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Abstract
We recently demonstrated that daily whole egg consumption during moderate carbohydrate
restriction leads to greater increases in plasma HDL-cholesterol (HDL-C) and improvements in
HDL profiles in metabolic syndrome (MetS) when compared to intake of a yolk-free egg
substitute. We further investigated the effects of this intervention on HDL composition and
function, hypothesizing that the phospholipid species present in egg yolk modulate HDL lipid
composition to increase the cholesterol-accepting capacity of subject serum. Men and women
classified with MetS were randomly assigned to consume either three whole eggs (EGG, n = 20)
per day or the equivalent amount of egg substitute (SUB, n = 17) throughout a 12-week moderate
carbohydrate-restricted (25–30 % of energy) diet. Relative to other HDL lipids, HDL-cholesteryl
ester content increased in all subjects, with greater increases in the SUB group. Further, HDL-
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triacylglycerol content was reduced in EGG group subjects with normal baseline plasma HDL-C,
resulting in increases in HDL-CE/TAG ratios in both groups. Phospholipid analysis by mass
spectrometry revealed that HDL became enriched in phosphatidylethanolamine in the EGG group,
and that EGG group HDL better reflected sphingomyelin species present in the whole egg product
at week 12 compared to baseline. Further, macrophage cholesterol efflux to EGG subject serum
increased from baseline to week 12, whereas no changes were observed in the SUB group.
Together, these findings suggest that daily egg consumption promotes favorable shifts in HDL
lipid composition and function beyond increasing plasma HDL-C in MetS.
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Introduction
HDL is a key cardioprotective biomarker in obesity-related metabolic diseases, including
cardiovascular disease (CVD) and metabolic syndrome (MetS) [1]. The primary mechanism
by which HDL promotes cardiovascular health is thought to be through mediating the
acquisition of lipids from macrophage foam cells within the arterial wall for participation in
reverse cholesterol transport (RCT) [2], while antithrombotic, anti-inflammatory, and
antioxidant properties of HDL confer further protection against atherosclerosis [3]. It is well
recognized, however, that HDL function is impaired under inflammatory conditions
associated with obesity, and that standard clinical measures of steady-state plasma HDL-
cholesterol (HDL-C) often fail to capture the true atheroprotective—or even atherogenic—
potential of circulating HDL particles [3, 4]. Therefore, therapeutic strategies aimed at
enhancing HDL-mediated cardioprotection should target mechanisms that go beyond simply
increasing HDL-C, and rather improve the quality of HDL as a lipid acceptor [5, 6].

The capacity of HDL to facilitate cellular cholesterol efflux is differentially affected by the
diverse, heterogeneous nature of HDL size and structure, as well as protein and lipid
composition [6]. While various HDL components and pathways have been targeted,
modulation of HDL lipid composition—particularly the HDL-phospholipid (HDL-PL)
fraction—is an emerging and promising approach to improving HDL function [7, 8]. In the
majority of circulating HDL, phospholipids represent ~45–50 % of total lipids [9], with
predominant phospholipid classes including phosphatidylcholine (PtdCho; ~80 %),
sphingomyelin (CerPCho; ~10 %), phosphatidylethanolamine (PtdEtn; ~3 %),
lysophosphatidylcholine (LysoPtdCho; ~1–2 %) and phosphatidylinositol (PtdIns; ~1–2 %)
[10, 11].

Total HDL-PL, as well as the distribution of HDL phospholipid classes, has been related to
CVD risk and severity [12, 13], and can differentially affect the lipid-accepting capacity of
HDL [8, 14]. Greater enrichment of HDL in phospholipids—such as PtdCho and CerPCho
—has also been associated with a greater lipid-accepting capacity of HDL and/or human
serum; however, the extent by which different phospholipid classes can promote efflux may
be variable across cellular models and efflux pathways mediated by ATP-binding cassette
transporter A I (ABCA1), ATP-binding cassette transporter G I (ABCG1), scavenger
receptor B I (SR-BI), or aqueous diffusion [7, 8, 15].

Dietary intake of phospholipids derived from soy, safflower, dairy, marine, and egg sources
are known to favorably modulate plasma lipid levels in both humans and animal models
[16-20]; however, few studies have investigated how intake of phospholipid-rich foods or
supplements affect the relative distribution HDL-PL classes or lipid-accepting functions.

