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Purpose of review

Dietary fat compared to carbohydrate increases the plasma concentration of high-density lipoprotein (HDL)-
cholesterol. However, neither the mechanism nor its connection to cardiovascular disease is known.

Recent findings

Protein-based subspecies of HDL, especially those containing apolipoprotein E (apoE) or apolipoprotein C3
(apoC3), offer a glimpse of a vast metabolic system related to atherogenicity, coronary heart disease
(CHD) and other diseases. ApoE stimulates several processes that define reverse cholesterol transport
through HDL, specifically secretion of active HDL subspecies, cholesterol efflux to HDL from macrophages
involved in atherogenesis, size enlargement of HDL with cholesterol ester, and rapid clearance from the
circulation. Dietary unsaturated fat stimulates the flux of HDL that contains apoE through these protective
pathways. Effective reverse cholesterol transport may lessen atherogenesis and prevent disease. In contrast,
apoC3 abrogates the benefit of apoE on reverse cholesterol transport, which may account for the
association of HDL that contains apoC3 with dyslipidemia, obesity and CHD.

Summary

Dietary unsaturated fat and carbohydrate affect the metabolism of protein-defined HDL subspecies
containing apoE or apoC3 accelerating or retarding reverse cholesterol transport, thus demonstrating new
mechanisms that may link diet to HDL and to CHD.
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INTRODUCTION

There are two starting points for this review. One is
the clinical effect on high-density lipoprotein
(HDL)-cholesterol of dietary fat and carbohydrate.
The other is the multiplicity of proteins on HDL,
organized into subspecies. Do the subspecies help
to interpret the dietary effects? Do metabolic
studies with subspecies lead to improved under-
standing of clinical relevance of the subspeciated
HDL system?
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EFFECTS OF DIETARY FAT ON HIGH-
DENSITY LIPOPROTEIN CONCENTRATION
AND APOA1 METABOLISM

Most studies of diet and HDL have focused on the
effect of dietary macronutrients – carbohydrate, fat,
and protein – on HDL-cholesterol levels and the
metabolism of total plasma apoA1.
uthor(s). Published by Wolters Kluwe
Dietary fat when it replaces carbohydrate
increases HDL-cholesterol

Saturated, monounsaturated, and n�6 polyunsatu-
rated fats have this effect (Fig. 1), saturated more so
r Health, Inc. www.co-lipidology.com
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KEY POINTS

� Dietary fat increases the concentration of HDL-
cholesterol, but the underlying mechanisms have not
been well understood nor the relations to atherogenesis
and CHD.

� HDL is composed of protein-defined subspecies that
vary in function, diet responsiveness, and relation
to CHD.

� HDL that contains apoC3 is associated with future risk
of CHD, whereas HDL that contains apoE is associated
with lower risk.

� Studies of HDL subspecies metabolism showed that HDL
that contains apoE is especially active in pathways in
reverse cholesterol transport, and these pathways are
enhanced by unsaturated fat, whereas HDL that
contains apoC3 abrogates the beneficial effect of HDL
that contains apoE.

� Unsaturated fat, when replacing carbohydrate,
decreased the catabolic rate of apoE and the secretion
rate of apoC3, on specific HDL sizes, leading to more
apoE and less apoC3 - a state more favorable to reverse
cholesterol transport and protection against CHD.

Nutrition and metabolism
than monounsaturated or polyunsaturated fat [1,2].
Carbohydrate lowers HDL-cholesterol by about 5 mg/
dL per 10 percentage points of total daily calories
exchanged with fat [2]. The HDL-cholesterol lower-
ing effect of carbohydrate occurs whether the car-
bohydrate is refined or whole grain, or low or high
Polyunsaturated fat

Monounsaturated fat

Saturated fat

Increase dietary fat Decrease dietary car

+

+

+

Olive
Oil

Avocado, olive oil

Fish, sunflower seeds

Butter, cheese, red meat Bread, rice, g
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FIGURE 1. Effects of dietary fat and carbohydrate on plasma cho

2 www.co-lipidology.com
glycemic index [3]. Because fat and carbohydrate
are macronutrients, supplying energy, another ref-
erence point is needed to determine direct effects of
increasing dietary fat. Using protein as the refer-
ence, dietary fat replacing protein raises HDL-cho-
lesterol even more than fat replacing carbohydrate
[4]. Therefore, it is fair to conclude that dietary fat
directly increases HDL-cholesterol regardless of
whether it replaces carbohydrate or protein. How-
ever, the metabolic basis is not well established.
Dietary fat increases the synthetic rate and
decreases the fractional catabolic rate of
apoA1

