline and its metabolites are inconsistent [36].



This study aimed to determine the role of whole eggs versus egg substitutes (described in methods) as part of a plant-based diet (excluding meat, poultry, fish and seafood) in the biomarkers that protect against oxidative stress and inflammation in patients with MetS. We hypothesized that the inclusion of whole eggs (EGG) in combination with spinach in a PB diet would increase plasma concentrations of lutein, zeaxanthin, and choline compared to an egg substitute (SUB) and spinach. Additionally, we hypothesized that the EGG intervention would increase plasma HDL and the formation of the larger HDL particles, which will allow for the transport of the increased carotenoids in plasma to the various tissues. While a plant-based diet is a promising dietary intervention to reduce the risks of MetS, the addition of whole eggs may elevate the benefits by providing a superior strategy to modulate biomarkers of disease.




2. Materials and Methods


2.1. Experimental Design


Thirty men and women aged 35–70 years and classified with MetS were recruited and enrolled in a randomized controlled crossover diet intervention. Recruitment started in August 2019 and was concluded in January 2022. The period encompassed more than 2 years due to the onset of COVID-12. We needed to stop the study for over 8 months before starting to recruit again. Participant recruitment was conducted through flyers and emails to the surrounding communities. All the subject interviews and the analysis for classification of MetS occurred in the Department of Nutritional Sciences at the University of Connecticut. Participants were included in the study if they met the National Cholesterol Education Program: Adult Treatment Panel (NCEP: ATP III) revised criteria for MetS [37] at screening and were willing to follow a PB diet for 13 weeks with either 2 eggs/d or the equivalent amount of egg substitute in combination with spinach as an omelet for breakfast. Exclusion criteria included liver disease, renal disease, diabetes, cancer, history of stroke, heart disease, glucose-lowering drugs or supplements and allergies to eggs or spinach.



All participants followed a lactovegetarian diet, restricting meat, poultry and fish. The PB diet was ad libitum, as there were no specific recommendations or restrictions for energy intake. A registered dietitian provided comprehensive dietary guidelines and instructions on following the PB diet through the intervention to ensure compliance. In addition to the PB diet, qualified participants underwent a 2-week washout period with no eggs or spinach (sources of dietary choline, lutein and zeaxanthin). They were randomly allocated to consume spinach (70 g) with either 2 eggs (EGG) or the equivalent amount of egg substitute (SUB) for breakfast for 4 weeks. After a 3-week washout, they were allocated the alternate breakfast. As a good source of lutein, zeaxanthin and choline, spinach was also provided with whole eggs or the egg substitute to evaluate whether the fats in the egg yolk would further aid in the absorption of these nutrients. Participants were asked to avoid eating eggs and spinach other than those provided by the study. All eggs (large, grade A, white) and egg substitutes (Egg Beaters original) were purchased at a local supermarket (Big Y, Tolland, CT) and provided to participants. The Egg Beaters original contained 99% egg whites and less than 1% of xanthan gum, guar gum and beta carotene for color and were fortified with vitamins. Frozen spinach (James Farm, Tolland CT) purchased from Restaurant Depot was portioned accurately and supplied each day. For further clarification, the content of dietary cholesterol, choline, lutein and zeaxanthin in EGG, SUB and spinach are presented in Table 1. Values are taken from USDA Nutrient Data [23].



We used information from our previous studies [6,9,25] to determine the sample size and calculated that 23 subjects would be sufficient to detect 10% changes in plasma lutein, zeaxanthin and choline with 80% power and an alpha of 0.05. The sample size was estimated using Graphpad StatMate2 software. We recruited 30 subjects to allow for attrition.



Participants were asked to maintain their regular physical activity, medications, and dietary-supplement usage upon starting the 13-week study. Compliance was monitored weekly through follow-up calls/texts by a registered dietitian and self-reported daily compliance forms. The intervention scheme is presented in Figure 1.



This study was approved by the Institutional Review Board, the University of Connecticut, Storrs under protocol H19-178 and registered at Clinicaltrials.gov (protocol NCT04234334). A total of 24 participants (n = 24; age = 49.3 ± 8 y) completed the 13-week study (13 women/11 men), and their data were used for the subsequent analyses. Informed consent was obtained from all participants before the screening.




2.2. Diet Analysis


The registered dietitian provided individualized dietary counseling, nutrition education materials, and sample menus and recipes. Participants filled out 3-day diet-intake and exercise records before and after the EGG or SUB intervention period (i.e., weeks 2, 6, 9 and 13 of the study period). Each 3-day record consisted of two nonconsecutive weekdays and one weekend day. Physical activity was expressed as the amount of time spent exercising in hours per day on concurrent days. Dietary records were analyzed using the Nutrition Data System for Research (NDSR) (Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA).




2.3. Blood Collection and Processing,


Fasted blood was collected from participants after a 12 h overnight fast at 5 points, including screening, before and after each diet treatment (weeks 0, 2, 6, 9, 13). Antecubital venous blood samples were collected into EDTA-coated tubes and immediately centrifuged at 2000× g for 20 min at 4 °C for plasma separation. Blood samples collected in a serum tube with a clot activator and gel were left undisturbed for 20 min at room temperature to form a clot and centrifuged at 2000× g for 10 min at 4 °C for serum separation. Aliquoted plasma and serum samples were stored at −80 °C until analysis.




2.4. Anthropometrics and Blood Pressure (BP)


Height was measured on a stadiometer to the nearest 0.5 cm at screening. An electronic scale was used to measure weight, and it was recorded to the nearest 0.1 kg. BMI was calculated by dividing weight in kg by the square of height in meters (kg/m2). Weight, waist circumference (WC) and BP were measured at 5 points, including screening, before and after each diet treatment. WC was measured on bare skin during minimal respiration at the top of the iliac crest nearest 0.1 cm. BP was measured using an automated BP monitor (Omron, Healthcare Inc., Bannockburn, IL, USA) after participants were seated and rested for at least 5 min. The averages of three separate recordings were used for both WC and BP measures.




2.5. Plasma Lipids


Fasting plasma total cholesterol (TC), HDL-cholesterol (HDL-C) and triglycerides (TG),) were determined at baseline and the end of each breakfast period using an automated clinical chemistry analyzer (Cobas c 111, Roche Diagnostics, Indianapolis, IN, USA) via enzymatic and photometric detection methods as previously reported [7,21]. Plasma LDL-cholesterol (LDL-C) was estimated with the Friedewald equation [38].




2.6. Plasma Glucose, Insulin, HOMA-IR and MetS-Z Score


Plasma glucose was measured at baseline and after diet treatments using Cobas C111, an automated biochemical analyzer. Fasted plasma insulin was measured using a commercially available sandwich-enzyme-linked immunosorbent assay (ELISA) kit (Crystal Chem, IL, USA), which utilizes a specific antibody immobilized onto the microplate wells and an antibody labeled with Horseradish peroxidase (HRP) to detect and quantify insulin. The intra-assay variability was less than 5% for plasma insulin. The Homeostasis Model Assessment (HOMA-IR) equation estimated basal insulin resistance based on fasting plasma insulin and plasma glucose measurements [39].



MetS severity Z scores were calculated for participants at baseline and after EGG and SUB treatments using sex- and race/ethnicity-based formulas [40]. These scores were derived from a confirmatory factor analysis examining the correlation of the 5 criteria for MetS (waist circumference, systolic blood pressure, triglycerides, HDL cholesterol, fasting glucose) on nationally representative data from the National Health and Nutrition Examination Survey (NHANES) for adults 20–64 years of age. The weighted contribution of each of the MetS components to a latent MetS “factor” on a sex- and race/ethnicity-specific basis was determined (found at http://mets.health-outcomes-policy.ufl.edu/calculator/, accessed on 14 May 2022).




