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Abstract:

 Eggs are a major source of phospholipids (PL) in the Western diet. Dietary PL have emerged as a potential source of bioactive lipids that may have widespread effects on pathways related to inflammation, cholesterol metabolism, and high-density lipoprotein (HDL) function. Based on pre-clinical studies, egg phosphatidylcholine (PC) and sphingomyelin appear to regulate cholesterol absorption and inflammation. In clinical studies, egg PL intake is associated with beneficial changes in biomarkers related to HDL reverse cholesterol transport. Recently, egg PC was shown to be a substrate for the generation of trimethylamine N-oxide (TMAO), a gut microbe-dependent metabolite associated with increased cardiovascular disease (CVD) risk. More research is warranted to examine potential serum TMAO responses with chronic egg ingestion and in different populations, such as diabetics. In this review, the recent basic science, clinical, and epidemiological findings examining egg PL intake and risk of CVD are summarized.
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1. Introduction

Cardiovascular disease (CVD) claims upwards of 17 million lives worldwide each year [1]. In the United States, more than one third of adults suffer from some form of CVD which accounts for approximately one out of three deaths [2]. Atherosclerosis is a key contributor to CVD and is characterized by the hardening and thickening of the artery wall caused by accumulation of fatty plaque. Atherosclerosis is an insidious and progressive chronic inflammatory disease that takes decades to develop in humans [3]. Atherosclerosis is not only an inflammatory disease characterized by infiltration of immune cells, but also a lipid disorder; subendothelial accumulation of lipids derived from plasma lipoproteins is a key initiator of plaque development [4]. Lipoprotein metabolism is therefore critical to the development of atherosclerosis [5]. Lipoproteins have evolved to facilitate the extracellular transport of water-insoluble lipids in multicellular organisms [6]. Apolipoprotein B-containing lipoproteins that originate from the liver, such as very-low-density lipoprotein (VLDL) and low-density lipoprotein (LDL), contribute to the CVD process. In contrast, high-density lipoprotein (HDL) improves CVD through its ability to remove excess lipid from the artery and transport it back to the liver for excretion from the body, a pathway termed “reverse cholesterol transport” (RCT) [7]. The atheroprotective effect of HDL is mainly attributed to its role in RCT, with plasma HDL-cholesterol (HDL-C) considered to be a surrogate metric for this pathway [8]. The relationship between blood cholesterol and CVD is well-established, with the lowering of LDL-cholesterol (LDL-C) levels being the primary target of preventive therapy [9]. There has also been considerable interest in studying the relationship between dietary cholesterol intake and CVD risk [10]. Eggs are one of the richest sources of cholesterol in the diet. However, numerous large-scale epidemiological studies have failed to find any association between the intake of eggs and CVD risk [11,12,13]. This lack of association may be related to the other factors found in eggs that may influence CVD risk, such as the antioxidant carotenoids lutein and zeaxanthin [14]. Besides being an important contributor of dietary cholesterol in the Western diet, eggs are also a rich source of phospholipids (PL) [15]. Dietary PL have emerged as a potential source of bioactive lipids that may have widespread effects on pathways related to inflammation, cholesterol metabolism, and HDL function. The aim of this review is to summarize the recent basic science, clinical, and epidemiological research examining egg PL intake and CVD risk.



2. Phospholipid Content and Composition of the Chicken Egg

PL are key components of all biological membranes and are abundantly found in the diet, primarily as glycerophospholipid and sphingolipid classes. Dietary glycerophospholipids are made up of two fatty acids (FA), a glycerol backbone, a phosphate group, and a polar organic molecule (choline, serine, inositol, or ethanolamine) (Figure 1A). Dietary glycerophospholipids are primarily absorbed in the gastrointestinal (GI) tract as lysophospholipids and free FA after pancreatic phospholipase A2 (PLA2) hydrolyzes the fatty acyl bond at the sn-2 position [16]. Glycerophospholipids are absorbed into the GI tract with high efficiency, for example, >90% of phosphatidylcholine (PC) is absorbed [17]. Dietary sphingolipids are primarily in the form of sphingomyelin (SM) [18], which consists of a ceramide (a FA linked to a long-chain sphingoid base through an amide linkage) with a phosphorylcholine head group (Figure 1B). Digestion of SM in the intestine is slow and incomplete, with initial hydrolysis of SM to ceramide by alkaline sphingomyelinase and subsequent hydrolysis to sphingosine by neutral ceramidase [19]. Both ceramide and sphingosine can be absorbed into intestinal mucosal cells [19]. Chicken eggs contain approximately 28% of total lipids by weight as PL, with the remaining 66% as triglycerides (TG) and 5% as cholesterol [20]. The average large egg contains approximately 1.3 g of PL [15,21], which are almost exclusively found in the yolk. A typical Western diet contains about 2–8 g of dietary PL per day [22]. Estimates of average egg intake in the U.S. [23] indicate that egg-derived PL contributes 10%–40% (or 0.8 g) of daily consumed PL. The major PL species found in egg include PC, phosphatidylethanolamine (PE), SM, and phosphatidylinositol (PI) [24]. The typical PL composition of egg is shown in Table 1, which reveals PC as the predominant species making up almost three quarters of the total PL. The typical FA compositions of egg PL species vary [25,26] and are shown in Table 1. These FA compositions can be influenced somewhat by modifying the dietary FA intake of the hen [25,27,28]. Egg PC typically consists primarily of palmitic acid (16:0) and oleic acid (18:1) at the sn-1 and sn-2 positions, respectively. The major PC molecular species include PC (16:0/18:1), PC (22:6/16:0), and PC (22:6/16:1) [28,29]. Egg PE consists primarily of saturated FA such as stearic acid (18:0) at the sn-1 position, with a balanced mixture of unsaturated FA at the sn-2 position. The major PE molecular species include PE (16:0/18:1), PE (18:0/18:1), PE (18:0/18:2), and PE 18:0/20:4 [28,29,30]. Egg SM contains primarily saturated FA with palmitic acid (16:0) and stearic acid (18:0) making up ~80% of SM FA.

Figure 1. Structures of major phospholipids in egg yolk. Major molecular species of egg glycerophospholipids (A) and sphingomyelin (B). Lipid structures were drawn using Lipid MAPS tools [31].
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Table 1. Typical Composition of Egg Phospholipids.



	
Egg PL Composition [24]

	

	

	

	

	

	




	
Egg Yolk

	
PC

	
PE

	
LysoPC

	
SM

	
LysoPE

	
PI

	

	

	




	
Concentration (mg/100 g yolk)

	
5840

	
1500

	
270

	
190

	
90

	
330

	

	

	




	
Percentage of total PL (%)

	
71.1

	
18.3

	
3.3

	
2.3

	
1.1

	
4.0

	

	

	




	
Egg PC FA Composition [25]

	

	

	

	

	

	




	
Position

	
16:0

	
16:1

	
18:0

	
18:1

	
18:2

	
20:4

	
22:6

	

	




	
sn-1

	
62.8

	
1.4

	
27.2

	
6.5

	
0.8

	
Trace

	
-

	

	




	
sn-2

	
6

	
1

	
2

	
56

	
24.5

	
5.6

	
2.9

	

	




	
Total

	
31

	
1.2

	
14.1

	
33.4

	
13.4

	
3.3

	
1.9

	

	




	
Egg PE FA Composition [25]

	

	

	

	

	

	




	
Position

	
16:0

	
18:0

	
18:1

	
18:2

	
20:4

	
22:6

	

	

	




	
sn-1

	
34.2

	
51.2

	
10.5

	
0.3

	
Trace

	
-

	

	

	




	
sn-2

	
7

	
4.3

	
32.1

	
17.5

	
23.9

	
11

	

	

	




	
Total

	
16.4

	
28.3

	
21.5

	
10.2

	
14

	
6.8

	

	

	




	
Egg SM FA Composition Adapted from [26]

	

	

	

	

	




	
16:0

	
18:0

	
18:1

	
20:0

	
22:0

	
22:1

	
23:0

	
23:1

	
24:0

	
24:1




	
68

	
10

	
1

	
4

	
6

	
1

	
2

	
-

	
3

	
6






Abbreviations: FA, fatty acid; LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PL, phospholipid; SM, sphingomyelin.