Andersen et al. Page 2

Lipids. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dietary phospholipids are known to be highly bioavailable (>90 %), can be partially
absorbed intact in the intestine, and are preferentially incorporated into HDL following
ingestion [21, 22]. Of all food sources to favorably modulate HDL-PL distribution and
particle function, eggs represent one of the most promising candidates, since egg yolk is one
of the richest dietary sources of PtdCho, PtdEtn, and CerPCho [23, 24]. Previous studies in
our laboratory have demonstrated that consumption of three eggs per day as part of a
carbohydrate-restricted diet improves atherogenic lipoprotein profiles and increases plasma
HDL-C in over-weight men [25] and men and women with MetS [26, 27] to a greater extent
when compared to intake of a yolk-free egg substitute. In MetS, beneficial changes from
whole egg intake included greater increases in large HDL particles, HDL and LDL
diameters, and lecithin–cholesterol acyltransferase (LCAT) activity, as well as greater
reductions in atherogenic large and medium VLDL particles when compared to the intake of
egg substitute [26]. These findings are significant since individuals with MetS can have
dysfunctional HDL [28] and a twofold increased risk of developing CVD [29]. Therefore,
the aim of this study was to determine whether improvements in HDL profiles from egg
intake correspond to changes in HDL lipid composition and the cholesterol-accepting
capacity of HDL. We hypothesized that daily consumption of phospholipid-rich egg yolk for
12 weeks would modulate HDL-PL distribution to reflect egg-derived phospholipid species,
corresponding to greater cholesterol efflux to subject serum.

Materials and Methods
Study Design and Subjects

Experimental design and subject characteristics have previously been described [26, 27].
Briefly, 37 subjects (25 women; 12 men) classified with MetS were recruited to participate
in a 12-week parallel, randomized, single-blind diet intervention. Eligibility for participation
was dependent upon subjects falling within the age range of 30–70 years old, meeting the
National Cholesterol Education Program Adult Treatment Panel III (NCEP:ATP III) revised
criteria for MetS [30], and having no clinical diagnosis of chronic/metabolic disease [26,
27]. During the 12-week study, subjects were instructed to follow an ad libitum moderate
carbohydrate-restricted diet (25–30 % of energy from carbohydrates) in addition to
consuming either three whole eggs (EGG group) or the equivalent amount of egg yolk-free
egg substitute (SUB group) each day. The egg substitute product consisted of egg whites (99
%), <1 % xanthan and guar gums, beta-carotene for color, and provided 0 mg of cholesterol,
whereas the daily serving of whole egg contained 534 mg of cholesterol. Dietary analysis
and nutrient composition of both egg products have been reported in greater detail elsewhere
[26, 27]. This study was approved by the University of Connecticut Institutional Review
Board; Protocol #: H10-173.

Plasma and Serum Collection
Fasting plasma and serum samples were collected at baseline and week 12. Plasma was
obtained following blood collection into EDTA-coated tubes and centrifugation at 2,200×g
for 20 min at 4 °C. A preservative cocktail (1 mL/L sodium azide, 1 mL/L
phenylmethylsulfonyl fluoride, and 5 mL/L aprotinin) was added to plasma prior to storage.
Serum was obtained following collection of blood into anticoagulant-free tubes and
processed under sterile conditions. Both plasma and serum were aliquoted and stored at −80
°C until analysis.

Plasma Lipids and Body Weight
Fasting plasma HDL-C, total cholesterol (TC) and triacylglycerol (TAG) were measured by
enzymatic methods using a Cobas c 111 clinical analyzer (Roche Diagnostics, Indianapolis,
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IN), as previously described [26]. LDL-C was estimated by the Friedewald equation [31].
Body weight was assessed biweekly from baseline to week 12.

