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Abstract

Purpose of Review Emerging evidence supports the promise of precision nutritional approaches for cardiovascular disease
(CVD) prevention. Here, we discuss current findings from precision nutrition trials and studies reporting substantial inter-
individual variability in responses to diets and dietary components relevant to CVD outcomes. We highlight examples where
early precision nutrition research already points to actionable intervention targets tailored to an individual’s biology and
lifestyle. Finally, we make the case for high-density lipoproteins (HDL) as a compelling next generation target for preci-
sion nutrition aimed at CVD prevention. HDL possesses complex structural features including diverse protein components,
lipids, size distribution, extensive glycosylation, and interacts with the gut microbiome, all of which influence HDL’s anti-
inflammatory, antioxidant, and cholesterol efflux properties. Elucidating the nuances of HDL structure and function at an
individual level may unlock personalized dietary and lifestyle strategies to optimize HDL-mediated atheroprotection and
reduce CVD risk.

Recent Findings Recent human studies have demonstrated that HDL particles are key players in the reduction of CVD risk.
Our review highlights the role of HDL and the importance of personalized therapeutic approaches to improve their potential
for reducing CVD risk. Factors such as diet, genetics, glycosylation, and gut microbiome interactions can modulate HDL
structure and function at the individual level. We emphasize that fractionating HDL into size-based subclasses and measur-
ing particle concentration are necessary to understand HDL biology and for developing the next generation of diagnostics
and biomarkers. These discoveries underscore the need to move beyond a one-size-fits-all approach to HDL. management.
Precision nutrition strategies that account for personalized metabolic, genetic, and lifestyle data hold promise for optimizing
HDL therapies and function to mitigate CVD risk more potently.

Summary While human studies show HDL play a key role in reducing CVD risk, recent findings indicate that factors such
as diet, genetics, glycosylation, and gut microbes modulate HDL function at the individual level, underscoring the need for
precision nutrition strategies that account for personalized variability to optimize HDL’s potential for mitigating CVD risk.

Keywords Precision nutrition - Cardiometabolic health - Cardiovascular disease - Personalized nutrition

Introduction

Although the concept of “personalized nutrition” or “indi-
vidualized nutrition” is not new [1, 2], it was not until
recently that “precision nutrition” became more widely
accepted and appreciated as an important strategy for
improving cardiovascular disease (CVD) risk reduction [3,
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4]. An astounding proportion of CVD risk is attributable to
diet and lifestyle factors. Meta-analysis has found that indi-
viduals with the healthiest lifestyle behaviors had up to 71%
lower cardiovascular risks compared to those with unhealthy
lifestyles, with consistent associations across diverse popu-
lations, indicating that healthy lifestyles could reduce the
global CVD burden [5]. Yet diet and lifestyle interventions
are notoriously difficult for individuals to implement, with
low adherence in the long-term [6] standing in the way of
realizing the full potential of diet and lifestyle manage-
ment to prevent CVD. The lack of adherence to preventive
diet interventions has a number of plausible explanations,
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including obstacles such as access to and cost of food, as
well as time, knowledge, and other resources needed to shop
for and prepare healthier meals [7]. An additional factor is
the array of confusing and conflicting information that is
pervasive throughout the nutrition literature. However, the
reasons for this conflict are not simply that nutrition studies
are difficult to plan and execute, that human participants
do not adhere to study protocols, or that nutrition science
lacks rigor, as many have asserted. Increasing or decreasing
a particular dietary component or following a particular diet
and lifestyle intervention inherently has differential effects
on different individuals in different contexts.

The current approach to dietary recommendations for
CVD prevention has been to assess interventional and epi-
demiological studies and arrive at a consensus population-
wide recommendation based on the strength of the evidence
[8]. While this seems like a reasonable approach, the funda-
mental issue is that people are different not just from each
other but from themselves at different points in time, and
thus population-based dietary recommendations, in effect,
simply do not necessarily work at the individual level. Any
given patient has their own specific genetic predispositions,
current metabolic phenotype, health status, lifestyle factors,
health history, and life circumstances which dictate whether
any given dietary component should be increased, decreased,
or avoided entirely to optimize their risk profile [1].

Many researchers advise that the next step toward preci-
sion nutrition from population-level recommendations are
recommendations for more narrowly defined populations
[9]. However, the process of defining these narrowly defined
populations will inevitably lead to the same general obstacle:
that no matter how narrowly we define a population (e.g.,
post-menopausal, African-American female with metabolic
syndrome) there will still be inter-individual variability in
response that cannot be explained by the defining charac-
teristics used to categorize an individual into a population
group. For example, the post-menopausal African-American
female with metabolic syndrome may have either low or ade-
quate status for any of the micronutrients, she may or may
not have high Lp(a), low muscle mass, low bone mineral
density, sensitivity to gluten, high C reactive protein, etc.
The more narrowly we define the population group of inter-
est the more we realize that there are as many population
groups as there are individuals. Instead, we contend that the
more successful approach is to discover specific targets for
intervention where precision nutrition can be implemented
to modify risk.