3. Egg Phospholipids and Lipid Absorption

Inhibition of luminal cholesterol absorption is an attractive target to lower blood cholesterol and reduce CVD risk. Cholesterol absorption is widely recognized to influence serum lipids [32]. Pharmacological agents, such as ezetimibe, have been developed to reduce intestinal cholesterol absorption as a means of lowering serum cholesterol and CVD risk [33]. Large intakes of dietary lecithin have long been known to influence serum cholesterol levels in humans [34]. Meta-analysis of soy lecithin trials has suggested that the unsaturated FA component was primarily responsible for the hypocholesterolemic effects observed in early studies [35]. However, recent studies with more saturated sources of PL, such as egg, show that intact PL strongly influence lipid absorption through molecular interactions. Dietary phospholipids are known to inhibit cholesterol absorption when added in significant amounts to the diet (as reviewed by Cohn et al. [22]). Animal studies have shown that egg PL, such as PC and SM, reduce cholesterol and FA absorption by possibly interfering with lipid mobilization from mixed micelles [36,37,38,39].



Although biliary PC is a critical emulsifier of dietary lipids and aids in their digestion and absorption in the GI tract, excess luminal PC appears to inhibit lipid absorption. Young and Hui [40] showed that hydrolysis of surface PC by pancreatic PLA2 is required for proper pancreatic lipase/colipase digestion of TG and absorption of cholesterol and FA from lipid emulsions. With high PL concentrations in lipid emulsions (>0.3 PL/TG molar ratio), pancreatic lipase/colipase hydrolysis of TG was impaired and cholesterol absorption into rat IEC-6 intestinal cells was diminished [40]. Furthermore, micellar PC was shown to inhibit dietary cholesterol absorption into Caco-2 cells, which was reversed by conversion to lysophosphatidylcholine by pancreatic PLA2 [41]. PC-enriched micelles appear to impede diffusion across the unstirred water layer of the intestine [42,43]. Thus, digestion of surface PC appears to be necessary for proper absorption of lipids from both lipid emulsions and micelles. Jiang et al. [36] showed that duodenal infusion of a lipid emulsion containing egg PC significantly reduced cholesterol absorption by ~20% in lymph duct cannulated rats. The influence of PC on cholesterol absorption appears to be dependent on FA saturation, as egg PC inhibited the absorption of cholesterol into lymphatics greater than the more unsaturated soy PC in the same study. Soy PC infusion actually increased cholesterol and FA absorption compared to no PC control lipid emulsion. Furthermore, hydrogenated egg PC had a greater effect on cholesterol and TG absorption than egg PC. PC that is saturated at the sn-1 position is known to be a poor substrate for pancreatic PLA2 hydrolysis [44]. Thus, it appears that the saturation of egg PC makes it more effective at inhibiting cholesterol absorption than more unsaturated PC, such as soy PC.

SM and other sphingolipids have been shown to dose-dependently reduce the absorption of cholesterol, TG, and FA in rodents [37,38,39]. SM interacts with cholesterol with high affinity and appears to alter its micellar solubilization. The amide portion of SM can interact with the hydroxyl group of cholesterol through hydrogen bonding [45]. Furthermore, the strength of association appears to be influenced by SM FA chain length and saturation [38]. Ceramide and sphingosine, which are products of SM digestion, also appear to reduce lipid absorption into intestinal cells through hydrogen bonding with the hydroxyl group of cholesterol [46] and possibly through interactions with the carboxylic acid group of FA [39]. Sphingosine can form complexes with cholesterol and limit uptake via the cholesterol transporter Niemann-Pick C1 like 1 (NPC1L1) [46]. Duivenvoorden et al. [39] supplemented the diets of APOE*3Leiden mice with different types of sphingolipids (including SM, ceramide, and sphingosine) and examined their effects on plasma lipids. Dietary sphingolipids dose-dependently lowered plasma cholesterol and TG in Western-type diet-fed mice through an inhibition of luminal FA and cholesterol absorption. While egg SM makes up only about 2% of total PL in egg yolk [24], this amount may still influence cholesterol absorption. Feeding of 0.2% and 0.4% egg SM to Western-type diet-fed APOE*3Leiden mice resulted in plasma cholesterol reductions of >20% [39]. Dried egg powder contains about 0.25% SM by weight, so this could potentially have an impact on inhibiting blood cholesterol changes that would normally occur from ingesting the amount of cholesterol found in the yolk. Milk SM has been shown to be a more potent inhibitor of cholesterol and FA absorption when compared to egg SM [38]. The greater inhibitory effect of milk SM on lipid absorption appears to be associated with its greater saturation and longer chain-length of its fatty acyl group, which may allow for stronger hydrophobic interactions [38]. Milk SM primarily consists of very long-chain FA (22:0, 23:0, 24:0), whereas egg SM consists primarily of the long-chain FA palmitic acid (16:0) [38].

Feeding of dietary PE has been shown to lower serum cholesterol in rats [47,48]. Mono- and di-unsaturated PE may influence cholesterol absorption like SM, as it has been shown to display a similar affinity to cholesterol as SM [49,50]. Both 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) [49] and 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (SLPE) [50], major PE molecular species in egg yolk [30], have been shown to interact with cholesterol in monolayers to a similar degree as SM; this suggests an important role for PE in lipid raft formation at the inner membrane leaflet of cells where it is most abundant. Due to the high affinity for cholesterol observed with certain PE species, dietary PE from egg may influence the absorption of luminal cholesterol similar to dietary SM.



4. Egg Phospholipids and Hepatic Lipid Metabolism

In animal models, egg PL appear to influence hepatic lipid metabolism through effects on cholesterol and bile acid synthesis, FA oxidation, and lipoprotein secretion [51,52,53]. Hepatic lipid levels are often shown to be reduced by dietary PL in animals, and this may be due to indirect effects via inhibition of intestinal lipid absorption and direct effects on hepatic nuclear receptors that regulate lipid metabolism. Feeding rats an egg yolk-enriched diet (~5% egg PL by weight) for 12 weeks lowered serum and hepatic lipids, and increased fecal sterol excretion compared to a cholesterol and fat-matched control group [51]. These changes were related to lower hepatic expression of cholesterol biosynthesis genes and increased expression of bile acid synthesis genes.

Peroxisome proliferator-activated receptor-α (PPARα) is a nuclear receptor abundantly expressed in the liver, where it functions as a key regulator of hepatic FA metabolism through transcriptional control of beta oxidation-related genes [52]. In vitro and rodent studies suggest that PC, specifically the 16:0 and 18:1-containing species PC (16:0/18:1), is a natural agonist of hepatic PPARα. Chakravarthy et al. [52] showed that portal vein infusion of PC (16:0/18:1) reduced hepatic steatosis in C57BL/6 mice and induced PPARα-dependent gene expression; although, this effect was not observed with intraperitoneal administration. Furthermore, incubation of PC (16:0/18:1) with the Hepa 1–6 mouse hepatoma cell line induced PPARα-target genes involved in FA oxidation. PC (16:0/18:1) was found to be a minor PL species in the liver which suggests it acts as a signaling molecule in this organ. Thus, this data suggests that providing PC (16:0/18:1) in the diet may affect hepatic PPARα activation if sufficient amounts reach the liver, as this is only a minor PL species in this organ [52]. Interestingly, PC (16:0/18:1) is the major PC species in eggs [29]. However, Cohn and colleagues [54] showed that feeding C57BL/6 mice a high fat diet supplemented with egg PC (1.25% by weight) for 3 weeks did not alter hepatic lipids and expression of a PPARα target gene (acyl-CoA oxidase) compared to control high fat diet. In contrast, feeding mice a hydrogenated form of egg PC, which contained only saturated FA, significantly lowered hepatic lipid levels [54]. Hydrogenated egg PC is associated with a greater inhibition of lipid absorption in rodents compared to natural egg PC [36]. Thus, it appears that at least in mice, the effects of short-term feeding of PC on hepatic lipids may related to its interference with lipid absorption, rather than modulation of PPARα.