Isolation of HDL Subfractions from Plasma
HDL subfractions (d = 1.063–1.21) were isolated from EGG (n = 19) and SUB (n = 15)
subject plasma at baseline and week 12 by sequential ultracentrifugation as previously
described [27]. Plasma yields from three subjects were not adequate to perform isolation.
Following removal of VLDL, IDL, and LDL fractions (d < 1.063 g/mL), the remaining
plasma was adjusted to d = 1.21 g/mL with KBr, and layered beneath a density solution (3
M KBr, 2.6 M NaCl, 2.7 mM EDTA; pH = 7.4; d = 1.21) in QuickSeal tubes (Beckman
Coulter). Using an Optima LE-80 K ultracentrifuge, HDL subfractions were isolated by
centrifugation for 3 h at 60,000 rpm in a vertical vTi-65 rotor. The HDL samples were then
dialyzed for 24 h (0.9 % NaCl, 0.01 % Na2EDTA, pH 7.4), aliquoted, and stored at −80 °C
for further analysis.

Analysis of HDL Lipid Components
Phospholipid (PL), free cholesterol (FC) (Wako Chemicals, Richmond, VA), TC and TAG
(Pointe Scientific, Canton, MI) content of HDL subfractions (d = 1.063–1.21) was
determined by commercially available reagent kits according to the manufacturer’s
instructions. Cholesteryl ester (CE) content was calculated as (TC–FC) × 1.67.

Analysis of HDL and Egg Product Phospholipid Classes and Associated Species
Quantification of PtdCho, LysoPtdCho, PtdEtn, PtdIns, and CerPCho species in HDL
samples and egg products was performed as described by Sorci-Thomas et al. [32]. Briefly,
egg product and HDL lipids were extracted by the Bligh–Dyer method [33] containing
internal standards, evaporated under an argon stream, and dissolved in chloroform/methanol
(2:1). Lipid extracts were injected onto a 3.9 × 200 mm Waters μPorasil column (10 μm
particle size) and analyzed by tandem mass spectrometry utilizing a Finnigan TSQ Quantum
Discovery Max mass spectrometer (MS/MS). Data for each phospholipid class in egg
products are presented mg/g of egg protein or mole-percent (mol%) of total phospholipids.
Data for HDL phospholipid classes are presented as mol%. Percent homology of
phospholipid molecular species for the EGG group was calculated as: [HDL molecular
species (nmol) identified in both HDL and egg product/Total HDL molecular species
(nmol)] × 100. Phospholipid species homology of the SUB group was similarly calculated
by identifying the percentage of total HDL species (nmol) that were identified in the egg
substitute product.

LDL Acetylation
LDL was isolated from combined fasting plasma samples from two healthy donors by
sequential ultracentrifugation, as described previously [27]. Following isolation, LDL was
dialyzed (0.15 M NaCL) for 24 h at 4 °C. Protein content was measured by bicinchoninic
acid (BCA) assay (Thermo Scientific) modified to contain 0.2 % sodium dodecyl sulfate
(SDS) as recommended by the manufacturer for measurement of lipoprotein samples. The
LDL sample was added in equal parts to a saturated sodium acetate solution with continuous
stirring in an ice water bath while protected from light. Acetic anhydride was then slowly
added over 1 h (1.5 μL/mg LDL protein). The acetylated-LDL (acLDL) solution was
dialyzed (0.15 M NaCl, 0.3 mM EDTA, pH 7.4) for 24 h at 4 °C then filter-sterilized for use
in cholesterol efflux assays.
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Cholesterol Efflux Assays
RAW 264.7 macrophages were used to conduct cholesterol efflux assays for a subset of
subjects. Twenty-four hours after seeding on 12-well plates, cells were loaded with 100 μg/
mL acLDL and 0.5 μCi [1,2-3H(N)]cholesterol (American Radiolabeled Chemicals, Inc., St.
Louis, MO) for 24 h. Cells were then washed and treated with 10 μM T0901317 for 24 h to
stimulate liver X receptor (LXR)-mediated expression of lipid transporters, ABCA1 and
ABCG1. Efflux media was then added containing 20 % subject serum and 0.2 % BSA in
RPMI, with each serum sample ran in triplicate. Efflux was performed for 3 h at 37 °C,
followed by collection of cell media and cell lysates. Cell lysates were obtained by washing
cells with 0.1 N NaOH and collection of the supernatant. Aliquots of cell media and lysates
were added to a liquid scintillation cocktail and radioactivity was measured with a Beckman
LS 6500 Scintillation Counter (Beckman Coulter Inc., Indianapolis, IN). Percent cholesterol
efflux was calculated as [(3H-cholesterol radioactivity in media) × 100]/[(3H-cholesterol
radioactivity in media) + (3H-cholesterol radioactivity in cell lysate)].