In contrast to population-level recommendations that pri-
marily target disease prevention for public health, evidence-
based practice involves clinicians using the best available
research while considering professional expertise, disease
mechanisms, and patient characteristics, aligning with indi-
vidualized care [10]. Precision nutrition techniques can
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further help personalize dietary advice by providing addi-
tional genetic variants, epigenetic factors, microbiome, and
detailed monitoring of individual responses to foods. By
complementing population-level guidelines with precision
nutrition strategies, clinicians can provide tailored dietary
recommendations aimed at maximizing benefit and minimiz-
ing risk for each individual. For example, in patients with
hypertension, precision nutrition techniques may identify
individuals with epigenetic markers or gut microbial pro-
files associated with salt sensitivity [11-13]. Dietary guid-
ance could then be individualized accordingly, leading to
improved efficacy and therapeutic benefit. In this way, pre-
cision nutrition techniques hold promise for assisting cli-
nicians in translating general dietary guidelines into more
personalized interventions.

In this review article, we discuss the current evidence
from precision nutrition trials and recent studies reporting on
inter-individual variability in response to diets and dietary
components relevant to CVD prevention, discuss exam-
ples of dietary components where early precision nutrition
research points to actionable intervention targets, and dis-
cuss the potential of high-density lipoproteins (HDL) as a
next generation suite of precision nutrition targets for CVD
prevention.

Evidence from Precision Nutrition Trials
and Studies Reporting Inter-Individual
Variability in Response to Diets and Dietary
Components

In the past decade, large intervention studies have revealed
considerable inter-individual variability in responses to
foods and diets [14—17]. These studies built on previous
work from previous generations [18-20] investigating het-
erogenous responses to dietary interventions. Of particular
interest for CVD risk management are outcomes related to
plasma lipids, blood pressure, and inflammation. The study
of the effects of different diets and dietary components, par-
ticularly dietary fats (i.e., monounsaturated vs. polyunsatu-
rated vs. saturated fatty acids) on plasma lipid profiles, blood
pressure, and inflammation has a long history and has been
reviewed elsewhere [21, 22]. Below we focus on evidence
from recent studies reporting on inter-individual variability
in the effects of dietary interventions on these three key sets
of outcomes in terms of their direct applicability to the man-
agement of CVD risk.

Plasma Lipids
Plasma lipids have been shown to be an important deter-

minant of systemic inflammation and play a key role in
modulating the postprandial inflammatory response and
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subsequent CVD risk. For example, in a clinical interven-
tion study investigating the consumption of a standard-
ized high-fat meal in 1002 adults from the PREDICT 1
trial, postprandial plasma triglycerides and visceral fat
were key predictors of plasma GlycA [15], which is linked
to systemic inflammation, CVD risk, and mortality [23,
24]. Furthermore, in a randomized controlled trial of 92
men and women with abdominal obesity and low HDL
cholesterol, the differential effects of saturated fatty acids
from cheese versus butter on LDL cholesterol may have
important implications for inflammation and cardiometa-
bolic disease risk, especially in those with already high
LDL cholesterol [25]. Notably, the impact of saturated
fatty acids from butter versus cheese on LDL cholesterol
depended on baseline LDL levels in which the increase in
LDL cholesterol was much greater with butter compared to
cheese, but only in those with high baseline LDL choles-
terol [25]. Together, these findings highlight the key role
of plasma lipids in modulating postprandial inflammation
and the importance of individual plasma lipid levels in
influencing the variability in response to different sources
of dietary fats, which can subsequently impact CVD risk
markers.

Another player associated with dietary response is apoli-
poprotein E (ApoE). ApoE is a major HDL-associated pro-
tein responsible for transporting lipids including cholesterol
in the bloodstream [26]. Its genetic polymorphism, particu-
larly the E4 allele, has been shown to be associated with
chronic diseases, including CVD, type II diabetes, and Alz-
heimer’s disease [27, 28]. Due to this link between APOE
and disease risk, genetic factors such as APOE genotype and
polymorphism can influence lipid metabolism in response
to dietary changes. For example, in a retrospective analysis
of the DIVAS study involving 120 participants at moder-
ate CVD risk, researchers investigated the replacement of
saturated fatty acids with monounsaturated and n-6 polyun-
saturated fatty acids [29]. They discovered that individuals
with “TT” homozygous allele at the APOE single nucleotide
polymorphism (SNP) rs1064725 (90% of the population)
were more responsive to dietary fat compositional changes,
showing reduced total plasma cholesterol after substitut-
ing saturated fats with monounsaturated fats, but not n-6
polyunsaturated fatty acids, for 16 weeks. Interestingly,
this SNP was not associated with changes in HDL-C or
LDL-C [29]. Additionally, the SATgene study of 88 nor-
molipidemic APOE3/E3 (n=44) or APOE3/E4 (n=44)
participants revealed a significant gene X diet interaction in
which the APOE genotype influenced plasma triglycerides
and inflammation due to dietary fat changes [30]. APOE3/
E4 carriers exhibited a greater lowering of triglycerides
with high-fat intake supplemented with 3.45 g docosahex-
aenoic acid (30% vs. 17%) and increased C-reactive protein
(CRP) with high saturated fat intake compared to APOE3/E3

carriers, whereas no significant interaction between APOE
genotype X diet was observed for LDL-C and HDL-C [30].