Rye and colleagues [53] studied the effects of egg SM on hepatic lipid metabolism in Western-type diet-fed C57BL/6 mice. Egg SM feeding (0.6% of diet by weight) for 18 days was shown to reduce hepatic lipid levels and increase fecal cholesterol output compared to control mice. Although egg SM feeding substantially reduced hepatic lipids and led to a ~30% reduction in cholesterol absorption, it did not affect plasma cholesterol or TG levels. Sphingoid bases have been shown to activate PPARα transcriptional activity in vitro [55]. However, egg SM feeding of Western-type diet-fed mice reduced the hepatic expression of PPARα-target genes involved in FA oxidation [53]. The reduced hepatic lipid levels in egg SM-fed mice coincided with significantly lower hepatic expression of genes involved in cholesterol and FA metabolism [53].

The choline moiety of PL also appears to influence hepatic lipid metabolism and lipoprotein production. PC and SM are both sources of choline in the Western diet. Choline is an essential nutrient and is not synthesized in adequate amounts to meet the needs of humans [56]. Dietary choline is considered especially important for maintaining a healthy liver [57]. Methionine- and choline-deficient diets (MCD) are well-known inducers of liver injury in mice and are used as a model of nonalcoholic steatohepatitis [58]. This combined nutrient deficiency causes hepatic lipid accumulation by enhancing lipid uptake and reducing VLDL secretion [58]. In humans, a single-nucleotide polymorphism in the PC-synthesizing enzyme, phosphatidylethanolamine N-methyltransferase (PEMT), is associated with greater risk for non-alcoholic fatty liver disease (NAFLD) [59]. Dietary choline may also influence more advanced stages of liver disease, as low intake of choline was shown to be associated with increased hepatic fibrosis in postmenopausal women with NAFLD [60].

While there has been no reports specifically examining the effects of dietary egg PE on hepatic lipid metabolism, feeding soy PE to rats has been shown to lower hepatic cholesterol levels [47]. Soy PE consists of primarily PE (16:0/18:2), PE (18:2/18:2), and PE (16:0/18:1) molecular species [30].



5. Egg Phospholipids and HDL Metabolism

Therapies aimed at increasing plasma HDL-C may be beneficial for preventing CVD. Plasma HDL-C has been shown to be inversely related to the extent of atherosclerosis [61]. According to data from large prospective cohort studies, it can be estimated that for every 1 mg/dL (0.0259 mmol/L) increase in HDL-C, there is an approximate 2–3% reduction in CVD risk [62]. Strong experimental evidence confirms that atherosclerosis is directly alleviated by HDL [63,64,65]. HDL is thought to improve CVD outcomes largely by its ability to remove cholesterol from the artery via RCT. Regular egg yolk consumption has been shown to increase plasma HDL-C and increase the mean size of HDL particles in healthy [66], overweight [67], and metabolic syndrome (MetS) populations [68]. These increases in HDL-C and HDL size may be due to the high intake of egg PL.

PL feeding has been associated with increases in HDL-C in animal and human studies [69,70]. PL content of HDL has been shown to be a major factor in its ability to accept cholesterol from cells during the initial stages of RCT [71,72]. Dietary PC has been observed to preferentially incorporate into HDL particles after ingestion. Zierenberg and Grundy [17] examined the metabolic fate of 3H/14C-labeled polyunsaturated PC in men. Soybean PC was labeled in its FA (14C) and choline moiety (3H), given orally at a dose of 1 g, and then blood was collected from 6–24 h post-ingestion. The 4C and 3H radiolabels preferentially incorporated into plasma lipoproteins compared to red blood cells, with higher specific activity appearing in plasma HDL than in apoB-containing lipoproteins. This increased appearance of radiolabeled PC in plasma HDL may be explained by the exchange of chylomicron-PC to HDL in circulation or direct secretion of PC into nascent intestinally-derived HDL. Tall et al. [73] examined the incorporation of oral 3H/14C-labeled polyunsaturated PC into HDL subclasses. Major peaks in radiolabel specific activity appeared after 5–8 h in the PL fraction of several HDL subclasses, in the order of HDL2a (1.11–1.12 g/mL) > HDL3 (1.19 g/mL) > HDL2b (1.07–1.09 g/mL). Thus, the results suggest that the HDL2a subclass is the major HDL acceptor of oral PL, but all HDL subclasses appear to incorporate dietary PL to some extent. Plasma HDL-PL content has been shown to increase postprandially after egg yolk feeding [74]. Thus, dietary egg PL appears in serum HDL after meals and may impact HDL function.

Clinical studies where subjects were fed egg yolks demonstrated improvements in other markers of RCT besides HDL-C, such as plasma lecithin-cholesterol acyltransferase (LCAT) activity [68,75,76] and serum cholesterol efflux capacity [77]. Recently, HDL cholesterol efflux capacity has emerged as a significant predictor of heart disease status, even after adjusting for plasma HDL-C and its major protein, apolipoprotein (apo) A-I [78]. PL-enrichment of HDL with either PC or SM improves its ability to mobilize cholesterol from cells [71,72]. The first component of RCT, involving cellular cholesterol mobilization, relies on apo A-I and HDL particle interactions to promote cholesterol efflux by a variety of passive and active mechanisms [79]. Important factors in HDL cellular cholesterol efflux include cholesterol mobilization via ABC transporters (ATP-binding cassette transporters A1 and G1) and scavenger receptor B1 (SR-B1), desorption of free cholesterol via aqueous diffusion, and esterification of cholesterol by LCAT [79]. Preferred acceptors for ABCG1 and SR-B1 are larger HDL particles containing PL [71,72]. Egg yolk feeding was shown to increase HDL-PE and decrease HDL-TG [77]. Interestingly, egg ingestion shifted HDL-SM towards molecular species that more closely resembled egg SM, suggesting that egg SM may be incorporated into HDL [77]. Thus, increasing dietary intake of egg PL may change HDL-PL content and this could explain the increases in serum cholesterol efflux capacity and enlargement in HDL particle size observed with egg yolk intake in humans [68,77]. The increases in HDL-C associated with egg PL intake may reflect a greater capacity for RCT.



6. Egg Phospholipids and Inflammation

In addition to effects on lipid metabolism, dietary intake of egg PL may also reduce inflammation. Consuming three eggs per day for 12 weeks resulted in a reduction in plasma C-reactive protein (CRP) and an increase in adiponectin in overweight men; changes which were not observed with yolk-free egg substitute [80]. Egg consumption has also led to improvements in circulating plasma inflammatory markers in adults with MetS [81]. In combination with moderate carbohydrate restriction, the addition of three eggs per day led to decreases in plasma TNFα and serum amyloid A in men and women with MetS, whereas no changes were observed in subjects consuming a yolk-free egg substitute [81]. Egg yolk contains a significant amount of choline as PC. Dietary choline intake has been shown to be inversely associated with serum inflammation markers in healthy adults [82]. Choline administration to mice has been shown to significantly reduce plasma TNFα and enhance survival in response to an endotoxin challenge [83]. Choline seems to act through nicotinic acetylcholine receptor subunit α7 (α7nAChR) activation, which has a tonic inhibitory effect on immune cell inflammatory responses [83,84]. Some studies have suggested that dietary PC may reduce inflammation in the GI tract [85,86]. Therapeutic usage of oral PC (>1 g daily) in ulcerative colitis is well-documented and improves inflammation [85,86]. This GI anti-inflammatory effect of PC may be of significance to MetS, as there is evidence linking GI inflammation to the development of obesity and insulin resistance in animal models [87]. Furthermore, intestinal inflammation is associated with impaired formation of intestinally-derived nascent HDL in Crohn’s disease [88,89].