Historically, kinetic studies of HDL metabolism exog-
enously labeled apoA1 with radio-iodine and mod-
eled the disappearance (decay) curves and the apoA1
pool size to derive a fractional catabolic rate (FCR)
and secretion rate of the entire HDL apoA1 plasma
pool. Another technique endogenously labeled
apoA1 in vivo by infusing nonradioactive (stable)
isotopes of amino acids such as tri-deuterated leu-
cine. Up to now, there have been 10 studies that we
could find on the metabolism of HDL apoA1 that
compare fat and carbohydrate, or different types of
fat (Tables 1 and 2) [5–14]. Seven of them compared a
high saturated fat diet with a high carbohydrate diet
(Table 1) [5–11], and 3 compared high saturated with
high cis or trans unsaturated fat (Table 2) [12–14].

A high-fat diet compared to a high carbohydrate
liquid diet decreased FCR of apoA1 in 4 healthy
bohydrates Effect on cholesterol

HDL-cholesterol LDL-cholesterol

HDL-cholesterol LDL-cholesterol

HDL-cholesterol LDL-cholesterolains

ains

ains

lesterol levels. LDL, low-density lipoprotein.
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adults (Table 1) [5]. A study of 7 vegetarians eating a
low-fat diet with 6 omnivores eating a high satu-
rated fat diet found that the omnivores had higher
HDL-cholesterol levels and lower apoA1 FCR [6].
Dietary saturated fat compared to carbohydrate
increased HDL apoA1 levels by increasing the secre-
tion rate and reducing the FCR in 13 healthy adults
[7]. This study combined the data of all participants
and diets in correlation analysis that suggested that
change in FCR was a more important parameter than
change in secretion rate to alter the plasma apoA1
level. Another study in 21 healthy adults allocated to
a typical high saturated fat diet or a low-fat, high
carbohydrate diet, found that increase in the apoA1
secretion rate rather than decrease in FCR accounted
for the increase in apoA1 HDL pool size of higher
dietary fat [8]. In 18 men with moderate obesity
assigned to a high monounsaturated fat diet or a
low-fat, high carbohydrate fat diet, both FCR and
secretion rate were higher on the monounsaturated
fat than carbohydrate diet [9]. In this study, HDL
apoA1 pool size was not affected by the diet differ-
ence. Another study in 20 healthy adults measured
HDL kinetics on a baseline high saturated fat diet
after which they were allocated to low fat high
carbohydrate, either low or high in fish. ApoA1 pool
size decreased with high carbohydrate, irrespective
of high or low fish intake. This decrease was
accounted for by a decrease in apoA1 secretion.
The FCR was not affected [11]. A study of 16 dyslipi-
demic adults assigned to either a high or low mono-
unsaturated fat diet in which carbohydrate replaced
monounsaturated fat reported that the HDL apoA1
pool size was increased by the high monounsatu-
rated fat diet. Nonetheless, no significant changes
were reported in FCR or secretion rate comparing
high to low monounsaturated fat, although the FCR
was significantly decreased from the baseline diet
(higher in carbohydrate) to high monounsaturated
fat [10].

All told, 4 of 7 studies reported that high satu-
rated or monounsaturated fat compared to carbo-
hydrate decreased the FCR of HDL apoA1 [5–7,10],
and 4 studies found increases in the secretion rate
[7–9,11] (Table 1). In one study, both FCR and
secretion rate increased on high monounsaturated
fat compared to carbohydrate [9]. Interesting but
uncertain in importance is that the 3 of the 4 studies
that reported a decrease in FCR with high fat used
radio-labeling of HDL proteins or apoA1 [5–7],
whereas the 4 studies that reported no change or
paradoxically an increased FCR with high fat used
endogenous labeling of apoA1 with infusion of a
deuterated amino acid [8–11].

As mentioned, a usual dietary amount of n�6
polyunsaturated fat replacing saturated fat mildly
6 www.co-lipidology.com
lowers HDL-cholesterol (Fig. 1) [1,2]. Researchers
stressed this system by feeding a large amount of
n�6 polyunsaturated fat or saturated fat to 4 healthy
men (Table 2). The results were that polyunsatu-
rated fat lowered HDL apoA1 by 21% by decreasing
the synthetic rate and not affecting the FCR [12].
Another study compared saturated fat, polyunsatu-
rated fat from soybean oil, and hydrogenated vege-
table oil. The hydrogenated oil compared to
saturated fat decreased plasma apoA1 by increasing
the FCR whereas not affecting the secretion rate of
apoA1 [13]. In this study, natural, unhydrogenated
polyunsaturated fat did not affect apoA1 parameters
in comparison to the other fats. Finally, a trial
comparing saturated with monounsaturated fat in
men with metabolic syndrome reported that the
monounsaturated fat diet decreased the pool size
and tended to decrease secretion rate of HDL apoA1
[14].