Similarly, the RISCK study cohort of 389 adults revealed
a significant gene-diet interaction where APOE4 carriers
exhibited greater reductions in plasma total cholesterol and
apolipoprotein B (ApoB) compared to APOE3 homozygotes
when saturated fat was replaced with a low fat, low glyce-
mic index carbohydrate diet over 24 weeks [17], which may
be attributed to higher baseline total cholesterol and ApoB
concentrations in APOE4 carriers compared with APOE3
homozygotes and E2 carriers. This indicates that APOE4
carriers may exhibit a differential plasma lipid response
compared to APOE3 homozygotes when dietary fat intake
is altered. Building on these findings, other researchers have
implemented genotype-based personalized nutrition inter-
ventions. For example, in the Food4Me study of 1466 adults,
APOE4 carriers had higher baseline total cholesterol and
showed greater reductions in total fat and saturated fat intake
after 6 months of receiving gene-based personalized nutri-
tion advice compared to standard dietary advice, which sug-
gests that adherence to gene-based dietary recommendations
for limiting their saturated fat intake may be more effective
in those with higher genetic risk [31]. Collectively, these
studies suggest that personalized dietary recommendations
based on APOE genotype may optimize CVD risk reduction
in certain high-risk subgroups.

Blood Pressure

Hypertension, characterized by an increase in blood pres-
sure, is a significant risk factor for CVD [32, 33]. The condi-
tion is often caused by the narrowing of blood vessels and an
increase in blood volume. There are two main categories of
hypertension based on their etiology—primary and second-
ary. According to the 2017 ACC/AHA hypertension guide-
lines, secondary hypertension is linked to an underlying and
identifiable condition, dietary factors, or medications [32].
On the other hand, primary hypertension is characterized
by a gradual and systemic increase in blood pressure due to
the progression of atherosclerosis influenced by factors like
obesity, diet, and stress [32]. In reality, many individuals
experience hypertension attributed to both types, and dietary
and lifestyle modification have been shown to be effective at
reducing these risks. In this section, we will explore inter-
individual variability in response to dietary changes as it
relates to the etiologies of hypertension.

One of the most extensively studied dietary components
concerning hypertension is sodium [34], which is primar-
ily found in dietary salt. High sodium consumption leads
to water retention by the kidneys and expands blood vol-
ume [35]. Genetic variations or disease-related factors that
influence the function of the renal sodium pump, such as
genes affecting alpha aductins or renal failure, can increase
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or decrease the effect of sodium on blood pressure [35].
Moreover, Ying and Sanders [36] discovered that dietary
sodium can modulate arterial wall gene expression, affecting
nitrous oxide synthesis, and altering arterial dilation capac-
ity in response to sodium [37]. Polymorphism in the G-to-T
nucleotide at position 894 (G894T) of the endothelial nitric
oxide synthase (eNOS) has been shown to play a role in the
differences in hypertension risk between different ethnici-
ties [37]. Additionally, salt-sensitivity can influence sodium
consumption by affecting salt-appetite [34]. Generally, popu-
lation studies have indicated that reducing dietary sodium
overall can lower blood pressure [34]. However, a study by
Sacks et al. [38] demonstrated that the Dietary Approaches
to Stop Hypertension (DASH) diet is particularly effective at
reducing blood pressure in certain populations, such as those
with existing hypertension, black individuals, and women.

Inflammation

Biomarkers, such as interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF-a), and CRP, are commonly used to deter-
mine chronic inflammation and are often associated with
the risk of CVD [39, 40]. The Mediterranean diet has been
proven effective in reducing these inflammatory markers
[40]. However, it remains unclear who can benefit the most
from this diet and whether specific components are crucial
for its anti-inflammatory properties. In this context, we will
highlight the differences in how omega-3 and fiber affect
responders and non-responders, as these two dietary compo-
nents are often linked to their ability to lower inflammation.

Omega-3 supplementation has been demonstrated to
lower inflammatory cytokines and arterial adhesion mol-
ecules [41, 42]. Omega-3 alpha linolenic acid (ALA) is
commonly found in non-animal sources like chia and flax
seeds, and it needs to be processed by elongase and desatu-
rase enzymes to the long-chain anti-inflammatory fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). However, generally speaking, most people
have very low conversion of ALA to EPA and DHA [43],
and thus, many individuals require direct sources of EPA
and DHA, such as salmon and krill [41, 42]. However, even
when taking EPA and DHA directly, there is a high degree of
variability in response, with large differences in magnitude
of change in both the EPA and DHA themselves, as well as
their oxylipin derivatives [18, 44, 45]. Recent studies have
explored genetic variations to explain the responder and non-
responder effect [46]. One such study evaluated genetic risk
scores (GRS) in two cohorts: the Fatty Acid Sensory study
(FAS) and the European FINGEN study, and it identified 31
SNPs associated with the efficacy of omega-3 supplementa-
tion in reducing triglyceride levels [46]. Previous research
has also shown responder differences in those carrying
FADSI1 and FADS?2 genes, using genome-wide association
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studies (GWAS) analysis for other omega-3 responder genes
[47, 48]. Additionally, a meta-analysis revealed that plasma
omega-3 concentration is negatively associated with TNF-a,
IL-6, and CRP concentrations, especially in non-diseased
individuals with a BMI below 30, but this association weak-
ens in those with a BMI over 30 [39]. Thus, both genetics
and metabolic/physiologic state affect response to omega-3
fatty acids and determine their effectiveness in reducing
inflammation.