7. Egg Phospholipids and Trimethylamine N-Oxide (TMAO) Formation

Recently, Hazen and colleagues [90] used unbiased metabolomics to identify three metabolites of dietary PC (choline, TMAO, and betaine) which were predictors of CVD in a large clinical cohort. The presumed atherogenic factor, TMAO, is a known metabolite of dietary choline. Dietary choline can undergo catabolism in the GI tract by gut microflora to form the gas trimethylamine (TMA), which is absorbed and rapidly oxidized to TMAO in the liver by the hepatic enzyme flavin containing monooxygenase 3 (FMO3) [91,92]. Hazen and colleagues [90] showed that feeding apoE−/− mice diets rich in either choline (0.5% or 1% wt/wt) or TMAO (0.12% wt/wt) for 20 weeks resulted in increased aortic root lesion size despite no changes in traditional CVD risk biomarkers. Highlighting the role of gut microflora in this process, TMAO formation from dietary PC and the atherogenic effect of choline feeding were abolished when the mice were germ-free or co-administered broad spectrum antibiotics to deplete gut bacteria. Additionally, the plasma levels of TMAO in mice and humans were associated with the expression of hepatic FMO3. Thus, formation of blood TMAO subsequent to dietary PC intake requires intact gut microflora and may be influenced by hepatic FMO3 expression. Interestingly, TMAO levels do not appear to be strongly influenced by genetic factors in humans [93], suggesting that diet and gut microflora primarily determine differences in plasma TMAO levels between individuals. TMAO formation was also shown to be formed from the consumption of another dietary trimethylamine compound, carnitine [94]. Subsequently, the relationship between TMAO and CVD was confirmed in a larger prospective cohort [95]. The investigators suggested that the atherogenic effect of TMAO is due to inhibition of RCT and increased macrophage scavenger receptor expression, resulting in enhanced foam cell formation [96]. Increases in plasma TMAO that occurred after carnitine and choline feeding of mice were associated with impaired RCT at the stage of bile acid production [94]. TMAO was also shown to induce the scavenger receptors CD36 and SR-A in macrophages [90,94].

Notably, it was shown that healthy participants who consumed a dietary PC challenge (hard-boiled eggs and deuterium (d9)-labeled PC) had acute increases in plasma TMAO in a gut microflora-dependent manner [95]. Furthermore, Zeisel and colleagues [97] performed a small, double-blind, randomized dose-response study where healthy subjects (n = 6) consumed a breakfast with 0, 1, 2, 4 or 6 egg yolks and levels of plasma TMAO were measured at pre- and post-breakfast time intervals (up to 24 h). Egg intake dose-dependently increased mean plasma TMAO area under the curve (AUC) values, with TMAO response peaks occurring 6–8 h after ingestion. Interestingly, there were >4-fold differences in plasma TMAO levels between subjects at similar dosages, potentially due to differences in gut microflora or hepatic FMO3 activity. Regardless of the large interindividual variation in plasma TMAO, each subject displayed an increase in plasma TMAO when increasing the number of egg yolks consumed. Collectively, these two studies demonstrate that acute intake of PC from egg may influence postprandial plasma TMAO levels in humans. The effect of chronic egg intake on TMAO levels has not been examined yet. Findings from chronic egg intake studies would be more meaningful than acute egg feedings in regards to atherosclerosis risk, since it is a disease that takes decades to develop. Chronic egg intake could influence gut microflora composition and this would presumably impact TMAO formation from choline, such as that observed with chronic exposure to carnitine [94]. It remains to be seen whether there is an “optimal” egg dose, where the RCT-promoting aspects or other HDL-promoting effects outweigh any possible TMAO effects on RCT and CVD risk. It will also be important to determine whether chronic or acute egg intake in humans affects the expression of scavenger receptors in peripheral blood mononuclear cells (PBMCs). Although egg ingestion may increase plasma TMAO to some extent, it potentially may not reach the threshold level needed to affect scavenger receptor expression.

The majority of luminal PC available for absorption comes from the endogenously-derived PL found in bile (10–20 g/day) [98]. Biliary PC, however, does not seem to be a major contributor to TMAO levels, as plasma TMAO is low in the absence of large amounts of dietary choline [90]. It is unclear why the large amounts of biliary PC normally found in the intestine do not result in very high levels of plasma TMAO regardless of dietary PC intake. High amounts of dietary PC, particularly saturated PC [44], may overwhelm pancreatic PLA2 activity since it is known to be less efficient than other lipases [16]. Intact PC digestion in PLA2−/− mice demonstrates additional enzymes in the intestine are capable of phospholipase activity [99]. Ileal phospholipase B acts in the distal intestinal mucosa to hydrolyze PC [100]. Thus, a large dietary PL load may result in greater amounts of intact PC reaching the distal parts of the intestine, where more bacteria reside and can contribute to the PC-TMA-TMAO pathway.

Daily egg intake has not been shown to be associated with CVD risk in healthy populations [11,12,13]. In contrast, several large cohort studies have found a positive association between egg intake and CVD in diabetics [11,12,101,102]. Consequently, patients with diabetes may be discouraged from eating eggs. These relationships are suggested to be caused by components found in the egg yolk, such as cholesterol and saturated fat [101]. It is also possible that the PC-TMA-TMAO pathway is more important or altered in diabetes. Serum TMAO levels have been shown to be elevated in those with type 2 diabetes [103]. This may be related to the kidney dysfunction that is often seen with diabetes, as TMAO levels can build up in the blood if they are not cleared by the kidneys. Regardless of kidney function, however, TMAO is a strong predictor of all-cause mortality risk [104,105]. If the plasma TMAO response to egg intake is increased in diabetics relative to non-diabetics, that may explain the consistent link between egg intake and CVD in diabetics. Further research is warranted to see if plasma TMAO response to egg intake is altered in insulin-resistant or diabetic humans.



8. Conclusions

Egg PL are important contributors to the overall dietary PL intake in the Western diet. Based on pre-clinical studies, egg PC and SM appear to regulate lipid absorption, hepatic lipid metabolism, and inflammation. In clinical studies, egg PL intake is associated with beneficial changes in serum biomarkers related to HDL function. However, the recent evidence linking acute ingestion of eggs with postprandial increases in plasma TMAO warrants concern. More research needs to be done to examine TMAO responses to chronic egg intake and in different populations, such as diabetics. It will be critical determine if the perceived benefits of egg PL intake on CVD risk markers outweigh the risk of potential TMAO formation (Figure 2).

Figure 2. Potential pathways egg phospholipids could influence atherosclerosis. Egg phospholipids may lessen risk for cardiovascular disease (CVD) via reducing lipid absorption (PC, SM), reducing hepatic lipids (PC, SM), increasing HDL cholesterol efflux (PC, SM), and reducing inflammation (PC). Egg PC may also influence CVD risk via gut microflora-dependent catabolism to TMA and liver conversion to TMAO. TMAO may increase CVD risk via increasing macrophage scavenger receptors and decreasing RCT via reduced bile acid synthesis. Abbreviations: ABCG1, ATP-binding cassette transporter G1; CD36, Cluster of Differentiation 36; FMO3, flavin containing monooxygenase 3; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; SR-A, scavenger receptor A; SR-B1, scavenger receptor B1; TMA, trimethylamine; TMAO, trimethylamine N-oxide.



[image: Nutrients 07 02731 g002 1024]












Conflicts of Interest

The author declares no conflict of interest.