Altogether, these first-generation metabolism
studies showed that changes in either catabolic or
secretion rate underlie established dietary effects on
plasma HDL-cholesterol levels (Tables 1 and 2).
However, it is unclear how to interpret changes in
FCR or secretion rate of HDL in terms of atheropro-
tective or atherogenic effects.
The diet and high-density lipoprotein
paradox, and how to interpret changes in
catabolic and secretion rates?

Dietary saturated fat is well established as a cause of
atherosclerosis and coronary heart disease (CHD).
The one established mechanism is an increase in
low-density lipoprotein (LDL)-cholesterol, an estab-
lished cause of CHD (Fig. 1), although there may be
additional mechanisms [1].

HDL, the particle, is thought to protect against
atherosclerosis by activating cholesterol transport-
ers inside cells involved in atherosclerosis and trans-
ferring the cholesterol to the liver where it may be
excreted into the biliary system, a process known as
reverse cholesterol transport [15–17]. Hypotheti-
cally, a high cholesterol concentration of HDL
may indicate more cholesterol transport from mac-
rophages to HDL, a healthy metabolism, but it also
could mean a lower rate of transfer of cholesterol out
of HDL, perhaps atherogenic. We conclude that
change in the plasma concentration of HDL-choles-
terol or apoA1 is uninterpretable mechanistically,
with respect to the robustness of reverse cholesterol
transport, other atherogenic or antiatherogenic
metabolism, development of atherosclerosis, and
CHD. Additional mechanistic approaches are indi-
cated to make progress on the HDL problem and to
interpret dietary effects.
Volume 33 � Number 1 � February 2022



Metabolism of protein-based HDL subspecies Sacks and Andraski
A NEW MODEL OF HIGH-DENSITY
LIPOPROTEIN METABOLISM ACROSS
HIGH-DENSITY LIPOPROTEIN SIZE

HDL circulates in nearly a 2-fold range of sizes.
Before the first metabolic studies in humans of
HDL size-based subfractions, a leading hypothesis
was that the liver and intestine secrete very small
discoidal HDL, which gradually enlarges by taking
up cholesterol during its 2–4-day residence in circu-
lation (Fig. 2, left panel). However, the concept that
HDL has a discoidal primordial particle that is
secreted into the circulation has not been confirmed
by results of kinetic studies of the size-based sub-
fractions. Direct kinetic studies of human HDL
apoA1 within size categories revealed an entirely
different model structure. HDL appears directly in
the circulation in all sizes from very small discoidal
to large spherical particles, and the majority of the
very small discoidal particles originate from a
medium-size HDL particle, not from liver secretion
(Fig. 2, right panel) [18].

This in vivo model is consistent with studies of
HDL assembly and secretion in cultured cells, show-
ing a range of primordial particles, their size the
result of cholesterol and phospholipid content of
the cells in membrane domains that are used to
synthesize HDL [19–23]. When cholesterol and
phospholipid content is high, then large HDL par-
ticles are formed and secreted; and vice versa.

Once secreted into the circulation, most of the
nascent HDL of all sizes remains in circulation
within its secreted size for 2–4 days before it is
Previous Model
apoA1

CholesterolCholesterol

Cholesterol

Live

α1

α2

α3

preβ

FIGURE 2. HDL metabolism across the HDL sizes: new mo
Figure summarizing data from Mendivil et al. Arterioscler Thromb

0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
catabolized and irreversibly removed from the cir-
culation [18]. However, compartmental modeling
consistently resolved additional secondary path-
ways of two types; one is expansion of discoidal
to large spherical particles as in the canonical meta-
bolic structure (Fig. 2, right panel); and the other is
remodeling of medium-size HDL to generate very
small discoidal HDL (Fig. 2, right panel), processes
found in vitro [24–26]. These pathways are mainly
found in a species of HDL that contains apolipopro-
tein E (apoE), a minor fraction of the total HDL [27].