Statistical Analysis
All statistical analyses were performed using SPSS version 18. Repeated measures ANOVA
was used to test the overall effects of the intervention between EGG vs. SUB groups (the
between-subjects factor) and over time (the within-subjects factor). Paired t tests were used
to test differences between baseline vs. week 12 values within EGG or SUB groups.
Independent t tests were used to compare the differences in absolute or percent change in
variables between groups. Bivariate Pearson correlations were used to determine
relationships between parameters. Data are reported as means ± SD unless noted otherwise.
P < 0.05 was considered significant.

Results
Egg Product Phospholipid Analysis

Whole egg and yolk-free egg substitute products were analyzed by mass spectrometry to
identify the predominant phospholipid classes and associated molecular species (Table 1).
The relative distribution of phospholipid classes was similar between the two egg products,
with PtdCho representing the most abundant phospholipid class, followed by PtdEtn, and
smaller amounts of CerPCho, LysoPtdCho, and PtdIns. As expected, the whole egg product
provided significantly greater amounts of phospholipid within each class, since the majority
of egg phospholipids are found in the yolk [23]. Additionally, a greater number of molecular
species within each class—with the exception of CerPCho—were identified in the whole
egg product. The percentage similarity of molecular species detected within each
phospholipid class (i.e. species homology) between whole egg and egg substitute products
ranged from 62.5 to 100 %.

Baseline Characteristics and Changes in Body Weight
We have previously reported that there were no differences in plasma TC, LDL-C, HDL-C,
weight, BMI, age, or the additional MetS parameters between EGG and SUB groups at
baseline [26, 27]. As expected with moderate carbohydrate restriction, subjects in both
groups significantly decreased body weight over the course of the 12-week intervention,
with no differences between groups (EGG: −3.6 ± 2.6 kg vs. SUB: −3.4 ± 2.3 kg; P = 0.78).

Plasma HDL-C Classification and Response
Changes in plasma lipids and lipoprotein particle profiles have been reported elsewhere [26,
27]. Upon admission into the study, 55 % of EGG subjects met the MetS criteria for low
plasma HDL-C (men: <40 mg/dL (1.03 mmol/L); women: <50 mg/dL (1.29 mmol/L)),
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similar to 53 % of SUB subjects enrolled. While no changes were observed in either TC or
LDL-C throughout the 12-week intervention, plasma HDL-C increased in all subjects, with
greater increases in the EGG group (+19.1 %) when compared to the SUB group (+9.9 %)
(P < 0.05) (data not shown) [26, 27]. Interestingly, the difference in HDL-C response
between groups was primarily driven by subjects who entered the study with normal HDL-C
levels (EGG (n = 9): +11.56 ± 8.0 mg/dL vs. SUB (n = 8): +4.0 ± 3.5 mg/dL; P = 0.026),
rather than those with low baseline HDL-C (EGG (n = 11): +6.1 ± 6.3 mg/dL vs. SUB (n =
9): +5.3 ± 6.9 mg/dL; P = 0.79). By the end of the intervention, only 15 % of subjects in the
EGG group still met the MetS criteria for low plasma HDL-C, compared to 23.5 % of SUB
subjects.

HDL Lipid Composition
HDL subfractions (d = 1.063–1.21) were analyzed to assess whether egg feeding could
impact the relative distribution of HDL lipid fractions (Table 2). While there were no
changes in HDL-FC or -PL content from baseline to week 12, HDL became relatively more
enriched in CE in all subjects, with slightly greater increases in the SUB group. Reductions
in HDL-TAG (P = 0.078) and HDL-PL (P = 0.082) content from baseline to week 12 were
observed in EGG and SUB groups, respectively, although these changes failed to reach
statistical significance. Interestingly, however, comparison of subjects with normal baseline
HDL-C revealed that HDL-TAG content was reduced in the EGG group only (EGG: −2.2 ±
2.4 % vs. SUB: 0.0 ± 0.9 %; P = 0.03). Together, these changes led to increases in HDL-CE/
TAG ratios in all subjects, whereas the slightly greater increases in the EGG group failed to
reach significance when compared to the changes in the SUB group (P = 0.071). Baseline
plasma HDL-C levels and gender did not appear to have an effect on changes in HDL lipid
composition in either EGG or SUB group.