References


	1. 
World Health Organization. Global Status Report on Noncommunicable Diseases 2010; World Health Organization: Geneva, Switzerland, 2011. [Google Scholar]

	2. 
Roger, V.L.; Go, A.S.; Lloyd-Jones, D.M.; Adams, R.J.; Berry, J.D.; Brown, T.M.; Carnethon, M.R.; Dai, S.; de Simone, G.; Ford, E.S.; et al. Heart disease and stroke statistics—2011 update: A report from the american heart association. Circulation 2011, 123, e18–e209. [Google Scholar] [CrossRef]

	3. 
Ross, R. Atherosclerosis—An inflammatory disease. N. Engl. J. Med. 1999, 340, 115–126. [Google Scholar] [CrossRef] [PubMed]

	4. 
Tabas, I.; Williams, K.J.; Boren, J. Subendothelial lipoprotein retention as the initiating process in atherosclerosis: Update and therapeutic implications. Circulation 2007, 116, 1832–1844. [Google Scholar] [CrossRef] [PubMed]

	5. 
Williams, K.J.; Tabas, I. The response-to-retention hypothesis of early atherogenesis. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 551–561. [Google Scholar] [CrossRef] [PubMed]

	6. 
Davis, R.A. Evolution of processes and regulators of lipoprotein synthesis: From birds to mammals. J. Nutr. 1997, 127, 795S–800S. [Google Scholar] [PubMed]

	7. 
Fielding, C.J.; Fielding, P.E. Molecular physiology of reverse cholesterol transport. J. Lipid Res. 1995, 36, 211–228. [Google Scholar] [PubMed]

	8. 
Singh, I.M.; Shishehbor, M.H.; Ansell, B.J. High-density lipoprotein as a therapeutic target: A systematic review. JAMA 2007, 298, 786–798. [Google Scholar] [CrossRef] [PubMed]

	9. 
Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive summary of the third report of the national cholesterol education program (NCEP) expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment panel III). JAMA 2001, 285, 2486–2497. [Google Scholar]

	10. 
Fernandez, M.L.; Calle, M. Revisiting dietary cholesterol recommendations: Does the evidence support a limit of 300 mg/d? Curr. Atheroscler. Rep. 2010, 12, 377–383. [Google Scholar] [CrossRef] [PubMed]

	11. 
Hu, F.B.; Stampfer, M.J.; Rimm, E.B.; Manson, J.E.; Ascherio, A.; Colditz, G.A.; Rosner, B.A.; Spiegelman, D.; Speizer, F.E.; Sacks, F.M.; et al. A prospective study of egg consumption and risk of cardiovascular disease in men and women. JAMA 1999, 281, 1387–1394. [Google Scholar] [CrossRef]

	12. 
Qureshi, A.I.; Suri, F.K.; Ahmed, S.; Nasar, A.; Divani, A.A.; Kirmani, J.F. Regular egg consumption does not increase the risk of stroke and cardiovascular diseases. Med. Sci. Monit. 2007, 13, CR1–CR8. [Google Scholar] [PubMed]

	13. 
Nakamura, Y.; Iso, H.; Kita, Y.; Ueshima, H.; Okada, K.; Konishi, M.; Inoue, M.; Tsugane, S. Egg consumption, serum total cholesterol concentrations and coronary heart disease incidence: Japan public health center-based prospective study. Br. J. Nutr. 2006, 96, 921–928. [Google Scholar] [CrossRef] [PubMed]

	14. 
Handelman, G.J.; Nightingale, Z.D.; Lichtenstein, A.H.; Schaefer, E.J.; Blumberg, J.B. Lutein and zeaxanthin concentrations in plasma after dietary supplementation with egg yolk. Am. J. Clin. Nutr. 1999, 70, 247–251. [Google Scholar] [PubMed]

	15. 
Weihrauch, J.L.; Son, Y.S. Phospholipid content of foods. JAOCS 1983, 60, 1971–1978. [Google Scholar]

	16. 
Carey, M.C.; Small, D.M.; Bliss, C.M. Lipid digestion and absorption. Annu. Rev. Physiol. 1983, 45, 651–677. [Google Scholar] [CrossRef] [PubMed]

	17. 
Zierenberg, O.; Grundy, S.M. Intestinal absorption of polyenephosphatidylcholine in man. J. Lipid Res. 1982, 23, 1136–1142. [Google Scholar] [PubMed]

	18. 
Vesper, H.; Schmelz, E.M.; Nikolova-Karakashian, M.N.; Dillehay, D.L.; Lynch, D.V.; Merrill, A.H., Jr. Sphingolipids in food and the emerging importance of sphingolipids to nutrition. J. Nutr. 1999, 129, 1239–1250. [Google Scholar] [PubMed]

	19. 
Ohlsson, L.; Hertervig, E.; Jonsson, B.A.; Duan, R.D.; Nyberg, L.; Svernlov, R.; Nilsson, A. Sphingolipids in human ileostomy content after meals containing milk sphingomyelin. Am. J. Clin. Nutr. 2010, 91, 672–678. [Google Scholar] [CrossRef] [PubMed]

	20. 
Kovacs-Nolan, J.; Phillips, M.; Mine, Y. Advances in the value of eggs and egg components for human health. J. Agric. Food Chem. 2005, 53, 8421–8431. [Google Scholar] [CrossRef] [PubMed]

	21. 
U.S. Department of Agriculture, A.R.S. USDA National Nutrient Database for Standard Reference, Release 26. Nutrient Data Laboratory Home Page; USDA: Washington, DC, USA, 2013. [Google Scholar]

	22. 
Cohn, J.S.; Kamili, A.; Wat, E.; Chung, R.W.; Tandy, S. Dietary phospholipids and intestinal cholesterol absorption. Nutrients 2010, 2, 116–127. [Google Scholar] [CrossRef] [PubMed]

	23. 
U.S. Department of Agriculture. The World Agricultural Supply and Demand Estimates Report (Wasde); USDA: Washington, DC, USA, 2015. [Google Scholar]

	24. 
Zhao, Y.Y.; Xiong, Y.; Curtis, J.M. Measurement of phospholipids by hydrophilic interaction liquid chromatography coupled to tandem mass spectrometry: The determination of choline containing compounds in foods. J. Chromatogr. A 2011, 1218, 5470–5479. [Google Scholar] [CrossRef] [PubMed]

	25. 
Schreiner, M.; Hulan, H.W.; Razzazi-Fazeli, E.; Bohm, J.; Iben, C. Feeding laying hens seal blubber oil: Effects on egg yolk incorporation, stereospecific distribution of omega-3 fatty acids, and sensory aspects. Poult. Sci. 2004, 83, 462–473. [Google Scholar] [CrossRef] [PubMed]

	26. 
Ramstedt, B.; Leppimaki, P.; Axberg, M.; Slotte, J.P. Analysis of natural and synthetic sphingomyelins using high-performance thin-layer chromatography. Eur. J. Biochem. 1999, 266, 997–1002. [Google Scholar] [CrossRef] [PubMed]

	27. 
Baucells, M.D.; Crespo, N.; Barroeta, A.C.; Lopez-Ferrer, S.; Grashorn, M.A. Incorporation of different polyunsaturated fatty acids into eggs. Poult. Sci. 2000, 79, 51–59. [Google Scholar] [CrossRef] [PubMed]

	28. 
Shinn, S.; Liyanage, R.; Lay, J.; Proctor, A. Improved fatty acid analysis of conjugated linoleic acid rich egg yolk triacylglycerols and phospholipid species. J. Agric. Food Chem. 2014, 62, 6608–6615. [Google Scholar] [CrossRef] [PubMed]

	29. 
Pacetti, D.; Boselli, E.; Hulan, H.W.; Frega, N.G. High performance liquid chromatography-tandem mass spectrometry of phospholipid molecular species in eggs from hens fed diets enriched in seal blubber oil. J. Chromatogr. A 2005, 1097, 66–73. [Google Scholar] [CrossRef] [PubMed]

	30. 
Zhou, L.; Zhao, M.; Ennahar, S.; Bindler, F.; Marchioni, E. Determination of phosphatidylethanolamine molecular species in various food matrices by liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS2). Anal. Bioanal. Chem. 2012, 403, 291–300. [Google Scholar] [CrossRef] [PubMed]

	31. 
Sud, M.; Fahy, E.; Subramaniam, S. Template-based combinatorial enumeration of virtual compound libraries for lipids. J. Cheminform. 2012, 4, 23. [Google Scholar] [CrossRef] [PubMed]