Fiber is another dietary factor that has been studied for
its potential to lower inflammation [49, 50]. When com-
paring the high-fiber Dietary Approach to Stop Hyperten-
sion (DASH) and fiber-supplemented (psyllium) diet in
hypertensive subjects with obesity and normotensive lean
subjects, both diets showed significant reductions in CRP,
with the fiber-supplemented diet having a greater effect on
normotensive lean subjects but not on hypertensive sub-
jects with obesity [49]. The study suggests that the fiber
amount for hypertensive subjects with obesity may need to
be increased, or the CRP-lowering effect of fiber may be
more effective if combined with other treatments for those
with insulin resistance and metabolic syndrome [49]. Recent
studies have further linked the efficacy of fiber in reduc-
ing CRP to the composition of the microbiome [50]. The
study revealed that the consumption of fiber is most effective
in reducing CRP for subjects with a low Prevotella copri
population, while those already with P. copri did not expe-
rience a reduction in CRP regardless of fiber consumption
[50]. Although some aspects of the response to changes in
dietary fiber content are generally universal (e.g., increased
fiber-fermenting microbes and decreased protein- and lipid-
degrading microbes on high-fiber diets [51, 52]), others
are highly unique to the individual’s baseline microbiome.
For example, the colitis-inducing, pro-inflammatory, bile-
degrading microbe Bilophila wadsworthia was increased in
response to a low-fiber, high-fat fast food diet only in those
individuals who harbored B. wadsworthia at baseline and in
those for whom saturated fat intake was lower prior to the
change to the fast food diet [51]. These findings highlight
that an individual’s long-term diet and gut microbiome pro-
files have an important effect on their response to short-term
dietary changes, and that context is crucial in determining
one’s response to any particular diet or dietary ingredient.

Examples of Dietary Components
with Actionable Intervention Targets

Nutrigenetics has become an integral part of precision nutri-
tion as it allows diet to be tailored based on genetic variabil-
ity that influences nutritional needs and responses. The most
established nutrigenetic studies focus on SNPs that directly
affect nutrient metabolism. GWAS are particularly useful in
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identifying strong genetic associations with metabolic states
and SNP genes, especially in rare monogenic disorders [53,
54]. For example, monogenic disorders like familial hyper-
cholesterolemia (FH) lead to elevated LDL cholesterol due
to mutations in the LDL pathway [55, 56]. Treatment for FH
primarily involves a combination of statins and other phar-
macological approaches from an early age, while nutritional
interventions, such as reducing total lipid and cholesterol
consumption, and exercise are typically prescribed as com-
plementary therapies [56].

In contrast, most gene variations associated with CVD
are polygenic in nature, involving multiple variants. For
instance, GWAS identified variants in the intron region of
the fat mass and obesity-associated (FTO) gene, initially
linked to type 2 diabetes, and later associated with obesity
[57], metabolic syndrome [54], and subsequently, CVD [58].
FTO is a feeding-signal-associated gene, influencing an indi-
vidual’s overall food intake and energy homeostasis [57],
contributing to the etiology of metabolic syndrome, a risk
factor for CVD, when coupled with poor diet and lifestyle
behaviors [54]. As more gene sequencing data emerges, the
relationship between FTO genes and obesity seems to hold
true for certain populations [59] but not others [60], and its
manifestation also appears to be dependent on other diet and
lifestyle factors [61], such as exercise [62]. In this section,
we will discuss two diet-gene interactions that exemplify the
complexity of this approach.

As we begin to move toward the concept of actionable
intervention targets as an approach for implementing preci-
sion nutrition to reduce CVD risk, it is important to first
recognize and appreciate the inherent complexity of human
nutritional biochemistry. Unfortunately, it is not enough to
simply genotype individuals in order to discover how geno-
type interacts with any given dietary component to modify
phenotype. A compelling example is that of coffee intake.
An exciting and relatable early success of nutrigenomics was
the discovery that consuming > 2 cups of coffee per day was
associated with increased blood pressure and as much as a
50% increase in myocardial infarction (MI) risk in individu-
als with the “slow caffeine metabolizer” CYPIA2 genotype
(rs2472300) [63]. This was a compelling finding, with a
plausible explanation for biological mechanism, and a nice
target for intervention. Rather than having to worry about
the complexities of balancing micro- and macro-nutrient
needs with food preparation and meal planning as is usually
the case, in this instance we are simply looking at modi-
fying whether and how much coffee an individual drinks.
Of course, actually implementing this change and asking a
patient to stop drinking (or significantly reduce) their cof-
fee in the morning is not an easy task. Nonetheless, coffee
is one dietary component that is easy to measure the intake
of (i.e., individuals know whether they drink coffee or not
and tend to have routines established around coffee intake

that are consistent and reliable), and for which there are also
excellent metabolomic markers in plasma and urine [64, 65].

Unfortunately, simply measuring CYPIA2 genotype may
not be adequate in and of itself to determine an individual’s
risk for MI related to coffee intake. A subsequent study
examining the relationship between coffee intake and CVD
risk using data from the UK Biobank found higher CVD
risk in individuals who drink no coffee, decaffeinated cof-
fee, or those who drink > 6 cups/day, and no relationships
between the CYPIA2 genotype, coffee intake, and MI risk
[66]. Although it is possible that the disagreement is due to
differences in study design or statistical approaches, it is also
highly likely that there are fundamental differences between
the populations studied. The first study was conducted in
Costa Rica, whereas the larger study used data from a UK
population. There may be many differences between the
Costa Rican and UK populations that could be contribut-
ing to the differences in the effects of coffee intake, from
the type of coffee that is consumed, to the way coffee is
prepared (e.g., filtered vs. not filtered), to the intake of spe-
cific foods and/or medications and supplements containing
molecules that affect CYP1A2 expression and/or activity, to
the diversity of the populations and their cultural practices.
Nutrition is complicated even with something as “simple”
as caffeine which has a well-characterized metabolic path-
way with genetic polymorphisms known to influence flux
through this pathway, and relatively few sources of the food
component (i.e., a relatively short list of foods and bever-
ages contain caffeine compared to, for example, foods and
beverages that contain carbohydrates). The CYP1A2 enzyme
that metabolizes caffeine also metabolizes many additional
substrates, including diet-derived molecules from foods and
spices such as turmeric, peppermint, grapefruit, and cham-
omile as well as medications including certain antibiotics
which decrease enzyme activity, and conversely components
in broccoli, cabbage, and chargrilled meat which increase
enzyme activity [65, 67]. Coffee also contains additional
bioactive molecules besides caffeine, which may also con-
tribute to modifying CVD risk [68].