2.7. Lipoprotein Particle Size and Subfractions


Plasma VLDL, IDL, LDL, and HDL particle concentrations and average particle diameters were quantified using nuclear magnetic resonance (NMR) spectroscopy at baseline and end of both treatments (weeks 6 and 13). NMR relies upon the unique resonance signal broadcasted by each particle following exposure to a magnetic field to separate the particles by size [41]. This analysis separated VLDL, LDL and HDL into small, medium and large subclasses and provided information on total lipoprotein particle concentration and mean particle size.




2.8. Plasma Choline and TMAO


Plasma choline and its metabolites—betaine, dimethylglycine (DMG) and TMAO—were quantified by stable-isotope dilution liquid chromatography with tandem mass spectrometry (LC/MS/MS), as previously described [42,43]. Plasma collected at the baseline and end of each intervention was used for these analyses.




2.9. Plasma Lutein and Zeaxanthin


The analysis of carotenoids in plasma was conducted using an Agilent 1260 HPLC-DAD and chromatographed using a C30 column (4.6 × 250 mm, 3 μm, YMC Inc., Wilmington, DE, USA). A total of 500 μL of plasma was required to extract lutein and zeaxanthin [44,45]. Both carotenoids were quantified at 450 nm using authentic external standard curves.




2.10. Statistical Analysis


All variables were analyzed using SPSS for Windows Version 25 (IBM Corp). Repeated-measures ANOVA was used to evaluate differences between baseline and at the end of each dietary period, treatment in plasma lipids, glucose, insulin, insulin resistance, choline metabolites, plasma TMAO, lutein and zeaxanthin, with time being the repeated measure (baseline and end of each dietary treatment); the data were reported as mean ± SD. p < 0.05 was considered to be significant. Finally, Pearson correlations were calculated between plasma biomarkers and lipoproteins. Sex, age, race and baseline Met-z score were used as covariates for plasma choline and its metabolites.





3. Results


3.1. Baseline Characteristics of Participants


Thirty participants were recruited and six dropped out of the study due to the sudden onset and widespread impact of COVID-19. Participants (n = 24) who completed the study were middle-aged (49.3 ± 8 y) and in the overweight-to-obese BMI range, consisting of 21 Caucasians and 3 African Americans. Approximately half of the participants that completed the study were females. Characteristics of participants at baseline are presented in Table 2.




3.2. Dietary Intake


The dietary and exercise patterns remained relatively consistent throughout the intervention. All participants complied with the PB diet and consumed their EGG or SUB with spinach for breakfast. Diet intake at baseline and the end of each dietary period is presented in Table 3. There was no difference in kcalorie (kcal) intake throughout the intervention. The fat intake (% kcal) was higher during EGG, while protein intake (% kcal) was higher during EGG and SUB treatments compared to baseline. The carbohydrate intake (% kcal) and added sugar intake were higher at baseline compared to the EGG and SUB breakfast periods. Predictably, cholesterol was higher during the EGG period, along with SFA and MUFAs. Omega 3 fatty acids were increased in both EGG and SUB periods compared to baseline. Dietary choline was significantly increased after EGG, whereas betaine was increased in SUB and EGG. The dietary intake of βcarotene, lutein, zeaxanthin, vitamins A, B2, and selenium were higher during the EGG and SUB periods. There were no differences in fiber intake, glycemic index, or glycemic load among treatments. EGG period also showed higher vitamin D and B12 intakes.




3.3. BMI and Weight Anthropometrics, Blood Pressure, Plasma Lipids and Glucose


During the EGG treatment, there was a moderate but significant reduction in weight and BMI compared to SUB and baseline (Table 4). Waist circumference and systolic and diastolic BP were unchanged for the duration of the intervention. As expected from previous interventions, HDL-c increased after EGG intake. At the same time, TG, LDL-C and parameters of glucose metabolism such as plasma glucose, insulin and homeostasis model assessment (HOMA-IR) remained unchanged. The LDL/HDL ratio, a commonly used marker of atherosclerosis risk, did not significantly change among treatments. The MetS-Z score placed our subjects on the 75% percentile of severity. There were no significant differences between baseline or at the end of the dietary treatments. The lack of differences might be due to the fact that subjects were on the PB diet for 2 weeks (baseline values).




3.4. Lipoprotein Particle Size and Subfractions


As indicated in Table 5, there were no significant changes in the number of totals, large, medium and small VLDL particles; in the number of IDL and the number of totals, large or small LDL particles. In contrast, participants had increases in total HDL particles (p < 0.025) as well as large HDL particles (p < 0.025) (Table 5). There were also no changes in lipoprotein size among treatments (Table 5). The number of large HDL particles for baseline, EGG and SUB is shown in Figure 2.




3.5. Plasma Choline, Metabolites and TMAO


Plasma choline concentration was higher after EGG treatment than baseline and SUB (Table 6); the choline metabolites, betaine and methionine, remained unchanged, DMG was significantly increased after EGG and SUB compared to baseline. Plasma TMAO concentration was not different between baseline and EGG, while SUB was higher than baseline.




3.6. Plasma Lutein and Zeaxanthin


Plasma lutein concentration increased significantly after EGG (475.7 ± 220.3) as well as SUB (461.9 ± 188.6) compared to baseline (282.7 ± 112.9) (Figure 3). There were significant increases in plasma zeaxanthin concentration after EGG treatment (93.5 ± 50.8) compared to SUB 73.1 ± 38) and baseline (68.6 ± 34.6).



Changes in plasma zeaxanthin were positively associated with the large HDL particles during the EGG period (r = 0.57, p < 0.01) (Figure 4). This was a strong correlation since the r was almost equal to 0.6 in a group of 24 participants.





4. Discussion


This study demonstrated that combining whole eggs with the PB diet exerts a protective effect in MetS participants, documented by the lower BMI, weight and increases in plasma HDL, zeaxanthin and choline. In addition to the high-quality protein, the egg yolk present in the EGG treatment provided essential nutrients such as choline, lutein, zeaxanthin and vitamin A, D and B2, as well as B12 and fats that aid bioavailability, confirming that a lacto-ovo-vegetarian diet proves to be a well-rounded and nutritious approach when compared to a lactovegetarian diet in individuals with MetS.



4.1. Dietary Changes Associated with Egg Intake


The first meal of the day, breakfast, may regulate and determine the energy intake at a subsequent meal [46]. Eggs are packed with high-biological-value protein that improves satiety, reducing food intake later in the day [47]. Compared to cereals, egg breakfasts provide overall satiety, reduced postprandial glycemic response and subsequent food intake in lean, young adults [47]. Likewise, when compared to an oatmeal breakfast, two eggs per day for breakfast increase satiety throughout the day in a young, healthy population without adversely affecting the biomarkers associated with CVD risk [46]. In our study, the significant reduction in the daily intake of dietary carbohydrates during the EGG and SUB periods may be due to the satiety developed by the nutrient-dense egg omelets. The lactovegetarian diet might have primarily depended on a carbohydrate source such as a bagel and cream cheese, oatmeal or cereals during baseline, which explains the significant increases in added sugar at baseline. The SUB is yolk-free but has added beta carotene for natural color and is fortified with vitamin A, D, E, B2 and B12, which explains the corresponding increases in their dietary intake. Eggs being the richest and most bioavailable source of choline resulted in significant increases in dietary choline. Betaine, another critical nutrient, is abundant in spinach (600–645 mg/100 g serving) [48] resulting in significant increases after SUB and EGG periods and not at baseline.