	32. 
Hegsted, D.M.; McGandy, R.B.; Myers, M.L.; Stare, F.J. Quantitative effects of dietary fat on serum cholesterol in man. Am. J. Clin. Nutr. 1965, 17, 281–295. [Google Scholar] [PubMed]

	33. 
Lipka, L.J. Ezetimibe: A first-in-class, novel cholesterol absorption inhibitor. Cardiovasc. Drug Rev. 2003, 21, 293–312. [Google Scholar] [CrossRef] [PubMed]

	34. 
Steiner, A.; Domanski, B.; Seegal, D. Effect of feeding of “soya lecithin” on serum cholesterol level of man. Exp. Biol. Med. (Maywood) 1944, 55, 236–238. [Google Scholar] [CrossRef]

	35. 
Knuiman, J.T.; Beynen, A.C.; Katan, M.B. Lecithin intake and serum cholesterol. Am. J. Clin. Nutr. 1989, 49, 266–268. [Google Scholar] [PubMed]

	36. 
Jiang, Y.; Noh, S.K.; Koo, S.I. Egg phosphatidylcholine decreases the lymphatic absorption of cholesterol in rats. J. Nutr. 2001, 131, 2358–2363. [Google Scholar] [PubMed]

	37. 
Noh, S.K.; Koo, S.I. Egg sphingomyelin lowers the lymphatic absorption of cholesterol and alpha-tocopherol in rats. J. Nutr. 2003, 133, 3571–3576. [Google Scholar] [PubMed]

	38. 
Noh, S.K.; Koo, S.I. Milk sphingomyelin is more effective than egg sphingomyelin in inhibiting intestinal absorption of cholesterol and fat in rats. J. Nutr. 2004, 134, 2611–2616. [Google Scholar] [PubMed]

	39. 
Duivenvoorden, I.; Voshol, P.J.; Rensen, P.C.; van Duyvenvoorde, W.; Romijn, J.A.; Emeis, J.J.; Havekes, L.M.; Nieuwenhuizen, W.F. Dietary sphingolipids lower plasma cholesterol and triacylglycerol and prevent liver steatosis in APOE*3Leiden mice. Am. J. Clin. Nutr. 2006, 84, 312–321. [Google Scholar] [PubMed]

	40. 
Young, S.C.; Hui, D.Y. Pancreatic lipase/colipase-mediated triacylglycerol hydrolysis is required for cholesterol transport from lipid emulsions to intestinal cells. Biochem. J. 1999, 339, 615–620. [Google Scholar] [CrossRef] [PubMed]

	41. 
Homan, R.; Hamelehle, K.L. Phospholipase A2 relieves phosphatidylcholine inhibition of micellar cholesterol absorption and transport by human intestinal cell line Caco-2. J. Lipid Res. 1998, 39, 1197–1209. [Google Scholar] [PubMed]

	42. 
Rodgers, J.B.; O’Connor, P.J. Effect of phosphatidylcholine on fatty acid and cholesterol absorption from mixed micellar solutions. Biochim. Biophys. Acta 1975, 409, 192–200. [Google Scholar] [CrossRef] [PubMed]

	43. 
Rampone, A.J.; Machida, C.M. Mode of action of lecithin in suppressing cholesterol absorption. J. Lipid Res. 1981, 22, 744–752. [Google Scholar] [PubMed]

	44. 
Kinkaid, A.; Wilton, D.C. Comparison of the catalytic properties of phospholipase A2 from pancreas and venom using a continuous fluorescence displacement assay. Biochem. J. 1991, 278, 843–848. [Google Scholar] [PubMed]

	45. 
Ohvo-Rekila, H.; Ramstedt, B.; Leppimaki, P.; Slotte, J.P. Cholesterol interactions with phospholipids in membranes. Prog. Lipid Res. 2002, 41, 66–97. [Google Scholar] [CrossRef] [PubMed]

	46. 
Garmy, N.; Taieb, N.; Yahi, N.; Fantini, J. Interaction of cholesterol with sphingosine: Physicochemical characterization and impact on intestinal absorption. J. Lipid Res. 2005, 46, 36–45. [Google Scholar] [CrossRef] [PubMed]

	47. 
Imaizumi, K.; Mawatari, K.; Murata, M.; Ikeda, I.; Sugano, M. The contrasting effect of dietary phosphatidylethanolamine and phosphatidylcholine on serum lipoproteins and liver lipids in rats. J. Nutr. 1983, 113, 2403–2411. [Google Scholar] [PubMed]

	48. 
Imaizumi, K.; Sekihara, K.; Sugano, M. Hypocholesterolemic action of dietary phosphatidylethanolamine in rats sensitive to exogenous cholesterol. J. Nutr. Biochem. 1991, 2, 251–254. [Google Scholar] [CrossRef]

	49. 
Shaikh, S.R.; Brzustowicz, M.R.; Gustafson, N.; Stillwell, W.; Wassall, S.R. Monounsaturated PE does not phase-separate from the lipid raft molecules sphingomyelin and cholesterol: Role for polyunsaturation? Biochemistry 2002, 41, 10593–10602. [Google Scholar] [CrossRef] [PubMed]

	50. 
Grzybek, M.; Kubiak, J.; Lach, A.; Przybylo, M.; Sikorski, A.F. A raft-associated species of phosphatidylethanolamine interacts with cholesterol comparably to sphingomyelin. A Langmuir-Blodgett monolayer study. PLoS ONE 2009, 4, e5053. [Google Scholar] [CrossRef] [PubMed]

	51. 
Yang, F.; Ma, M.; Xu, J.; Yu, X.; Qiu, N. An egg-enriched diet attenuates plasma lipids and mediates cholesterol metabolism of high-cholesterol fed rats. Lipids 2012, 47, 269–277. [Google Scholar] [CrossRef] [PubMed]

	52. 
Chakravarthy, M.V.; Lodhi, I.J.; Yin, L.; Malapaka, R.R.; Xu, H.E.; Turk, J.; Semenkovich, C.F. Identification of a physiologically relevant endogenous ligand for PPARalpha in liver. Cell 2009, 138, 476–488. [Google Scholar] [CrossRef] [PubMed]

	53. 
Chung, R.W.; Kamili, A.; Tandy, S.; Weir, J.M.; Gaire, R.; Wong, G.; Meikle, P.J.; Cohn, J.S.; Rye, K.A. Dietary sphingomyelin lowers hepatic lipid levels and inhibits intestinal cholesterol absorption in high-fat-fed mice. PLoS ONE 2013, 8, e55949. [Google Scholar] [CrossRef] [PubMed]

	54. 
Tandy, S.; Chung, R.W.; Kamili, A.; Wat, E.; Weir, J.M.; Meikle, P.J.; Cohn, J.S. Hydrogenated phosphatidylcholine supplementation reduces hepatic lipid levels in mice fed a high-fat diet. Atherosclerosis 2010, 213, 142–147. [Google Scholar] [CrossRef] [PubMed]

	55. 
Murakami, I.; Wakasa, Y.; Yamashita, S.; Kurihara, T.; Zama, K.; Kobayashi, N.; Mizutani, Y.; Mitsutake, S.; Shigyo, T.; Igarashi, Y. Phytoceramide and sphingoid bases derived from brewer’s yeast saccharomyces pastorianus activate peroxisome proliferator-activated receptors. Lipids Health Dis. 2011, 10, 150. [Google Scholar] [CrossRef] [PubMed]

	56. 
Zeisel, S.H. Choline: An essential nutrient for humans. Nutrition 2000, 16, 669–671. [Google Scholar] [CrossRef] [PubMed]

	57. 
Corbin, K.D.; Zeisel, S.H. Choline metabolism provides novel insights into nonalcoholic fatty liver disease and its progression. Curr. Opin. Gastroenterol. 2012, 28, 159–165. [Google Scholar] [CrossRef] [PubMed]