Most aspects of human biochemistry are equally if not
more complex. For targets such as coffee intake, the meas-
urement of CYPIA2 genotype is a first step, but assessing
overall phenotype in addition to genotype is necessary. N-
of-1 experiments involving the reduction in or cessation of
caffeine intake (whether that be decreasing or substituting
regular coffee intake for decaffeinated coffee, or with other
non-caffeinated substitutes) and measurement of blood pres-
sure, sleep quality, anxiety, and other quality of life metrics
would greatly add to the assessment of whether an individu-
al’s caffeine intake is contributing negatively to their overall
CVD risk profile.

Egg intake is another example of a dietary component
with potential impact on CVD risk, which has been highly
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controversial over the years [69¢]. The potential issues
with eggs for individuals at risk for CVD include both their
high cholesterol content and their choline content. Initially,
studies found a positive relationship between the intake of
eggs and other high-cholesterol foods, and plasma choles-
terol concentrations [70]. However, dietary cholesterol was
recently found across multiple studies not to be linked with
increases in plasma cholesterol in many individuals, and this
observation led to the removal of dietary cholesterol restric-
tion from the current USDA dietary guidelines [71]. None-
theless, approximately 1 in 2.4 million and 1 in 360,000 of
individuals hyper-absorb cholesterol due to loss-of-function
polymorphisms in the ATP-binding cassette (ABC) G5 and
ABCGS transporters, respectively, which normally “spit out”
cholesterol absorbed in the intestinal tract [72, 73], and thus
can and do, in fact, experience increases in plasma choles-
terol concentrations in response to dietary cholesterol intake.
The population-wide recommendation not to worry about
dietary cholesterol because it does not affect “most people”
not only does not apply to the individual who hyper-absorbs
dietary cholesterol, but in fact directly puts them at higher
risk. The precision nutrition approach in this case would
be to identify those individuals who are cholesterol hyper-
absorbers by measuring plasma concentrations of plant
sterols, which are increased in cholesterol hyper-absorbers
[74], genetically screening for the ABCGS5/8 polymorphisms,
and/or conducting an n-of-1 experiment in which a patient
avoids all dietary sources of cholesterol for a fixed amount
of time while keeping all other aspects of diet and lifestyle
constant, and measuring lipid profiles before and after to
determine whether LDL cholesterol or ApoB concentrations
decreased [69e].

The other component of eggs that contributes to the con-
fusion around egg intake is choline, because of its role as
a precursor for the synthesis of trimethylamine-N-oxide
(TMAO), a microbe-host co-metabolite whose concentra-
tions have been found to be independently associated with
CVD risk [75-77]. High circulating plasma TMAO con-
centrations were first discovered in individuals with CVD
[78], and subsequently found to be associated with impaired
reverse cholesterol transport and impairment of bile pro-
duction [79, 80]. However, plasma TMAO concentrations
have notoriously high inter-individual variability among the
population, with two steps in the process being involved in
mediating this variability. In the first step, gut microbiota
convert choline to TMA in the gut [77]. In the second step,
the absorbed TMA is further converted to TMAO in the
liver [77]. Although the measurement of gut microbiome
profiles could be a promising approach for determining dis-
ease risk for other outcomes, it may not be ideal for assess-
ing TMA production. The bacterial genes for conversion
of choline (as well as carnitine) to TMA are not simply
concentrated in one bacterial genus but rather spread across
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multiple genera across phyla and can also be expressed or
not expressed depending on many additional factors related
to overall gut microbiome, thus making it difficult to use
gut microbiome profiles to determine risk [69¢]. Genotyp-
ing for the flavin-containing monooxygenase 3 (FMO3)
enzyme which converts TMA to TMAO is also unlikely to
be informative enough, given that this enzyme also metabo-
lizes a wide array of additional substrates which have posi-
tive and negative effects on enzyme activity and expression
[77, 81], much as is the case with CYP1A2 discussed previ-
ously. Instead, physicians can measure the concentrations of
TMAQO in plasma directly [82]. If a patient has high TMAO
concentrations an n-of-1 experiment to eliminate the main
sources of choline and carnitine (i.e., meat, eggs, and/or fish,
which can contain TMAOQO) one at a time from the diet would
be the most direct approach to determine whether TMAO
concentration is related to a specific dietary component for
that individual and could thus be a viable intervention target
by which to reduce CVD risk.