4.2. Anthropometrics and Blood Pressure


The significant decreases in weight and BMI after EGG may be because of the satiety provided by the egg breakfast, which reduced the carbohydrate intake. Low-carbohydrate diets are associated with increased satiety [49] and have proved effective for weight loss and weight management [50,51]. Nutrient-rich eggs, as well as the PB diet, may have contributed to this change.




4.3. Lipoprotein Modifications and Egg Intake


Although some studies suggest that egg consumption may be linked to elevated levels of blood cholesterol or diabetes mellitus [52], recent epidemiological studies do not agree with these findings [53,54,55,56,57]. In addition to and consistent with our previous findings [58,59], we did not find significant changes in total cholesterol, LDL-C, LDL/HDL ratio, or triglycerides. Similarly, plasma glucose and insulin remained constant after two eggs per day. HDL-C was significantly increased after the EGG period, thereby reversing one criterion of MetS.



Through its ability to remove excess cholesterol from peripheral tissues and transport them to the liver for excretion from the body via the reverse cholesterol transport pathway (RCT), HDL improves CVD [60]. In addition to RCT, HDL promotes antiatherogenic effects through its anti-inflammatory and antioxidative functions by protecting against endothelial dysfunction [61], inhibition of LDL-induced monocyte transmigration [62], as well as inhibition of LDL oxidation [62]. It has been previously reported that apart from increasing plasma HDL, daily whole-egg consumption promotes favorable shifts in HDL lipid composition and function [7,63]. There were no differences in total lipoprotein number or concentrations of lipoprotein subclasses between the treatments or baseline, including the atherogenic lipoproteins large VLDL, IDL and small LDL. Thus, the significant increases in total HDL and large HDL after consuming two eggs/d with the PB diet showcases the atheroprotective effect. The large HDL produced by eggs has been shown to have a higher cholesterol-effluxing capacity, demonstrating that it is more effective in RCT [7,63].




4.4. Carotenoids, Choline and Egg Intake


Dietary interventions have documented that whole-egg consumption increases dietary intake and improves plasma carotenoids in overweight individuals as part of a carbohydrate-restricted diet [64,65], in young men and women [66], metabolic syndrome participants [8,48], pre-menopausal women [25], elderly adults with altered lipid profile [67,68], after intake of regular, lutein-enriched and n-3 fatty-acid-enriched eggs [69] as well as in a healthy lacto-ovo-vegetarian population predominately on a plant-based diet consuming both n-3 fatty acid-enriched eggs and organic eggs [69]. In most of the above studies, plasma choline increased after consumption of eggs, whereas the choline metabolites’ TMAO levels did not increase [7,67].



The increases in dietary and plasma lutein and zeaxanthin after EGG treatment is consistent with previous findings [9,70]. Because of their association with the lipid matrix of the egg yolk, these lipophilic carotenoids have optimal gastrointestinal uptake, making them highly bioavailable [70] compared to other food sources. Spinach, a rich source of lutein, was cooked with oil for the omelets. Compared to baseline, this added fat might have contributed to its absorption and increased plasma lutein after SUB intake. However, zeaxanthin was higher during the EGG period because spinach may not be a good source of this carotenoid. The large HDL particles generated by egg intake were associated with plasma zeaxanthin, demonstrating the role of HDL particles in the transport of this carotenoid.



The 2020–2025 Dietary Guidelines for Americans list choline as an under-consumed nutrient in the American diet [71]. A significant number of adults and children fail to meet the adequate intake (AI) for choline in the US [72], which may increase the risk of adverse effects, including cognitive impairment, neural tube defects, muscle damage and fatty liver [73]. Due to the impact of choline deficiency on health issues, adequate consumption of choline becomes very important. The most concentrated sources of choline are of animal origin (example; 3 oz beef liver, 356 mg; 1 large hard-boiled egg, 147 mg), which raises the risk for choline deficiency while following a PB diet. Consumption of two whole eggs helps meet at least half the excellent intake recommendation (550 mg/day of choline for men and 425 mg/day for women) [73].



We found a significant increase in DMG and betaine after EGG and SUB intake compared to baseline. Betaine concentration (mg/100 g) is highest in plant foods such as wheat bran, wheat germ, spinach., pretzels and wheat bread [74]. Low plasma betaine concentrations are associated with an unfavorable cardiovascular risk profile in the MetS population [75] and an increased risk of secondary heart failure and acute myocardial infarction [75]. The dietary betaine and choline-derived betaine might have significantly increased DMG after EGG and SUB intake. We did not observe higher TMAO concentrations compared to baseline in agreement with previous studies in our lab that have shown increases in plasma choline with no significant increases in TMAO after three eggs per day [7,48]. The higher concentrations of TMAO after the SUB breakfast may be due to the increased dietary betaine from spinach. Although those values are significantly different compared to the baseline, they are still low compared to other reported values of TMAO for individuals with MetS [76]. Slight changes in microbiota associated with the PB diet might be responsible for these increases.




4.5. Strengths and Limitations


This study is unique and the first of its kind to better understand the contribution of eggs to a healthy diet such as a plant-based diet. Although all participants were habitually omnivores, they adhered to the diet with full compliance. The service of the registered dietitian motivated the participants, which was our biggest strength. We also provided the intervention foods and ensured that subjects did not change their physical activity or medications (dose/type) during the 13-week intervention.



The onset of COVID-19 posed several challenges in the study, such as the enrollment of the participants from this at-risk population, dropouts and delays in completion. The small sample size who completed the intervention and short duration (4 weeks), which might not have been sufficient to determine changes in some of the measured parameters, would be the limitation of this study. Another perceived weakness is the lack of blinding of the participants. The participants had no calorie restriction, so additional studies with calorie and weight maintenance would further clarify the effects on other criteria of MetS.



The novelty of this dietary intervention is that it answers existing questions and concerns regarding the health impacts of egg intake in the MetS population. Some individuals who follow a vegetarian diet choose to avoid eggs without being aware of the many benefits that this food can provide in improving dyslipidemias, reducing oxidative stress, and reducing inflammation. This study demonstrates that consuming whole eggs in combination with a plant-based diet offers a healthier dietary pattern when compared to egg substitutes by favorably affecting plasma lipids and antioxidant carotenoids, as well as choline, thereby reducing disease risk.





5. Conclusions


Based on the results from this study, we conclude that the PB diet with whole eggs (Lacto-ovo-vegetarian) appears to either maintain and improve dyslipidemias and the markers of oxidative stress and inflammation over vegan and lactovegetarian diets in participants with MetS. Eggs had a two-fold benefit for MetS patients. First, they had an increase in HDL cholesterol, which has been demonstrated to be protective against cardiovascular disease risk, and the large HDL is associated with a more effective reverse cholesterol transport. In addition, eggs did not result in higher LDL-C, TG or glucose. Second, eggs also resulted in high concentrations of plasma lutein and higher concentrations of zeaxanthin and choline, which are low in this population [15]. These compounds may protect patients with MetS against chronic diseases, including cardiovascular diseases, AMD, type II diabetes and Alzheimer’s.



Future studies should include larger groups of participants with more diversity in race/ethnic groups, as well as participants with different socioeconomic characteristics, including level of education, purchasing power and adherence to healthy lifestyles.







Author Contributions


M.S.T. recruited the subjects, conducted the analysis for MetS and wrote the first draft of the paper; M.P. advised the subjects on how to follow a plant-based diet and provided input in the paper; M.A.C. and O.M. conducted the analysis for plasma choline and TMAO and provided input; M.S. and J.L.C. conducted the analysis for plasma carotenoids and provided input. M.L.F. designed the study, supervised the intervention and provided input for the final draft of this manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Egg Nutrition Center, Chicago, IL, USA.