	58. 
Rinella, M.E.; Elias, M.S.; Smolak, R.R.; Fu, T.; Borensztajn, J.; Green, R.M. Mechanisms of hepatic steatosis in mice fed a lipogenic methionine choline-deficient diet. J. Lipid Res. 2008, 49, 1068–1076. [Google Scholar] [CrossRef] [PubMed]

	59. 
Song, J.; da Costa, K.A.; Fischer, L.M.; Kohlmeier, M.; Kwock, L.; Wang, S.; Zeisel, S.H. Polymorphism of the PEMT gene and susceptibility to nonalcoholic fatty liver disease (NAFLD). FASEB J. 2005, 19, 1266–1271. [Google Scholar] [CrossRef] [PubMed]

	60. 
Guerrerio, A.L.; Colvin, R.M.; Schwartz, A.K.; Molleston, J.P.; Murray, K.F.; Diehl, A.; Mohan, P.; Schwimmer, J.B.; Lavine, J.E.; Torbenson, M.S.; et al. Choline intake in a large cohort of patients with nonalcoholic fatty liver disease. Am. J. Clin. Nutr. 2012, 95, 892–900. [Google Scholar] [CrossRef] [PubMed]

	61. 
Linsel-Nitschke, P.; Tall, A.R. HDL as a target in the treatment of atherosclerotic cardiovascular disease. Nat. Rev. Drug Discov. 2005, 4, 193–205. [Google Scholar] [CrossRef] [PubMed]

	62. 
Gordon, D.J.; Probstfield, J.L.; Garrison, R.J.; Neaton, J.D.; Castelli, W.P.; Knoke, J.D.; Jacobs, D.R., Jr.; Bangdiwala, S.; Tyroler, H.A. High-density lipoprotein cholesterol and cardiovascular disease. Four prospective american studies. Circulation 1989, 79, 8–15. [Google Scholar] [CrossRef] [PubMed]

	63. 
Nissen, S.E.; Tsunoda, T.; Tuzcu, E.M.; Schoenhagen, P.; Cooper, C.J.; Yasin, M.; Eaton, G.M.; Lauer, M.A.; Sheldon, W.S.; Grines, C.L.; et al. Effect of recombinant APOA-I Milano on coronary atherosclerosis in patients with acute coronary syndromes: A randomized controlled trial. JAMA 2003, 290, 2292–2300. [Google Scholar] [CrossRef] [PubMed]

	64. 
Sacks, F.M.; Rudel, L.L.; Conner, A.; Akeefe, H.; Kostner, G.; Baki, T.; Rothblat, G.; de la Llera-Moya, M.; Asztalos, B.; Perlman, T.; et al. Selective delipidation of plasma HDL enhances reverse cholesterol transport in vivo. J. Lipid Res. 2009, 50, 894–907. [Google Scholar] [CrossRef] [PubMed]

	65. 
Badimon, J.J.; Badimon, L.; Fuster, V. Regression of atherosclerotic lesions by high density lipoprotein plasma fraction in the cholesterol-fed rabbit. J. Clin. Investig. 1990, 85, 1234–1241. [Google Scholar] [CrossRef] [PubMed]

	66. 
Herron, K.L.; Vega-Lopez, S.; Conde, K.; Ramjiganesh, T.; Roy, S.; Shachter, N.S.; Fernandez, M.L. Pre-menopausal women, classified as hypo- or hyperresponders, do not alter their LDL/HDL ratio following a high dietary cholesterol challenge. J. Am. Coll. Nutr. 2002, 21, 250–258. [Google Scholar] [CrossRef] [PubMed]

	67. 
Mutungi, G.; Ratliff, J.; Puglisi, M.; Torres-Gonzalez, M.; Vaishnav, U.; Leite, J.O.; Quann, E.; Volek, J.S.; Fernandez, M.L. Dietary cholesterol from eggs increases plasma HDL cholesterol in overweight men consuming a carbohydrate-restricted diet. J. Nutr. 2008, 138, 272–276. [Google Scholar] [PubMed]

	68. 
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] [PubMed]

	69. 
O’Brien, B.C.; Corrigan, S.M. Influence of dietary soybean and egg lecithins on lipid responses in cholesterol-fed guinea pigs. Lipids 1988, 23, 647–650. [Google Scholar] [CrossRef] [PubMed]

	70. 
Burgess, J.W.; Neville, T.A.; Rouillard, P.; Harder, Z.; Beanlands, D.S.; Sparks, D.L. Phosphatidylinositol increases HDL-C levels in humans. J. Lipid Res. 2005, 46, 350–355. [Google Scholar] [CrossRef] [PubMed]

	71. 
Yancey, P.G.; de la Llera-Moya, M.; Swarnakar, S.; Monzo, P.; Klein, S.M.; Connelly, M.A.; Johnson, W.J.; Williams, D.L.; Rothblat, G.H. High density lipoprotein phospholipid composition is a major determinant of the bi-directional flux and net movement of cellular free cholesterol mediated by scavenger receptor BI. J. Biol. Chem. 2000, 275, 36596–36604. [Google Scholar] [CrossRef] [PubMed]

	72. 
Sankaranarayanan, S.; Oram, J.F.; Asztalos, B.F.; Vaughan, A.M.; Lund-Katz, S.; Adorni, M.P.; Phillips, M.C.; Rothblat, G.H. Effects of acceptor composition and mechanism of ABCG1-mediated cellular free cholesterol efflux. J. Lipid Res. 2009, 50, 275–284. [Google Scholar] [CrossRef] [PubMed]

	73. 
Tall, A.R.; Blum, C.B.; Grundy, S.M. Incorporation of radioactive phospholipid into subclasses of high-density lipoproteins. Am. J. Physiol. 1983, 244, E513–E516. [Google Scholar] [PubMed]

	74. 
Dubois, C.; Armand, M.; Mekki, N.; Portugal, H.; Pauli, A.M.; Bernard, P.M.; Lafont, H.; Lairon, D. Effects of increasing amounts of dietary cholesterol on postprandial lipemia and lipoproteins in human subjects. J. Lipid Res. 1994, 35, 1993–2007. [Google Scholar] [PubMed]

	75. 
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]

	76. 
Herron, K.L.; Lofgren, I.E.; Sharman, M.; Volek, J.S.; Fernandez, M.L. High intake of cholesterol results in less atherogenic low-density lipoprotein particles in men and women independent of response classification. Metabolism 2004, 53, 823–830. [Google Scholar] [CrossRef] [PubMed]

	77. 
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] [PubMed]

	78. 
Khera, A.V.; Cuchel, M.; de la Llera-Moya, M.; Rodrigues, A.; Burke, M.F.; Jafri, K.; French, B.C.; Phillips, J.A.; Mucksavage, M.L.; Wilensky, R.L.; et al. Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis. N. Engl. J. Med. 2011, 364, 127–135. [Google Scholar] [CrossRef] [PubMed]

	79. 
Oram, J.F.; Vaughan, A.M. ATP-binding cassette cholesterol transporters and cardiovascular disease. Circ. Res. 2006, 99, 1031–1043. [Google Scholar] [CrossRef] [PubMed]

	80. 
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. (Lond.) 2008, 5, 6. [Google Scholar] [CrossRef]

	81. 
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 in metabolic syndrome. J. Clin. Lipidol. 2013, 7, 463–471. [Google Scholar] [CrossRef] [PubMed]

	82. 
Detopoulou, P.; Panagiotakos, D.B.; Antonopoulou, S.; Pitsavos, C.; Stefanadis, C. Dietary choline and betaine intakes in relation to concentrations of inflammatory markers in healthy adults: The ATTICA study. Am. J. Clin. Nutr. 2008, 87, 424–430. [Google Scholar] [PubMed]

	83. 
Parrish, W.R.; Rosas-Ballina, M.; Gallowitsch-Puerta, M.; Ochani, M.; Ochani, K.; Yang, L.H.; Hudson, L.; Lin, X.; Patel, N.; Johnson, S.M.; et al. Modulation of tnf release by choline requires alpha7 subunit nicotinic acetylcholine receptor-mediated signaling. Mol. Med. 2008, 14, 567–574. [Google Scholar] [CrossRef] [PubMed]