Distribution of HDL Phospholipid Classes
HDL subfractions (d = 1.063–1.21) were further analyzed by mass spectrometry to identify
the distribution of the predominant PL classes (Table 3). While the relative distribution of
HDL-PtdCho, -LysoPtdCho, -PtdIns, or -CerPCho did not change throughout the
intervention, enrichment of HDL in PtdEtn was observed in the EGG group only (EGG:
+40.8 ± 16.3 % vs. SUB: −3.6 ± 25.5 %; P = 0.026). Interestingly, changes in HDL-PtdEtn
content were positively associated with increases in plasma HDL-C (r = 0.74; P = 0.038),
and negatively associated with changes in HDL-TAG content (r = −0.833; P = 0.010).

Phospholipid Species Homology Between HDL and Egg Products
We further aimed to identify whether HDL subfractions became relatively more enriched in
phospholipid molecular species present in the egg products throughout the intervention. In
calculating the homology between HDL and egg product phospholipids, we found that
molecular species identified in egg products represented an average 85, 84, 95, and 90 % of
total HDL species of PtdCho, PtdEtn, LysoPtdCho, and PtdIns classes, respectively. This
trend remained constant from baseline to week 12. The primary differences between PtdCho
and PtdEtn from egg and human HDL were the concentrations of 1-O-alkyl- or -alk-1-enyl
species. On average, human HDL contained three-fold more 1-O-alkyl- or -alk-1-enyl-
phosphocholine and ninefold more 1-O-alkyl- or -alk-1-enyl-phosphoethanolamine (data not
shown). In contrast, the CerPCho species identified in whole egg and egg substitute products
represented only 23.2 and 24.5 % of HDL-CerPCho species in EGG and SUB groups at
baseline, respectively. By the end of the 12-week intervention, HDL subfractions from the
EGG group shared greater CerPCho species homology with the whole egg product (Fig. 1),
whereas no changes in homology between SUB group HDL and the egg substitute product
were observed. Further, changes in CerPCho species homology were positively correlated
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with changes in HDL-C (r = 0.80, P = 0.017). Increases in CerPCho species homology in
the EGG group were due to increases in the appearance of egg product CerPCho species in
HDL subfractions rather than non-specific reductions in non-egg product-derived CerPCho
species (data not shown). These findings suggest that EGG-derived CerPCho species may be
incorporated into HDL in a manner that can significantly alter HDL phospholipid species
distribution.

Cholesterol Efflux
Cholesterol efflux to subject serum was measured to assess whether changes in HDL lipid
composition from egg feeding affected the cholesterol-accepting capacity of HDL. While no
changes in cholesterol efflux were observed in the SUB group, cholesterol efflux
significantly increased in the EGG group (+2.4 %) from baseline to week 12 (Fig. 2). There
was a trend toward a positive association between changes in cholesterol efflux and changes
in CerPCho homology between HDL and egg product CerPCho species (r = 0.69; P =
0.060), as well as a trend toward a negative correlation between changes in cholesterol
efflux and changes in fasting plasma glucose (reported in [26]) (r = − 0.69; P = 0.060). No
correlations were found between changes in cholesterol efflux and other HDL lipids.

Discussion
While previous studies have found that egg consumption increases HDL-C and improves
HDL particle profiles [25-27, 34], it has yet to be determined whether these changes
correspond to alterations in HDL composition or HDL function. Since eggs are a rich source
of dietary phospholipids which are known to exert plasma lipid-modulating effects, we
hypothesized that daily egg consumption may additionally alter HDL lipid composition and
PL class distribution to improve the ability of HDL to function as a lipid acceptor in MetS—
individuals often characterized with low HDL-C, dysfunctional HDL [6], and an overall
twofold increased risk of developing CVD [29]. Compared to intake of a yolk-free egg
substitute, consumption of three eggs per day for 12 weeks resulted in greater enrichment of
HDL in CE, PtdEtn, and CerPCho species present in whole eggs, as well as greater
cholesterol efflux from cholesterol-loaded macrophages to subject serum. These changes
correspond to previously reported improvements in HDL particle profiles in this population,
along with beneficial effects on additional markers of atherogenic dyslipidemia and insulin
resistance [26]. To our knowledge, this is the first study to demonstrate that increases in
HDL-C from egg consumption during carbohydrate restriction correspond to modulation of
HDL lipid composition and increase in the overall lipid-accepting capacity of serum in
MetS.