Institutional Review Board Statement


The study was approved by the University of Connecticut institutional review board. This study was registered at Clinicaltrials.gov (protocol NCT04234334).




Informed Consent Statement


All subjects provided informed consent to participate in the study.




Data Availability Statement


Data for this study are available upon request to the Principal Investigator.




Conflicts of Interest


MST, MP, OM, MJS declare no conflicts of interest. MC, JLC and MLF have been funded by the Egg Nutrition Center.




References


	



Pinheiro, C.; Leite, J.C.; Negrão, R.; Keating, E. Vegetarian Diets as a Possible Therapeutic Approach to Patients with Metabolic Syndrome. Porto Biomed. J. 2020, 5, e098. [Google Scholar] [CrossRef] [PubMed]

	



Marrone, G.; Guerriero, C.; Palazzetti, D.; Lido, P.; Marolla, A.; Di Daniele, F.; Noce, A. Vegan Diet Health Benefits in Metabolic Syndrome. Nutrients 2021, 13, 817. [Google Scholar] [CrossRef] [PubMed]

	



Kahleova, H.; Levin, S.; Barnard, N. Cardio-Metabolic Benefits of Plant-Based Diets. Nutrients 2017, 9, 848. [Google Scholar] [CrossRef] [PubMed]

	



Goff, L.M.; Bell, J.D.; So, P.-W.; Dornhorst, A.; Frost, G.S. Veganism and Its Relationship with Insulin Resistance and Intramyocellular Lipid. Eur. J. Clin. Nutr. 2005, 59, 291–298. [Google Scholar] [CrossRef]

	



Chiang, J.-K.; Lin, Y.-L.; Chen, C.-L.; Ouyang, C.-M.; Wu, Y.-T.; Chi, Y.-C.; Huang, K.-C.; Yang, W.-S. Reduced Risk for Metabolic Syndrome and Insulin Resistance Associated with Ovo-Lacto-Vegetarian Behavior in Female Buddhists: A Case-Control Study. PLoS ONE 2013, 8, e71799. [Google Scholar] [CrossRef]

	



DiMarco, D.M.; Missimer, A.; Murillo, A.G.; Lemos, B.S.; Malysheva, O.V.; Caudill, M.A.; Blesso, C.N.; Fernandez, M.L. Intake of up to 3 Eggs/Day Increases HDL Cholesterol and Plasma Choline While Plasma Trimethylamine-N-Oxide Is Unchanged in a Healthy Population. Lipids 2017, 52, 255–263. [Google Scholar] [CrossRef]

	



Andersen, C.J.; Blesso, C.N.; Lee, J.; Barona, J.; Shah, D.; Thomas, M.J.; Fernandez, M.L. Egg Consumption Modulates HDL Lipid Composition and Increases the Cholesterol-Accepting Capacity of Serum in Metabolic Syndrome. Lipids 2013, 48, 557–567. [Google Scholar] [CrossRef]

	



Blesso, C.N.; Andersen, C.J.; Barona, J.; Volk, B.; Volek, J.S.; Fernandez, M.L. Effects of carbohydrate restriction and dietary cholesterol provided by eggs on clinical risk factors of metabolic syndrome. J. Clin. Lipidol. 2013, 7, 463–471. [Google Scholar] [CrossRef]

	



Blesso, C.N.; Andersen, C.J.; Bolling, B.W.; Fernandez, M.L. Egg Intake Improves Carotenoid Status by Increasing Plasma HDL Cholesterol in Adults with Metabolic Syndrome. Food Funct. 2013, 4, 213–221. [Google Scholar] [CrossRef]

	



Niesor, E.J. Will Lipidation of ApoA1 through Interaction with ABCA1 at the Intestinal Level Affect the Protective Functions of HDL? Biology 2015, 4, 17–38. [Google Scholar] [CrossRef]

	



Kent, L.; Morton, D.; Rankin, P.; Ward, E.; Grant, R.; Gobble, J.; Diehl, H. The Effect of a Low-Fat, Plant-Based Lifestyle Intervention (CHIP) on Serum HDL Levels and the Implications for Metabolic Syndrome Status—A Cohort Study. Nutr. Metab. 2013, 10, 58. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez, M.L.; Andersen, C.J. 1. The Good Egg, the Forgotten Benefits: Protein, Carotenoids, Choline and Glycemic Index. In Human Health Handbooks; Wageninen Academic Publishers: Wageningen, The Netherlands, 2015; pp. 15–34. [Google Scholar]

	



Zhang, Y.; Knol, L.L.; Tan, L. Association between Dietary Lutein/Zeaxanthin Intake and Metabolic Syndrome among US Females: An Analysis of National Health and Examination Surveys 2015–2018. Curr. Dev. Nutr. 2021, 5, nzab123. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Shi, W.; Cao, Y.; He, L.; Guan, K.; Ling, W.; Chen, Y. Higher Serum Carotenoid Concentrations Associated with a Lower Prevalence of the Metabolic Syndrome in Middle-Aged and Elderly Chinese Adults. Br. J. Nutr. 2014, 112, 2041–2048. [Google Scholar] [CrossRef] [PubMed]

	



Morganti, P.; Fabrizi, G.; Bruno, C. Protective Effects of Oral Antioxidants on Skin and Eye Function. Skinmed 2004, 3, 310–316. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H.; Stahl, W. Vitamins E and C, β-Carotene, and Other Carotenoids as Antioxidants. Am. J. Clin. Nutr. 1995, 62, 1315S–1321S. [Google Scholar] [CrossRef]

	



Kim, J.E.; Leite, J.O.; DeOgburn, R.; Smyth, J.A.; Clark, R.M.; Fernandez, M.L. A Lutein-Enriched Diet Prevents Cholesterol Accumulation and Decreases Oxidized LDL and Inflammatory Cytokines in the Aorta of Guinea Pigs. J. Nutr. 2011, 141, 1458–1463. [Google Scholar] [CrossRef]

	



Vishwanathan, R.; Goodrow-Kotyla, E.F.; Wooten, B.R.; Wilson, T.A.; Nicolosi, R.J. Consumption of 2 and 4 Egg Yolks/d for 5 Wk Increases Macular Pigment Concentrations in Older Adults with Low Macular Pigment Taking Cholesterol-Lowering Statins. Am. J. Clin. Nutr. 2009, 90, 1272–1279. [Google Scholar] [CrossRef]

	



Wenzel, A.J.; Gerweck, C.; Barbato, D.; Nicolosi, R.J.; Handelman, G.J.; Curran-Celentano, J. A 12-Wk Egg Intervention Increases Serum Zeaxanthin and Macular Pigment Optical Density in Women. J. Nutr. 2006, 136, 2568–2573. [Google Scholar] [CrossRef]

	



Xu, X.-R.; Zou, Z.-Y.; Xiao, X.; Huang, Y.-M.; Wang, X.; Lin, X.-M. Effects of Lutein Supplement on Serum Inflammatory Cytokines, ApoE and Lipid Profiles in Early Atherosclerosis Population. J. Atheroscler. Thromb. 2013, 20, 170–177. [Google Scholar] [CrossRef]

	



Seddon, J.M.; Ajani, U.A.; Sperduto, R.D.; Hiller, R.; Blair, N.; Burton, T.C.; Farber, M.D.; Gragoudas, E.S.; Haller, J.; Miller, D.T.; et al. Dietary Carotenoids, Vitamins A, C, and E, and Advanced Age-Related Macular Degeneration. JAMA J. Am. Med. Assoc. 1994, 272, 1413–1420. [Google Scholar] [CrossRef]

	



Murphy, M.M.; Barraj, L.M.; Herman, D.; Bi, X.; Cheatham, R.; Randolph, R.K. Phytonutrient Intake by Adults in the United States in Relation to Fruit and Vegetable Consumption. J. Acad. Nutr. Diet 2012, 112, 222–229. [Google Scholar] [CrossRef] [PubMed]

	



USDA Nutrient Data Laboratory|Food and Nutrition Information Center|NAL|USDA. Available online: https://www.nal.usda.gov/fnic/usda-nutrient-data-laboratory (accessed on 27 April 2022).