Potential of HDL as a Next Generation Suite
of Precision Nutrition Targets

Thus far the discussion has been focused on relatively
easy to understand nutritional intervention targets with
relatively clear outcome measures. However, there is a
critical player in the CVD risk discussion that has been
perhaps more controversial and confusing than anything
else: HDL. Although HDL are protective against a wide
array of diseases, enabling some lucky humans to live
very long, healthy lives [83], the search for HDL thera-
peutics has largely been a confusing enterprise marked by
disappointing failures [84]. HDL particles are complex,
heterogeneous, and dynamic, with a half-life of 4-5 days
[85], and with as many as 16 different functional, com-
positional, and size/charge-based subclasses [86, 87] that
confer a broad range of functions, from the modulation of
immune cell activation [88], to the delivery of critical anti-
proteases to sites of injury [89], to as yet not well-under-
stood interactions across the blood-brain-barrier [90, 91].
At their very small size (7-15 nm in diameter), they are
notoriously difficult to work with and fall into “no man’s
land”: they are the size of molecules yet they are colloidal
particles. Technologies for analyzing and separating small
molecules (e.g., RNA, proteins, metabolites) are built for
working with homogeneous structures. On the other hand,
technologies for analyzing, separating, and counting par-
ticles and cells, which match HDL compositional and
physicochemical behavior and heterogeneity (e.g., flow
cytometry, nanoparticle tracking analysis), are built for
much larger particles (60 nm—micron in diameter). Thus,
HDL particles, which may very well be part of nature’s
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primordial immune system, remain one of the most elusive
biological nanoparticles. HDL are most well-known for
their role in reverse cholesterol transport, but HDL par-
ticles also perform a wide array of other functions, from
anti-oxidant, to immunomodulatory, to anti-proteolytic
[92]. HDL particles also transport RNA and regulate cel-
lular gene expression [93]. It was recently discovered that
HDL particles are even necessary for extracellular vesicles
(EV) function as a component of the EV protein corona,
with important implications for EV-mediated inter-cellular
signaling [94].

HDL particles are actively remodeled through exchange
of lipids and proteins with other lipoprotein classes in
the plasma compartment (e.g., through cholesterol ester
transfer protein (CETP)) [95], as part of their uptake and
resecretion by a variety of cell types [96], and through
interactions with their cell surface receptors, all of which
significantly affect their composition, size, and function.
Small HDL and pre f-HDL that are not highly lipidated
interact primarily with the ABCAI receptor, whereas
large mature HDL are thought to bind preferentially to
the ABCGI and scavenger receptor class B type 1 (SR-BI),
resulting in substantial remodeling of the particles and
differential cholesterol efflux capacity by particle subclass
based on structure, size, and composition [86]. There is a
body of literature showing that a variety of physiologically
relevant chemical modifications can also modify HDL par-
ticle physicochemical characteristics. For example, oxida-
tion, which can result from exposure to various oxidation
sources including myeloperoxidase produced by neutro-
phils [97], can damage HDL proteins [98] and lipids [99],
leading to both loss of beneficial function (e.g., cholesterol
efflux) [99] and gain of deleterious function (e.g., pro-
inflammatory effect on endothelial cells) [97]. In condi-
tions where hyperglycemia is present, as in type 1 and
type 2 diabetes, glycation of HDL impairs its cholesterol
efflux capacity and ability to inhibit endothelial inflam-
mation [100] and can even exacerbate cellular senescence
[101]. On the other hand, exposure to low pH, as may be
encountered in areas of hypoxia due to increased anaero-
bic metabolism and lactic acid production, increases both
particle size and cholesterol efflux capacity [102].

In addition to the complexity already inherent in the well-
characterized subfractions within the classically defined
1.063-1.21 g/mL HDL density range [103-106], it has been
known since 1966 that HDL particles in the 1.21-1.25 g/mL
density range can also be found [107], about which nothing
is yet known. Proteomic analyses reveal that these particles
have a unique proteome, harboring many of the functional
proteins (e.g., CETP) related to some of the most compel-
ling HDL functions including exchange of lipids and other
molecules between lipoproteins, sequestration of lipopoly-
saccharides, and anti-oxidant function (unpublished data).

Effects of Diets and Dietary Components on HDL
Function and Composition

The effects of diets and nutritional factors on HDL particle
composition and function have been studied and reviewed
elsewhere [108]. Analysis from a subsample of the PRED-
IMED Study (Prevencion con Dieta Mediterrdnea) with
296 subjects showed that compared to a low-fat diet, the
groups with interventions of traditional Mediterranean diets
enriched with virgin olive oil and enriched with nuts had
improved HDL cholesterol efflux capacity (CEC); Medi-
terranean diet enriched with virgin olive oil specifically
reduced CETP activity, improved lecithin-cholesterol acyl-
transferase (LCAT), paraoxonase-1, and vasodilatory capaci-
ties [109]. Standard DASH diet intervention lowered HDL-
C, but did not change the concentration of small, medium,
or large HDL [110], while no reports on the effects of the
DASH diet on HDL functions have been found. Individual
variability was a larger variable than dietary supplement in
these study observations. With physical activity modifica-
tion, improving diet quality by selecting lean sources of
protein, unsaturated fat, and nutrient-dense food increased
HDL CEC by 14% or 3.4%, depending on the cell model
(J774 or HepG2, respectively) [111]. In general, the effects
of dietary intervention appear to be modest in effect. For
example, although extra virgin olive oil, which is enriched
with lipid-soluble polyphenols, was found to increase HDL
CEC, arguably the most well-studied of the HDL func-
tional parameters, the increase in CEC was only about 2%
compared to low-polyphenol olive oil [112]. Likewise, the
increase in HDL CEC in response to the intake of whole
eggs compared to egg whites was about 6% [113]. Interest-
ingly, it appears that not eating may have the most potent
effect on CEC, with a single bout of 36 h of water-only fast-
ing increasing CEC by 20% compared to an overnight fast
and 50% compared to the postprandial state [114]. The inter-
individual variability in HDL response to different diets and
dietary components has not been explicitly studied though in
all trials cited above, for example, there is evidence of high
inter-individual variability.