The classification of MetS by the NCEP:ATP III criteria is diverse in nature due to the
requirement of any 3 or more qualifying parameters [29], thereby creating a spectrum of
MetS severity. Severity of MetS may be related to the degree of metabolic disturbances that
affect lipoprotein metabolism, including insulin resistance and low-grade systemic
inflammation [1]. Prospective cohort studies have further demonstrated that individuals who
meet a greater number of MetS parameters have an increased risk of CVD [35]—particularly
when low plasma HDL-C is one of the factors [36]. In this population, over half of the
subjects randomized to each group had low plasma HDL-C levels. While we have observed
greater increases in HDL-C from whole egg feeding in previous studies [18, 26, 27], it is
interesting to note that the greater HDL-C response to whole egg feeding in MetS was
driven by subjects who began the intervention with normal HDL-C levels. As we did not
identify any differences in HDL lipid composition between subjects with low and normal
baseline plasma HDL-C levels, this observation may be reflective of a greater
responsiveness to the intervention in subjects falling within the healthier end of the MetS
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spectrum, as 7 out of 8 EGG group subjects with normal baseline HDL-C met only three
MetS parameters, whereas EGG group subjects with low baseline HDL-C more commonly
met 3, 4, and 5 MetS parameters (data not shown). Although the pattern of MetS parameters
between subjects with low and normal baseline HDL-C were similarly observed in the SUB
group, these factors did not appear to impact the overall reduced HDL-C response in the
SUB group when compared to the EGG group [26, 27]. While it is important to note that the
dietary cholesterol provided by whole eggs may play a role in HDL-C responses [18], the
overall pattern of plasma lipid changes in the EGG group (i.e. increases in HDL-C without
adversely affecting TC or LDL-C levels [26, 27]) is similar to findings reported from dietary
phospholipid supplementation studies, suggesting that the yolk-derived phospholipids are
responsible for the observed effects [16, 17]. Although further investigation is warranted, it
is reasonable to hypothesize that consumption of phospholipid-rich foods other than egg
may confer benefits to HDL lipid composition and function similarly to those observed in
the current study.

HDL lipid composition has been shown to be an important factor in determining HDL
function, metabolism, and CVD risk beyond plasma HDL-C levels. Individuals with low
HDL-C [37] and MetS [38] often have greater enrichment in HDL-TAG and reduction in
HDL-CE and HDL-PL. Enrichment of HDL in TAG has been associated with greater
cholesteryl ester transfer protein (CETP) activity [39], enhanced clearance of apoA-I from
circulation [40], and impaired LCAT-mediated esterification of free cholesterol and HepG2
cell uptake of HDL-CE [41]. Conversely, CE enrichment of HDL promotes greater SR-BI-
mediated HDL-CE uptake [42], and is indicative of larger, more buoyant HDL particles that
often correlate with reduced risk of CVD [43]. We observed relative increases in HDL-CE
content in all subjects, concurrent with the previously described increases in HDL particle
size in this population [26]. Although there were slightly greater relative increases in HDL-
CE in the SUB group, this is most likely reflective of greater non-significant reductions in
HDL-FC and HDL-PL compared to the EGG group. Interestingly, whole egg feeding led to
greater reductions in HDL-TAG content in subjects who entered the study with normal
plasma HDL-C levels, further suggesting that these subjects were metabolically healthier
and more responsive to the dietary intervention. HDL-CE/TAG ratios increased all subjects,
suggesting an overall improvement in HDL lipid composition regardless of group
assignment, as would be expected due to the hypotriglyceridemic effects of carbohydrate-
restricted diets [44].