	84. 
Tracey, K.J. Reflex control of immunity. Nat. Rev. Immunol. 2009, 9, 418–428. [Google Scholar] [CrossRef] [PubMed]

	85. 
Hartmann, P.; Szabo, A.; Eros, G.; Gurabi, D.; Horvath, G.; Nemeth, I.; Ghyczy, M.; Boros, M. Anti-inflammatory effects of phosphatidylcholine in neutrophil leukocyte-dependent acute arthritis in rats. Eur. J. Pharmacol. 2009, 622, 58–64. [Google Scholar] [CrossRef] [PubMed]

	86. 
Stremmel, W.; Braun, A.; Hanemann, A.; Ehehalt, R.; Autschbach, F.; Karner, M. Delayed release phosphatidylcholine in chronic-active ulcerative colitis: A randomized, double-blinded, dose finding study. J. Clin. Gastroenterol. 2010, 44, e101–e107. [Google Scholar] [PubMed]

	87. 
Ding, S.; Lund, P.K. Role of intestinal inflammation as an early event in obesity and insulin resistance. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 328–333. [Google Scholar] [CrossRef] [PubMed]

	88. 
Field, F.J.; Watt, K.; Mathur, S.N. TNF-alpha decreases ABCA1 expression and attenuates HDL cholesterol efflux in the human intestinal cell line Caco-2. J. Lipid Res. 2010, 51, 1407–1415. [Google Scholar] [CrossRef] [PubMed]

	89. 
Van Leuven, S.I.; Hezemans, R.; Levels, J.H.; Snoek, S.; Stokkers, P.C.; Hovingh, G.K.; Kastelein, J.J.; Stroes, E.S.; de Groot, E.; Hommes, D.W. Enhanced atherogenesis and altered high density lipoprotein in patients with Crohn’s disease. J. Lipid Res. 2007, 48, 2640–2646. [Google Scholar] [CrossRef] [PubMed]

	90. 
Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, Y.M.; et al. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 2011, 472, 57–63. [Google Scholar] [CrossRef] [PubMed]

	91. 
Al-Waiz, M.; Mikov, M.; Mitchell, S.C.; Smith, R.L. The exogenous origin of trimethylamine in the mouse. Metabolism 1992, 41, 135–136. [Google Scholar] [CrossRef] [PubMed]

	92. 
Lang, D.H.; Yeung, C.K.; Peter, R.M.; Ibarra, C.; Gasser, R.; Itagaki, K.; Philpot, R.M.; Rettie, A.E. Isoform specificity of trimethylamine N-oxygenation by human flavin-containing monooxygenase (FMO) and p450 enzymes: Selective catalysis by FMO3. Biochem. Pharmacol. 1998, 56, 1005–1012. [Google Scholar] [CrossRef] [PubMed]

	93. 
Hartiala, J.; Bennett, B.J.; Tang, W.H.; Wang, Z.; Stewart, A.F.; Roberts, R.; McPherson, R.; Lusis, A.J.; Hazen, S.L.; Allayee, H. Comparative genome-wide association studies in mice and humans for trimethylamine N-oxide, a proatherogenic metabolite of choline and l-carnitine. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1307–1313. [Google Scholar] [CrossRef] [PubMed]

	94. 
Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al. Intestinal microbiota metabolism of l-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med. 2013, 19, 576–585. [Google Scholar] [CrossRef] [PubMed]

	95. 
Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal microbial metabolism of phosphatidylcholine and cardiovascular risk. N. Engl. J. Med. 2013, 368, 1575–1584. [Google Scholar] [CrossRef] [PubMed]

	96. 
Tang, W.H.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig. 2014, 124, 4204–4211. [Google Scholar] [CrossRef] [PubMed]

	97. 
Miller, C.A.; Corbin, K.D.; da Costa, K.A.; Zhang, S.; Zhao, X.; Galanko, J.A.; Blevins, T.; Bennett, B.J.; O’Connor, A.; Zeisel, S.H. Effect of egg ingestion on trimethylamine-N-oxide production in humans: A randomized, controlled, dose-response study. Am. J. Clin. Nutr. 2014, 100, 778–786. [Google Scholar] [CrossRef] [PubMed]

	98. 
Northfield, T.C.; Hofmann, A.F. Biliary lipid output during three meals and an overnight fast. I. Relationship to bile acid pool size and cholesterol saturation of bile in gallstone and control subjects. Gut 1975, 16, 1–11. [Google Scholar] [CrossRef] [PubMed]

	99. 
Richmond, B.L.; Boileau, A.C.; Zheng, S.; Huggins, K.W.; Granholm, N.A.; Tso, P.; Hui, D.Y. Compensatory phospholipid digestion is required for cholesterol absorption in pancreatic phospholipase A(2)-deficient mice. Gastroenterology 2001, 120, 1193–1202. [Google Scholar] [CrossRef] [PubMed]

	100. 
Takemori, H.; Zolotaryov, F.N.; Ting, L.; Urbain, T.; Komatsubara, T.; Hatano, O.; Okamoto, M.; Tojo, H. Identification of functional domains of rat intestinal phospholipase B/lipase. Its cDNA cloning, expression, and tissue distribution. J. Biol. Chem. 1998, 273, 2222–2231. [Google Scholar] [CrossRef] [PubMed]

	101. 
Djousse, L.; Gaziano, J.M. Egg consumption in relation to cardiovascular disease and mortality: The Physicians’ Health Study. Am. J. Clin. Nutr. 2008, 87, 964–969. [Google Scholar] [PubMed]

	102. 
Tanasescu, M.; Cho, E.; Manson, J.E.; Hu, F.B. Dietary fat and cholesterol and the risk of cardiovascular disease among women with type 2 diabetes. Am. J. Clin. Nutr. 2004, 79, 999–1005. [Google Scholar] [PubMed]

	103. 
Tang, W.H.; Wang, Z.; Shrestha, K.; Borowski, A.G.; Wu, Y.; Troughton, R.W.; Klein, A.L.; Hazen, S.L. Intestinal microbiota-dependent phosphatidylcholine metabolites, diastolic dysfunction, and adverse clinical outcomes in chronic systolic heart failure. J. Card. Fail. 2015, 21, 91–96. [Google Scholar] [CrossRef] [PubMed]

	104. 
Tang, W.H.; Wang, Z.; Fan, Y.; Levison, B.; Hazen, J.E.; Donahue, L.M.; Wu, Y.; Hazen, S.L. Prognostic value of elevated levels of intestinal microbe-generated metabolite trimethylamine-N-oxide in patients with heart failure: Refining the gut hypothesis. J. Am. Coll. Cardiol. 2014, 64, 1908–1914. [Google Scholar] [CrossRef] [PubMed]

	105. 
Tang, W.H.; Wang, Z.; Kennedy, D.J.; Wu, Y.; Buffa, J.A.; Agatisa-Boyle, B.; Li, X.S.; Levison, B.S.; Hazen, S.L. Gut microbiota-dependent trimethylamine N-oxide (TMAO) pathway contributes to both development of renal insufficiency and mortality risk in chronic kidney disease. Circ. Res. 2015, 116, 448–455. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  nutrients-07-02731


  
    		
      nutrients-07-02731
    


  




  





media/file0.png
/\/\/\A_A/\WO "
o
Phosphatidylethanolamine (16:0/18:1)
H OH
2
NH H
o

Sphingomyelin (d18:1/16:0)





media/file1.png





media/file2.png
Pﬁ —————] Hepatic lipids

Liver

™A0 — Bl

acids

Llpld absorption \

PE? Small intestine

Gut bacteria Liver FMO3,
C ™

A —> TMAO

SRB1
\V CG1 | \
(+) Macrophage
PC PC ———— Inflammation
Large intestine SM