	



Chung, H.Y.; Rasmussen, H.M.; Johnson, E.J. Lutein Bioavailability Is Higher from Lutein-Enriched Eggs than from Supplements and Spinach in Men. J. Nutr. 2004, 134, 1887–1893. [Google Scholar] [CrossRef] [PubMed]

	



Herron, K.L.; McGrane, M.M.; Waters, D.; Lofgren, I.E.; Clark, R.M.; Ordovas, J.M.; Fernandez, M.L. The ABCG5 Polymorphism Contributes to Individual Responses to Dietary Cholesterol and Carotenoids in Eggs. J. Nutr. 2006, 136, 1161–1165. [Google Scholar] [CrossRef]

	



Schaeffer, J.L.; Tyczkowski, J.K.; Parkhurst, C.R.; Hamilton, P.B. Carotenoid Composition of Serum and Egg Yolks of Hens Fed Diets Varying in Carotenoid Composition. Poult. Sci. 1988, 67, 608–614. [Google Scholar] [CrossRef] [PubMed]

	



Smolders, L.; DeWit, N.J.W.; Balvers, M.G.J.; Obeid, R.; Vissers, M.M.M.; Esser, D. Natural Choline from Egg Yolk Phospholipids Is More Efficiently Absorbed Compared with Choline Bitartrate; Outcomes of a Randomized Trial in Healthy Adults. Nutrients 2019, 11, 2758. [Google Scholar] [CrossRef] [PubMed]

	



Lemos, B.S.; Medina-Vera, I.; Malysheva, O.V.; Caudill, M.A.; Fernandez, M.L. Effects of Egg Consumption and Choline Supplementation on Plasma Choline and Trimethylamine-N-Oxide in a Young Population. J. Am. Coll. Nutr. 2018, 37, 716–723. [Google Scholar] [CrossRef]

	



Zeisel, S.H. A Brief History of Choline. Ann. Nutr. Metab. 2012, 61, 254–258. [Google Scholar] [CrossRef]

	



Grizales, A.M.; Patti, M.-E.; Lin, A.P.; Beckman, J.A.; Sahni, V.A.; Cloutier, E.; Fowler, K.M.; Dreyfuss, J.M.; Pan, H.; Kozuka, C.; et al. Metabolic Effects of Betaine: A Randomized Clinical Trial of Betaine Supplementation in Prediabetes. J. Clin. Endocrinol. Metab. 2018, 103, 3038–3049. [Google Scholar] [CrossRef]

	



Tiihonen, K.; Saarinen, M.T. Effect of Dietary Betaine on Metabolic Syndrome Risk Factors in Asian. J. Diabetes Metab. 2016, 7, 4172. [Google Scholar] [CrossRef]

	



Gao, X.; Zhang, H.; Guo, X.; Li, K.; Li, S.; Li, D. Effect of Betaine on Reducing Body Fat—A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2019, 11, 2480. [Google Scholar] [CrossRef]

	



Ufnal, M.; Zadlo, A.; Ostaszewski, R. TMAO: A Small Molecule of Great Expectations. Nutrition 2015, 31, 1317–1323. [Google Scholar] [CrossRef] [PubMed]

	



McRae, M.P. Betaine Supplementation Decreases Plasma Homocysteine in Healthy Adult Participants: A Meta-Analysis. J. Chiropr. Med. 2013, 12, 20–25. [Google Scholar] [CrossRef] [PubMed]

	



Lonn, E. Homocysteine in the Prevention of Ischemic Heart Disease, Stroke and Venous Thromboembolism: Therapeutic Target or Just Another Distraction? Curr. Opin. Intern. Med. 2007, 6, 600–606. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.S.; Fernandez, M.L. Trimethylamine N-Oxide (TMAO), Diet and Cardiovascular Disease. Curr. Atheroscler. Rep. 2021, 23, 1–7. [Google Scholar] [CrossRef]

	



Grundy, S.M.; Brewer, H.B.; Cleeman, J.I.; Smith, S.C.; Lenfant, C. Definition of Metabolic Syndrome. Circulation 2004, 109, 433–438. [Google Scholar] [CrossRef]

	



Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the Concentration of Low-Density Lipoprotein Cholesterol in Plasma, without Use of the Preparative Ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [Google Scholar] [CrossRef]

	



Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis Model Assessment: Insulin Resistance and Beta-Cell Function from Fasting Plasma Glucose and Insulin Concentrations in Man. Diabetologia 1985, 28, 412–419. [Google Scholar] [CrossRef]

	



Gurka, M.J.; Lilly, C.L.; Oliver, M.N.; DeBoer, M.D. An examination of sex and racial/ethnic differences in the metabolic syndrome among adults: A confirmatory factor analysis and a resulting continuous severity score. Metabolism 2014, 63, 218–225. [Google Scholar] [CrossRef]

	



Jeyarajah, E.J.; Cromwell, W.C.; Otvos, J.D. Lipoprotein Particle Analysis by Nuclear Magnetic Resonance Spectroscopy. Clin. Lab. Med. 2006, 26, 847–870. [Google Scholar] [CrossRef]

	



Holm, P.I.; Ueland, P.M.; Kvalheim, G.; Lien, E.A. Determination of Choline, Betaine, and Dimethylglycine in Plasma by a High-Throughput Method Based on Normal-Phase Chromatography–Tandem Mass Spectrometry. Clin. Chem. 2003, 49, 286–294. [Google Scholar] [CrossRef]

	



Yan, J.; Jiang, X.; West, A.; Perry, C.; Malysheva, O.; Devapatla, S.; Pressman, E.; Vermeylen, F.; Stabler, S.; Allen, R.; et al. Maternal Choline Intake Modulates Maternal and Fetal Biomarkers of Choline Metabolism in Humans. Am. J. Clin. Nutr. 2012, 95, 1060–1071. [Google Scholar] [CrossRef] [PubMed]

	



Biddle, M.J.; Lennie, T.A.; Bricker, G.V.; Kopec, R.E.; Schwartz, S.J.; Moser, D.K. Lycopene Dietary Intervention. J. Cardiovasc. Nurs. 2015, 30, 205–212. [Google Scholar] [CrossRef] [PubMed]

	



Cooperstone, J.L.; Ralston, R.A.; Riedl, K.M.; Haufe, T.C.; Schweiggert, R.M.; King, S.A.; Timmers, C.D.; Francis, D.M.; Lesinski, G.B.; Clinton, S.K.; et al. Enhanced Bioavailability of Lycopene When Consumed as Cis-Isomers from Tangerine Compared to Red Tomato Juice, a Randomized, Cross-over Clinical Trial. Mol. Nutr. Food Res. 2015, 59, 658–669. [Google Scholar] [CrossRef] [PubMed]

	



Missimer, A.; DiMarco, D.; Andersen, C.; Murillo, A.; Vergara-Jimenez, M.; Fernandez, M. Consuming Two Eggs per Day, as Compared to an Oatmeal Breakfast, Decreases Plasma Ghrelin While Maintaining the LDL/HDL Ratio. Nutrients 2017, 9, 89. [Google Scholar] [CrossRef]