Although changes in total HDL-PL were not found as we hypothesized, we did observe
changes in the distribution of HDL phospholipids classes and CerPCho species, including an
increase in relative HDL-PtdEtn content and CerPCho species homology to the whole egg
product in the EGG group only. Alterations in HDL-PtdEtn content may affect the
cholesterol-accepting capacity of patient serum, as well as pathways of HDL metabolism
and the anti-thrombotic properties of HDL [6, 8, 45]. In hypercholesterolemic men with
exceptionally high plasma HDL-C (>1.75 mmol/L, or 68 mg/dL), HDL was found to be
enriched in PtdEtn, yet HDL-PtdEtn content was negatively correlated with cholesterol
efflux from rat Fu5AH hepatoma cells [8]. Conversely, the relationship between HDL-
PtdEtn and cholesterol efflux was positive in men with normal HDL (1.10–<1.50 mmol/L,
or 43–58 mg/dL), although this pattern did not reach statistical significance. Our findings
suggest that greater HDL-PtdEtn content may be associated with greater cholesterol efflux
in a macrophage cell model in men and women with MetS—a population predominantly
with low plasma HDL-C.

Enrichment in HDL with specific phospholipids may also confer atheroprotective benefits
beyond that of modulating cholesterol efflux capacity. PtdEtn is also known to promote
activated protein C-mediated anticoagulant activity [45]; therefore, PtdEtn-enriched HDL
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may exert greater antithrombotic activity [6, 46]. Oxidation of HDL has also been shown to
promote depletion of PtdEtn [47], suggesting that enrichment of HDL in PtdEtn may be
indicative of a less oxidized HDL profile.

In addition to increases in HDL-PtdEtn content, we observed that daily whole egg
consumption for 12 weeks led to the enrichment of HDL in CerPCho species present in the
egg product, potentially reflecting egg-derived CerPCho that became incorporated into
HDL. Egg yolk serves as a uniquely rich and highly bioavailable (>90 %) source of dietary
phospholipids, which can be absorbed partially intact in the intestine and have been shown
to be preferentially incorporated into HDL particles following ingestion [21, 22]. Further, in
various animal models, feeding of natural PtdCho and synthetic
dimyristoylphosphatidylcholine (DMPC) has been shown to increase jejunal apoA-I
synthesis [48, 49], which may promote intestinal secretion of HDL—a process which is
thought to contribute ~30 % of total circulating HDL [50, 51]. These concepts suggest that
consumption of egg-derived phospholipids may serve as a relatively direct mechanism to
modulate HDL lipid composition and intestinal HDL production.

We further demonstrated that cholesterol efflux to subject serum increased from baseline to
week 12 in the EGG group only (+2.4 %). Due to the variability in experimental
methodology for efflux assays and the relatively recent application of this approach to
assessing CVD risk in response to therapeutic intervention, it is yet to be determined how
the observed changes in efflux affect long-term CVD risk and development. However,
through implementation of statistical modeling that adjusted for standard cardiovascular
disease risk factors, Khera et al. [5] found that coronary artery disease (CAD) risk (as
measured by carotid intima-media thickness) was reduced by 30 % for every 1-SD increase
in cholesterol efflux capacity. These findings suggest that CAD risk could be significantly
reduced with relatively small increases in cholesterol efflux. Following this logic, we
believe that the +2.4 % (or +0.5 SD) increase in efflux observed in the EGG group is a
clinically relevant improvement in CVD status.

The increases in cholesterol efflux associated with whole egg consumption may be
attributed to an increased lipid-accepting capacity of HDL, as well as changes in other serum
components. Various factors related to MetS have been associated with impaired cellular
cholesterol efflux, including hypertension [52], overweight/obesity [53], low HDL-C [54],
elevated blood glucose [55], and markers of inflammation [56]; however, it remains unclear
whether cholesterol efflux is impaired in MetS. Conflicting results may be due to variability
of different cellular efflux models [15], as well as the innate diversity of MetS populations
in regard to qualifying parameters [57]. Cholesterol and phospholipid efflux from fibroblasts
to subject plasma was shown to be similar between healthy individuals and those classified
as non-diabetic MetS [58, 59]; however, fibroblasts express minimal SR-BI—a pathway that
is more responsive to shifts in HDL-PL, larger HDL particles, and a greater contributor to
total efflux in macrophages [60, 61]. Although few clinical trials have examined the effects
of diet on cholesterol efflux, weight loss has been shown to increase cholesterol efflux to
plasma via SR-BI- and ABCG1-mediated pathways, whereas ABCA1-mediated cholesterol
efflux was reduced—presumably due to a reduction in more nascent preb HDL [62]. These
findings corresponded to increases in the larger HDL2 subfractions, which additionally
become more phospholipid rich [62]. Cholesterol efflux was also increased in MetS subjects
following a 12-week treatment of insulin-sensitizing drug pioglitazone [5]. Accordingly, we
observed a trend toward a negative correlation between changes in fasting plasma glucose
and cholesterol efflux, suggesting that improvements in insulin resistance promote greater
efflux in MetS.
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In summary, we have demonstrated that increases in HDL-C from daily whole egg intake
during moderate carbohydrate restriction coincide with clinically relevant changes in HDL
lipid composition and the lipid-accepting capacity of subject serum in MetS. Further, it
appears that changes in HDL-C and lipid composition in response to egg feeding vary within
the MetS classification, whereas subjects with normal plasma HDL-C levels at baseline
displayed more favorable increases in HDL-C and a reduction in HDL-TAG content. Similar
to the changes in cholesterol efflux, these observations may be related to variation in insulin
sensitivity within this MetS population. Overall, these findings indicate that eggs may serve
as a functional food to promote beneficial shifts in HDL composition, metabolism, and
function in MetS.
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CE Cholesteryl ester