Intestinally Derived HDL

An underappreciated observation is that a significant pro-
portion of the circulating HDL pool is derived from the
intestinal tract (approximately 30%) [115], and a signifi-
cant proportion of the RNA transported by HDL parti-
cles is of bacterial origin [116]. Thus, there are likely as
yet poorly understood interactions between HDL parti-
cles and the gut microbiome. In an examination of the
relative contribution of the gut microbiome in modulating
different plasma lipid profile parameters, emerging evi-
dence indicates an interplay between signaling molecules
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generated by the gut microbiome and HDL particles that
can strongly influence HDL function, such as their abil-
ity to efflux cholesterol, impacting CVD risk, as reviewed
elsewhere [117]. For example, Koeth et al. showed that
intestinal microbiota metabolism of 1-carnitine, abundant
in red meat, produces TMAO which accelerates athero-
sclerosis in mice and is associated with increased CVD
risk in humans, while chronic l-carnitine supplementation
in mice changes gut microbiota composition, increases
TMAO synthesis, and reduces reverse cholesterol trans-
port [118]. Given the evidence of these complex interac-
tions between intestinal microbiota, HDL particles, and
CVD risk, the significance of intestinally derived HDL in
maintaining bodily homeostasis and preventing disease is
becoming increasingly clear.

Dietary fiber intake, for instance, is known to enhance
the diversity of gut microbial communities [119]. Many
of these microbes perform essential roles such as produc-
ing metabolites crucial for immune function, maintaining
gut barrier integrity, and modulating circulating endo-
toxins [120]. Despite these efforts, endotoxins can still
make their way into the circulation [121]. A recent study
sheds light on how intestinally derived HDL helps manage
these endotoxins [122]. HDL particles, originating from
the gut, were found to bind to lipopolysaccharide binding
proteins on the basolateral side of the enterocytes [122].
They then directly enter the bloodstream via the capillary,
moving into the portal vein. This journey plays a critical
role in protecting the liver from excessive immune cell
activation by sequestering these endotoxins [122]. Addi-
tionally, intestinally derived HDLs carry apolipoprotein
A-IV (ApoA-1V), a multifunctional protein associated
with protection against atherosclerotic CVD [123, 124].
A recent human metabolic tracer study revealed a unique,
size-dependent metabolic behavior of ApoA-IV [125].
Once synthesized, ApoA-IV enters the lymphatic system
where its subsequent release into the bloodstream depends
on the size of the associated HDL particles [125]. Smaller
HDL particles carrying ApoA-IV appeared in circulation
approximately 30 min post-synthesis, followed by rapid
catabolism, whereas larger HDL particles with ApoA-IV
took longer to enter circulation, typically between 1 and 2
h, and demonstrated a slower rate of catabolism [125]. It
is becoming increasingly evident that HDL are far more
versatile than previously thought, and it is possible that
intestinally derived HDL are equally complex, elusive, and
critical to understand in disease prevention and biology
as liver-derived particles. The first obstacle in the path to
discovery is the fact that there are currently no practicable
ways to specifically isolate intestinally derived HDL from
the HDL pool in humans, thus very little is known about
the structure, composition, and function of this class of
HDL in human biology.
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HDL Glycosylation

Whereas it has been appreciated for some time that HDL
particles are complex in part due to high heterogeneity in
their protein and lipid composition, additional layers of com-
plexity have emerged: HDL particles are also glycosylated
[126]. The contribution of lipids and proteins to the size,
structure, and function of HDL particles has been character-
ized [127, 128]. Yet the contribution of HDL glycosylation
to HDL function and structure is in its infancy. So far it has
it been shown that HDL particles are highly sialylated [126],
that HDL glycosylation profiles can distinguish healthy indi-
viduals from those with disease [129], are correlated with
HDL functional parameters [130, 131], and are differentially
distributed across the lipoprotein fractions [132].

Protein glycosylation is a crucial intracellular enzymatic
post-translational modification, influencing a protein’s func-
tional three-dimensional configuration and contributing to
its charge and various mechanisms, including trafficking and
affinity to physiological targets [132, 133]. Assessing HDL
glycosylation and its impact on function presents a challeng-
ing task, as it involves isolating particles while preserving
their native configuration and glycan structures [134].

Given the significance of HDL glycosylation in its func-
tion, exploring therapeutic approaches to enhance func-
tion by modulating glycosylation is a captivating area of
research [135]. Understanding the role of glycosylation in
HDL particles could open new opportunities for improving
their function and potentially benefitting human health by
interventions such as diet and exercise. A compelling study
comparing the effects of a Mediterranean diet to a fast-food
diet demonstrated significant alterations in apolipoprotein
C-III glycosylation, which were found to be correlated with
changes in HDL function and immunomodulatory capacity
[131]. This finding suggests that dietary patterns can influ-
ence HDL glycosylation, consequently impacting HDL’s
protective functions and its role in immune regulation. Addi-
tionally, a study involving young children in Ghana showed
that a lipid-rich supplement led to altered glycopeptides,
which were also correlated with changes in HDL cholesterol
efflux [136]. This observation implies that targeted dietary
supplementation can potentially modify HDL glycosylation
and subsequently improve its cholesterol transport capabili-
ties, which are vital for cardiovascular health.