	



Ratliff, J.C.; Leite, J.O.; DeOgburn, R.; Puglisi, M.; VanHeest, J.; Fernandez, M.L. Consuming eggs for breakfast influences plasma glucose and ghrelin, while reducing caloric intake during the next 24 hours in adult men. Nutr. Res. 2010, 30, 96–103. [Google Scholar] [CrossRef]

	



Thomas, M.S.; DiBella, M.; Blesso, C.N.; Malysheva, O.; Caudill, M.; Sholola, M.; Cooperstone, J.L.; Fernandez, M.L. Comparison between Egg Intake versus Choline Supplementation on Gut Microbiota and Plasma Carotenoids in Subjects with Metabolic Syndrome. Nutrients 2022, 14, 1179. [Google Scholar] [CrossRef]

	



Hu, T.; Yao, L.; Reynolds, K.; Niu, T.; Li, S.; Whelton, P.; He, J.; Bazzano, L. The Effects of a Low-Carbohydrate Diet on Appetite: A Randomized Controlled Trial. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 476–488. [Google Scholar] [CrossRef]

	



Feinman, R.D.; Pogozelski, W.K.; Astrup, A.; Bernstein, R.K.; Fine, E.J.; Westman, E.C.; Accurso, A.; Frassetto, L.; Gower, B.A.; McFarlane, S.I.; et al. Dietary Carbohydrate Restriction as the First Approach in Diabetes Management: Critical Review and Evidence Base. Nutrition 2015, 31, 1–13. [Google Scholar] [CrossRef]

	



Westman, E.C.; Feinman, R.D.; Mavropoulos, J.C.; Vernon, M.C.; Volek, J.S.; Wortman, J.A.; Yancy, W.S.; Phinney, S.D. Low-Carbohydrate Nutrition and Metabolism. Am. J. Clin. Nutr. 2007, 86, 276–284. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, M.; Shi, Z. Higher Egg Consumption Associated with Increased Risk of Diabetes in Chinese Adults—China Health and Nutrition Survey. Br. J. Nutr. 2021, 126, 110–117. [Google Scholar] [CrossRef]

	



Drouin-Chartier, J.-P.; Chen, S.; Li, Y.; Schwab, A.L.; Stampfer, M.J.; Sacks, F.M.; Rosner, B.; Willett, W.C.; Hu, F.B.; Bhupathiraju, S.N. Egg Consumption and Risk of Cardiovascular Disease: Three Large Prospective US Cohort Studies, Systematic Review, and Updated Meta-Analysis. BMJ 2020, 368, m513. [Google Scholar] [CrossRef] [PubMed]

	



Dehghan, M.; Mente, A.; Rangarajan, S.; Mohan, V.; Lear, S.; Swaminathan, S.; Wielgosz, A.; Seron, P.; Avezum, A.; Lopez-Jaramillo, P.; et al. Association of Egg Intake with Blood Lipids, Cardiovascular Disease, and Mortality in 177,000 People in 50 Countries. Am. J. Clin. Nutr. 2020, 111, 795–803. [Google Scholar] [CrossRef] [PubMed]

	



Wu, F.; Zhuang, P.; Zhang, Y.; Zhan, C.; Zhang, Y.; Jiao, J. Egg and Dietary Cholesterol Consumption and Mortality Among Hypertensive Patients: Results from a Population-Based Nationwide Study. Front. Nutr. 2021, 8, 739533. [Google Scholar] [CrossRef] [PubMed]

	



Qin, C.; Lv, J.; Guo, Y.; Bian, Z.; Si, J.; Yang, L.; Chen, Y.; Zhou, Y.; Zhang, H.; Liu, J.; et al. Associations of Egg Consumption with Cardiovascular Disease in a Cohort Study of 0.5 Million Chinese Adults. Heart 2018, 104, 1756–1763. [Google Scholar] [CrossRef]

	



Drouin-Chartier, J.-P.; Schwab, A.L.; Chen, S.; Li, Y.; Sacks, F.M.; Rosner, B.; Manson, J.E.; Willett, W.C.; Stampfer, M.J.; Hu, F.B.; et al. Egg Consumption and Risk of Type 2 Diabetes: Findings from 3 Large US Cohort Studies of Men and Women and a Systematic Review and Meta-Analysis of Prospective Cohort Studies. Am. J. Clin. Nutr. 2020, 112, 619–630. [Google Scholar] [CrossRef]

	



Blesso, C.N.; Andersen, C.J.; Barona, J.; Volek, J.S.; Fernandez, M.L. Whole Egg Consumption Improves Lipoprotein Profiles and Insulin Sensitivity to a Greater Extent than Yolk-Free Egg Substitute in Individuals with Metabolic Syndrome. Metabolism 2013, 62, 400–410. [Google Scholar] [CrossRef]

	



Dibella, M.; Thomas, M.S.; Alyousef, H.; Millar, C.; Blesso, C.; Malysheva, O.; Caudill, M.A.; Fernandez, M.L. Choline Intake as Supplement or as a Component of Eggs Increases Plasma Choline and Reduces Interleukin-6 without Modifying Plasma Cholesterol in Participants with Metabolic Syndrome. Nutrients 2020, 12, 3120. [Google Scholar] [CrossRef]

	



Cockerill, G.W.; Rye, K.-A.; Gamble, J.R.; Vadas, M.A.; Barter, P.J. High-Density Lipoproteins Inhibit Cytokine-Induced Expression of Endothelial Cell Adhesion Molecules. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 1987–1994. [Google Scholar] [CrossRef]

	



Navab, M.; Imes, S.S.; Hama, S.Y.; Hough, G.P.; Ross, L.A.; Bork, R.W.; Valente, A.J.; Berliner, J.A.; Drinkwater, D.C.; Laks, H. Monocyte Transmigration Induced by Modification of Low Density Lipoprotein in Cocultures of Human Aortic Wall Cells Is Due to Induction of Monocyte Chemotactic Protein 1 Synthesis and Is Abolished by High Density Lipoprotein. J. Clin. Investig. 1991, 88, 2039–2046. [Google Scholar] [CrossRef]

	



Navab, M.; Berliner, J.A.; Subbanagounder, G.; Hama, S.; Lusis, A.J.; Castellani, L.W.; Reddy, S.; Shih, D.; Shi, W.; Watson, A.D.; et al. HDL and the Inflammatory Response Induced by LDL-Derived Oxidized Phospholipids. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 481–488. [Google Scholar] [CrossRef]

	



Sawrey-Kubicek, L.; Zhu, C.; Bardagjy, A.S.; Rhodes, C.H.; Sacchi, R.; Randolph, J.M.; Steinberg, F.M.; Zivkovic, A.M. Whole Egg Consumption Compared with Yolk-Free Egg Increases the Cholesterol Efflux Capacity of High-Density Lipoproteins in Overweight, Postmenopausal Women. Am. J. Clin. Nutr. 2019, 110, 617–627. [Google Scholar] [CrossRef] [PubMed]

	



Mutungi, G.; Waters, D.; Ratliff, J.; Puglisi, M.; Clark, R.M.; Volek, J.S.; Fernandez, M.L. Eggs Distinctly Modulate Plasma Carotenoid and Lipoprotein Subclasses in Adult Men Following a Carbohydrate-Restricted Diet. J. Nutr. Biochem. 2010, 21, 261–267. [Google Scholar] [CrossRef] [PubMed]

	



Ratliff, J.C.; Mutungi, G.; Puglisi, M.J.; Volek, J.S.; Fernandez, M.L. Eggs Modulate the Inflammatory Response to Carbohydrate Restricted Diets in Overweight Men. Nutr. Metab. 2008, 5, 1–9. [Google Scholar] [CrossRef]