CerPCho Sphingomyelin

CETP Cholesteryl ester transfer protein

CVD Cardiovascular disease

DMPC Dimyristoylphosphatidylcholine

EGG Whole egg group

FC Free cholesterol

HDL-C Plasma HDL-cholesterol

HDL-PL HDL-phospholipids

LCAT Lecithin-cholesterol acyltransferase

LysoPtdCho Lysophosphatidylcholine

NCEP ATP III National Cholesterol Education Program Adult Treatment Panel III

MetS Metabolic syndrome

PL Phospholipid

PtdCho Phosphatidylcholine

PtdEtn Phosphatidylethanolamine

PtdIns Phosphatidylinositol

RCT Reverse cholesterol transport

SDS Sodium dodecyl sulfate

SR-BI Scavenger receptor class B I

SUB Egg yolk-free egg substitute group

TAG Triacylglycerol
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Fig. 1.
Percent homology of CerPCho species in HDL and egg products. CerPCho species
homology represents the percentage of total HDL-CerPCho species (nmol) that were
similarly identified in the whole egg (EGG group) or egg substitute (SUB group) products. n
= 4 per group; data are represented as means ± SEM. *P < 0.05; NS non-significant
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Fig. 2.
Percent cholesterol efflux from macrophage foam cells to subject serum. Cholesterol efflux
was performed over a 3-h period to assess the total cholesterol-accepting capacity of serum
obtained from EGG (n = 4) and SUB (n = 4) subjects. Data are represented as means ±
SEM. *P < 0.05; NS non-significant
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Table 1

Phospholipid composition of whole egg and egg substitute products

Nutrient Whole egg Egg substitute Species homology (%)

Total phospholipids (mg/serving) 413.6 18.9

 Molecular species (#) 65 57 82.1

PtdCho (mg/serving) 308.8 (72.1 %) 14.3 (73.2 %)

 Molecular species (#) 21 19 82.0

PtdEtn (mg/serving) 86.1 (20.5 %) 3.4 (17.9 %)

 Molecular species (#) 19 17 89.5

CerPCho (mg/serving) 10.4 (2.6 %) 0.6 (3.3 %)

 Molecular species (#) 5 5 100.0

LysoPtdCho (mg/serving) 8.2 (2.9 %) 0.3 (2.6 %)

 Molecular species (#) 7 6 62.5

PtdIns (mg/serving) 9.4 (1.9 %) 0.7 (3.0 %)

 Molecular species (#) 13 10 69.2

Total phospholipids and individual phospholipid classes are reported as mg/daily serving (1/2 cup) of whole egg or egg substitute products. Values
in parentheses represent the contribution of each phospholipid class to total phospholipids, reported as mole percent (mol%). The total number of
individual molecular species identified within each phospholipid class is shown for both egg products. Species homology represents the (%)
similarity of individual molecular species within each phospholipid class between whole egg and egg substitute products

PtdCho phosphatidylcholine, PtdEtn phosphatidylethanolamine, CerPCho sphingomyelin, LysoPtdCho lysophosphatidylcholine, PtdIns
phosphatidylinositol
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