Despite being in its early stages, this area of research
has promising implications regarding the interplay
between dietary and lifestyle interventions with HDL
glycosylation and its consequential impact on HDL func-
tion. Alterations in HDL glycosylation profiles have the
potential to significantly influence HDL’s physiological
roles, offering exciting prospects for personalized health
interventions that could ultimately reduce the risk of CVD
and other pathological conditions.
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Utility and Importance of Future Technologies
That Enable the Measurement of Per Particle
Composition and Function

The effects of the most influential genotypes on HDL metab-
olism have been well-characterized and described, including
the effects of LCAT [137-139], apolipoprotein A-I (ApoAl)
[140], and CETP deficiency [141, 142]. More recent work
has demonstrated the impacts of APOE genotype on HDL-
related outcomes. Whereas Alzheimer’s patients with the
APOE3/E4 genotype had smaller median HDL particle
size, dementia patients with the APOE3/E3 genotype had
no difference in particle size but had decreased CEC and
LCAT activity compared with their respective APOE3/E3
genotype controls [143e]. Paradoxically, APOE3/E4 demen-
tia patients actually had higher HDL CEC than APOE3/E4
controls [143e]. It was hypothesized that since isolated HDL
particles were dosed by protein content in the CEC assay, for
patients with higher relative proportions of smaller particles
as much as twofold more particles may have been in each
experimental well, resulting from the fact that small HDL
particles have a higher protein:lipid ratio than larger parti-
cles. Indeed, when the average size of HDL particles was
measured, the APOE3/E4 but not the APOE3/E3 dementia
patients had smaller average HDL particle size than their
respective controls [143e]. This raises a fundamentally
important question about the contribution of HDL particle
size distribution profile to the analysis of HDL composition
and function.

We contend that in order for HDL compositional and
functional analysis to be useful in terms of both understand-
ing HDL biology and for the development of diagnostics
and biomarkers, it will be necessary to fractionate HDL into
size-based subclasses and also dose any compositional and
functional assays by particle concentration. Without the abil-
ity to report, for example, the amount of ApoE molecules
per particle or the CEC per particle, it will be impossible to
disentangle the complexity of HDL biology. The influence of
APOE genotype is an interesting illustration of this. As men-
tioned previously, APOE3/E4 dementia patients had smaller
median particle size but no difference in LCAT activity and a
surprising increase in CEC compared to APOE3/E4 controls
[143e]. We also observed that individuals with APOE3/E4
genotype had lower CEC and LCAT activity than individuals
with APOE3/E3 genotype regardless of dementia diagnosis
[143e]. Further examination revealed that the HDL particle
size distribution profiles of APOE3/E4 dementia patients
resembled those of individuals with type 2 diabetes (unpub-
lished data), with higher concentrations of small HDL and
lower concentrations of medium and large HDL [144]. This
HDL particle size distribution profile of higher small HDL
and lower medium and large HDL is most likely explained
by the well-characterized effects of heightened CETP

activity in the context of high plasma triglycerides [145].
Thus, metabolic status affects HDL particle size distribution
profiles, as do other conditions, for example, chronic kidney
disease, in which LCAT activity is decreased due to lack of
ability to esterify cholesterol and thus form mature, larger
particles [146, 147].

On the other hand, pathological processes of chronic dis-
ease states including inflammation, oxidation, exposure to
high concentrations of glucose, and low pH, all physically
damage HDL particles and decrease their functional capac-
ity including CEC, antioxidant capacity, and anti-inflamma-
tory function [102, 148—151]. Thus, in order to tease apart
whether the underlying problem in any given individual is
metabolic remodeling of HDL particle size distribution, or
exposure to damaging chemicals that impair HDL function
without affecting particle size, or a combination of both, it
will be necessary to examine functional and compositional
changes on a per particle basis within HDL size-based sub-
classes. Once specific targets for intervention are known
(e.g., loss of antioxidant function of medium HDL, loss of
large HDL particles, decrease in ApoE per small HDL par-
ticle), it will finally be possible to begin to work toward
specific solutions.

Improving Adherence with Precision
Nutrition

Adherence poses a major challenge limiting the real-world
impact of dietary recommendations on health outcomes [7].
However, emerging precision nutrition techniques may offer
solutions to overcome this barrier. For example, by tailoring
dietary advice to each individual based on genetics, such
as APOE genotype, phenotype, and other personal data,
recommendations can become more targeted and perceived
as relevant by patients [152]. Genetic testing could identify
patients with specific genetic polymorphisms influencing
HDL function [143e], enabling personalized guidance to
optimize their HDL profile. Additionally, using biomarker
panels to evaluate diet quality may motivate individuals
to improve compliance when they can see the impact of
dietary changes reflected in their biomarker profile [153,
154]. Rather than eliminating foods or food groups, testing
for individual sensitivities and gradually removing triggers
based on measurable responses may promote better long-
term adherence. While more research is still required, these
types of personalized, feedback-driven precision nutrition
approaches show promise for overcoming adherence issues
that limit many one-size-fits-all dietary interventions. Over-
coming these adherence challenges is essential to promote
individualized recommendations into meaningful improve-
ments in patient HDL status and CVD risk reduction.
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