	



DiMarco, D.M.; Norris, G.H.; Millar, C.; Blesso, C.; Fernandez, M.L. Intake of up to 3 eggs per day is associated with changes in HDL function and increased plasma antioxidants in healthy young adults. J. Nutr. 2017, 147, 323–339. [Google Scholar] [CrossRef] [PubMed]

	



Greene, C.M.; Waters, D.; Clark, R.M.; Contois, J.H.; Fernandez, M.L. Plasma LDL and HDL Characteristics and Carotenoid Content Are Positively Influenced by Egg Consumption in an Elderly Population. Nutr. Metab. 2006, 3, 6. [Google Scholar] [CrossRef]

	



Goodrow, E.F.; Wilson, T.A.; Houde, S.C.; Vishwanathan, R.; Scollin, P.A.; Handelman, G.; Nicolosi, R.J. Consumption of One Egg per Day Increases Serum Lutein and Zeaxanthin Concentrations in Older Adults without Altering Serum Lipid and Lipoprotein Cholesterol Concentrations. J. Nutr. 2006, 136, 2519–2524. [Google Scholar] [CrossRef]

	



Burns-Whitmoré, B.L.; Haddad, E.H.; Sabaté, J.; Jaceldo-Siegl, K.; Tanzman, J.; Rajaram, S. Effect of N-3 Fatty Acid Enriched Eggs and Organic Eggs on Serum Lutein in Free-Living Lacto-Ovo Vegetarians. Eur. J. Clin. Nutr. 2010, 64, 1332–1337. [Google Scholar] [CrossRef]

	



Kelly, E.R.; Plat, J.; Haenen, G.R.M.M.; Kijlstra, A.; Berendschot, T.T.J.M. The Effect of Modified Eggs and an Egg-Yolk Based Beverage on Serum Lutein and Zeaxanthin Concentrations and Macular Pigment Optical Density: Results from a Randomized Trial. PLoS ONE 2014, 9, e92659. [Google Scholar] [CrossRef]

	



U.S. Department of Agriculture; U.S. Department of Health and Human Services. Dietary Guidelines for Americans, 2020–2025, 9th ed.; 2020. Available online: DietaryGuidelines.gov (accessed on 27 April 2022).

	



Wallace, T.C.; Fulgoni, V.L. Assessment of Total Choline Intakes in the United States. J. Am. Coll. Nutr. 2016, 35, 108–112. [Google Scholar] [CrossRef]

	



Zeisel, S.H.; Da Costa, K.A. Choline: An Essential Nutrient for Public Health. Nutr. Rev. 2009, 67, 615–623. [Google Scholar] [CrossRef]

	



Zeisel, S.H.; Mar, M.-H.; Howe, J.C.; Holden, J.M. Concentrations of Choline-Containing Compounds and Betaine in Common Foods. J. Nutr. 2003, 133, 1302–1307. [Google Scholar] [CrossRef] [PubMed]

	



Lever, M.; George, P.M.; Atkinson, W.; Molyneux, S.L.; Elmslie, J.L.; Slow, S.; Richards, A.M.; Chambers, S.T. Plasma Lipids and Betaine Are Related in an Acute Coronary Syndrome Cohort. PLoS ONE 2011, 6, e21666. [Google Scholar] [CrossRef] [PubMed]

	



Barrea, L.; Annunziata, G.; Muscogiuri, G.; Di Somma, C.; Laudisio, D.; Maisto, M.; De Alteriis, G.; Tenore, G.; Colao, A.; Savastano, S. Trimethylamine-N-Oxide (TMAO) as Novel Potential Biomarker of Early Predictors of Metabolic Syndrome. Nutrients 2018, 10, 1971. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 02138 g001 550] 





Figure 1. Experimental design. Participants underwent a 2-week washout period before being randomly allocated to either 2 eggs/d or equivalent egg substitute (1/2 c/d) for 4 weeks. Following a 3-week washout period, they were assigned the alternate treatment. 
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Figure 2. Concentrations of large HDL at baseline and after the intervention. Values are presented as mean ± SD. Values in the same row with different superscripts (a, b) are significantly different at a p < 0.01. The EGG breakfast resulted in higher concentrations of large HDL. 
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Figure 3. Concentrations of lutein and zeaxanthin at baseline (BL) and following the EGG and SUB intervention. Both EGG and SUB interventions resulted in higher concentrations of lutein (p < 0.01), but only EGG increased plasma zeaxanthin (p < 0.01) as indicated by different superscripts (a,b). Values are presented as mean ± SD. 
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Figure 4. The relationship between large HDL and plasma zeaxanthin during the EGG period (Pearson’s correlation coefficient, r = 0.57, p < 0.01). 
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Table 1. Daily intake of cholesterol, choline and lutein + zeaxanthin content in eggs, egg substitute (SUB) and spinach.
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	EGG

(2 Large Eggs)
	SUB

(½ cup

Egg Substitute)
	Spinach

(70 gm)





	Cholesterol (mg)
	370
	0
	0



	Choline (mg)
	294–285
	0
	13.5



	Lutein + Zeaxanthin (mg)
	0.2–0.3
	0
	20.3
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Table 2. Baseline characteristics of participants 1.
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	Parameter
	Values





	Age (years)
	49.3 ± 8



	Gender (F/M)
	13/11



	Race (Caucasians/African Americans)
	21/4



	BMI (kg/m2)
	34.3 ± 4.6



	Gender Female (%)
	54%



	Waist Circumference (cm)
	112.5 ± 11.9



	Systolic Blood pressure (mmHg)
	183 ± 27.6



	Diastolic Blood pressure (mmHg)
	86.6 ± 5.6



	HDL cholesterol (mg/dL)
	42.1 ± 10.3



	Triglycerides (mg/dL)
	155 ± 68



	Glucose (mg/dL)
	103 ± 12







1 Values are presented as mean ± SD.
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Table 3. Energy, macronutrients, fatty Acids, cholesterol, glycemic index, glycemic load, dietary fiber, carotenoids, vitamins, and physical activity at baseline and after the EGG or SUB breakfasts determined by dietary analysis using NDSR *.
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	Dietary Component
	Baseline
	EGG
	SUB





	Energy (Kcal) 2
	1677 ± 573 a
	1798 ± 579 a
	1699 ± 512 a



	Total fat (%)
	35.6 ± 6.5 a
	40.9 ± 7.2 b
	35.4 ± 6.4 a



	Total CHO (%)
	49.6 ± 4.7 a
	43.7 ± 7.7 b
	47.1 ± 7.9 ab



	Total protein (%)
	13.3 ± 3.0 a
	14.8 ± 2.9 b
	15.4 ± 2.8 b



	SFA (g)
	21.8 ± 2.8 a
	29.2 ± 1.3 b
	24.2 ± 11.2 ab



	MUFA (g)
	23.5 ± 9.3 a
	28.6 ± 10.9 b
	23.4 ± 9.1 a



	PUFA (g)
	16.6 ± 5.8
	18.2 ± 7.7
	17.1 ± 7.5



	TFA (g)
	1.5 ± 0.8
	1.9 ± 1.5
	1.9 ± 1.3



	Cholesterol (mg)
	102 ± 86 a
	438 ± 135 b
	143 ± 115 a



	Omega-3 fatty acids (g)
	1.6 ± 0.7 a
	2.0 ± 0.9 b
	2.0 ± 0.7 b



	Added sugars (g)
	45.7 ± 36.2 b
	32.4 ± 30.0 a
	32.0 ± 21.2 a



	Glycemic Index
	57.5 ± 4.3
	56.5 ± 4.9
	55.8 ± 4.8



	Glycemic Load
	112 ± 45
	102 ± 42
	101 ± 33



	Fiber (g)
	23.7 ± 8.7
	21.6 ± 6.3
	25.3 ± 8.6



	Alpha-carotene
	526 ± 489
	452 ± 618
	512 ± 594



	Beta-carotene (µg)
	4084 ± 2890 a
	6357 ± 2527 b
	7684 ± 3387 b



	Lutein + Zeaxanthin (µg)
	3151 ± 4382 a
	9190 ± 1527 b
	9179 ± 2188 b



	Choline (mg)
	200.7 ± 82.9 a
	436.0 ± 96.9 b
	226.7 ± 109.4 a



	Betaine (mg)
	120.7 ± 65.7 a
	170.7 ± 65.6 b
	177.5 ± 82 b



	Vitamin A (µg)
	1207 ± 538 a
	1643 ± 493 b
	1748 ± 640 b



	Vitamin D (µg)
	3.3 ± 2.3 a
	5.4 ± 2.3 c
	4.3 ± 1.7 b



	Vitamin E (mg)
	11.3 ± 6.3
	11.8 ± 4
	12.7 ± 3.9



	Vitamin B2 (mg)
	1.9 ± 0.8 a
	2.4 ± 0.7 b
	3.1 ± 0.5 c



	Vitamin B12 (mg)
	2.9 ± 2.2 ab
	3.4 ± 1 b
	2.8 ± 1.4 a



	Sodium (mg)
	2646.5 ± 1114.5
	3189.5 ± 1099
	3081 ± 994.2



	Selenium (µg)
	78.6 ± 38.9 a
	106.6 ± 29.4 b
	101.0 ± 29.3 b



	Physical activity (min)
	53.2 ± 25.4
	51.5 ± 21
	47.8 ± 19.8







* Data are presented as mean ± SD, (n = 24). 2 Values in the same row with different superscripts (a–c) are significantly different at a p-value < 0.001. Abbreviations: CHO = carbohydrates; SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids; TFA = trans fatty acids.
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Table 4. Participant characteristics, anthropometrics, blood pressure (BP), waist circumference (WC) and plasma biomarkers of (n = 24) MetS participants at baseline and after EGG and SUB treatments for 4 weeks each *.






Table 4. Participant characteristics, anthropometrics, blood pressure (BP), waist circumference (WC) and plasma biomarkers of (n = 24) MetS participants at baseline and after EGG and SUB treatments for 4 weeks each *.





	Parameters
	Baseline
	EGG
	SUB





	Body weight (Kg)
	99.4 ± 19.6 b
	98.5 ± 19.2 a
	99.6 ± 20.1 b



	BMI (kg/m2)
	34.3 ± 4.8 b
	33.8 ± 4.6 a
	34.7 ± 4.6 b



	Waist circumference (cm)
	112.5 ± 11.9
	113.4 ± 13.3
	113.3 ± 12.7



	Diastolic BP (mm Hg)
	86.6 ± 5.6
	86.2 ± 8.4
	86.7 ± 6.6



	Systolic BP (mm Hg)
	183.0 ± 27.6
	185.3 ± 29.0
	179.1 ± 24.6



	HDL cholesterol (mg/dL)
	42.1 ± 10.3 b
	43.3 ± 10.7 a
	41.5 ± 10.1 b



	Triglycerides (mg/dL)
	155 ± 68
	149 ± 58
	156 ± 66



	LDL cholesterol (mg/dL)
	109.9 ± 26.6
	112.3 ± 25.9
	108.1 ± 19.8



	LDL/HDL ratio
	2.75 ± 0.88
	2.72 ± 0.77
	2.72 ± 0.73



	Glucose (mg/dL)
	103 ± 12
	93 ± 11
	92 ± 9



	Insulin (pmol/L)
	67.68 ± 34
	67.42 ± 34.66
	71.3 ± 39.46



	HOMA-IR
	2.61 ± 1.41
	2.62 ± 1.54
	2.71 ± 1.62



	MetS-Z score
	0.75 ± 0.40
	0.70 ± 0.49
	0.74 ± 0.50







* Values are presented as mean ± SD. Values with different superscripts differ at p < 0.05 as s determined by repeated-measures ANOVA with LSD post hoc analysis.
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Table 5. Lipoprotein particle concentrations and subfraction analysis from fasting plasma of MetS participants (n = 24) at baseline and after EGG or SUB diet for 4 weeks each *.
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	Lipoprotein Concentration
	Baseline
	EGG
	SUB





	Total VLDL (nmol/L)
	62.0 ± 17.8
	68.7 ± 31.5
	68.0 ± 25.4



	Large VLDL (nmol/L)
	8.7 ± 5.0
	8.7 ± 5.7
	10.9 ± 8.1



	Medium VLDL (nmol/L)
	23.2 ± 14.8
	25.9 ± 19.9
	22.8 ± 12.7



	Small VLDL (nmol/L)
	30.2 ± 11.6
	35.0 ± 14.5
	34.7 ± 20.3



	Total LDL (nmol/L)
	1118.3 ± 263.8
	1138.8 ± 255.9
	1147.8 ± 226.8



	IDL (nmol/L)
	233.5 ± 126.3
	213.4 ± 117.8
	208.3 ± 115.8



	Large LDL (nmol/L)
	137.0 ± 116.6
	164.0 ± 152.7
	187.0 ± 142.0



	Small LDL (nmol/L)
	747.9 ± 209.4
	755.6 ± 243.2
	766.4 ± 203.7



	Total HDL (μmol/L)
	35.9 ± 5.5 a
	37.6 ± 7.1 b
	35.7 ± 6.0 a



	Large HDL (μmol/L)
	6.1 ± 2.3 a
	6.6 ± 3.0 b
	5.9 ± 2.3 a



	Medium HDL (μmol/L)
	11.0 ± 4.3
	10.3 ± 4.4
	9.7 ± 5.1



	Small HDL (μmol/L)
	18.8 ± 5.5
	20.0 ± 5.2
	20.1 ± 6.7



	VLDL size (nm)
	55.6 ± 7.4
	54.5 ± 8.4
	53.9 ± 10.4



	LDL size (nm)
	20.2 ± 0.5
	20.3 ± 0.6
	20.3 ± 0.5



	HDL size (nm)
	9.2 ± 0.4
	9.2 ± 0.4
	9.1 ± 0.4







* Values are presented as mean ± SD. Labeled without a common letter means differ at p < 0.05 by repeated-measures ANOVA with LSD post hoc analysis. (CM: chylomicrons; HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very low-density lipoprotein).
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Table 6. Plasma choline and metabolites from fasting plasma of MetS participants (n = 24) at baseline and after EGG or SUB diet for 4 weeks each *.
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	Parameters (μmol/L)
	Baseline
	EGG
	SUB





	Choline
	8.33 ± 2.08 a
	10.54 ± 2.8 b
	9.84 ± 3.17 a



	Betaine
	35.94 ± 9.8 a
	43.4 ± 11.7 a
	39.1 ± 13.5 a



	DMG
	2.25 ± 0.98 a
	3.06 ± 1.91 b
	2.8 ± 2.44 ab



	Methionine
	30.6 ± 5.07
	29.77 ± 8.3
	30.4 ± 7.7



	TMAO
	2.3 ± 1.4 a
	2.8 ± 1.2 ab
	3.0 ± 2.05 b







* Values are presented as mean ± SD. Values with different superscripts differ at p < 0.05 as determined by repeated-measures ANOVA. The statistics remain the same after adjusting for gender, age and Met-z score.
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