PROTEIN-BASED HIGH-DENSITY
LIPOPROTEIN SUBSPECIES CONTAINING
APOLIPOPROTEIN E AND/OR
APOLIPOPROTEIN C3, THEIR CLINICAL
RELEVANCE, METABOLISM, AND DIETARY
EFFECTS

Progress on lipoprotein speciation of apoB lipopro-
teins [28] preceded that of HDL and serves as a guide
for hypothesis formation pertaining to HDL.
Apolipoprotein B lipoprotein speciation

The apoB lipoproteins are secreted and circulate in
subspecies that contain apoE or apolipoprotein C3
(apoC3), both, or neither [29,30]. Subspecies of very-
low-density lipoprotein (VLDL), intermediate-den-
sity lipoprotein (IDL), and LDL that have apoE are
metabolized to small VLDL and IDL, and leave the
circulation rapidly and, most importantly, they are
not converted to atherogenic slowly metabolized
Major pathways 
Minor pathways 

New Model

Delay

r

α1

α2

α3

preβ

del. HDL from small to large size: preb, a3, a2, a1.
Vasc Biol. 2016. HDL, high-density lipoprotein.
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LDL. In contrast, those having apoC3 are mostly
converted to LDL. VLDL and IDL that have both apoE
and apoC3 have kinetics that are more like apoC3
than apoE, suggesting that apoC3 abrogates the ben-
eficial properties of apoE on metabolism. ApoC3
fosters whereas apoE prevents atherogenic metabo-
lism of triglyceride-rich lipoproteins that produce
LDL. Finally, these apoB subspecies containing
apoC3 predict CHD [31], and the higher risk is less-
ened by a high content of apoE [32]. Therefore,
findings in kinetic and prospective epidemiological
studies on the apoB lipoprotein subspecies having
apoE and/or apoC3 were an impetus to delve into the
effect of these proteins on HDL.

Discovery of protein-based subspecies of
high-density lipoprotein, and their clinical
relevance

ApoE was recognized as a component of cholesterol-
rich HDL, and HDL with apoE bound avidly to liver
apoE receptors, accelerating their removal from the
circulation [33]. It was therefore logical to hypothe-
size that HDL in healthy humans has protein-based
subspecies containing or lacking apoE and apoC3,
and these proteins influence HDL function and rela-
tion to disease. The HDL subspecies were prepared
from whole plasma using anti-apoE or anti-apoC3
immunoaffinity chromatography, and size separa-
tion by gradient gel electrophoresis. HDL that con-
tains apoE or apoC3 each comprises 5–10% of total
HDL apoA1 [34]. The two subspecies overlap such
that about 50% of HDL that contains apoE also con-
tains apoC3 and vice versa (Fig. 3a). The overlap has
clinical meaning as described later. These subspecies
are present throughout the size range of HDL,
although more HDL with apoE is present in larger
than smaller sizes and more HDL with apoC3 is
present in smaller than larger sizes (Fig. 3b) [34].
The subspecies that has apoE has different metabo-
lism from the majority of HDL that does not have
apoE [27]. Several population samples suggested clin-
ical relevance of the subspecies since HDL that con-
tains apoC3 is associated with cardiovascular disease
(CVD) risk factors including obesity, diabetes, and
triglyceride levels [34,35]. Finally, HDL that contains
apoC3 is predictive of CHD in 4 cohorts in men and
women [36], and its presence with apoE abrogates the
lower risk of CHD associated with apoE (Fig. 3c) [27].
Protein-defined high-density lipoprotein
subspecies, in addition to apolipoprotein E
and apolipoprotein C3, predicting risk of
coronary heart disease

Many proteins reside on HDL, and they have specific
functions that may be related to CHD. A set of 15
8 www.co-lipidology.com
protein-defined subspecies were identified, charac-
terized by proteomics, and studied as to risk of CHD
[37,38

&&

]. The subspecies were HDL that contains
apoA4, apoC1, apoC2, apoC3, apoE, apoJ, alpha-1-
antitrypsin, alpha-2-macroglobulin (A2M), plas-
minogen (PLMG), fibrinogen (FBG), ceruloplasmin
(CP), haptoglobin (HP), paraoxonase-1 (PON1),
apoL1, or complement C3 (CoC3). A prospective
study in 4 US cohorts included 932 CHD cases over
10 to 25-year follow-up. HDL that contains alpha-2
macroglobulin, complement C3, haptoglobin, or
plasminogen were each associated with higher risk
of CHD; and HDL containing apoC1 or apoE were
associated with lower risk. These findings indicate
that HDL subspeciation may reveal HDL functions
that are involved in CHD and perhaps other
conditions.
Obesity, overweight, physical inactivity and
alcoholic beverage drinking affect high-
density lipoprotein subspecies

An obese group was compared to normal weight
participants matched on sex and age [34]. There
were 20 participants in each group. Total apoA1
was similar in the two groups, 118–119 mg/dL.
The obese group had about 2-fold higher apoA1
concentrations of the minor subspecies, HDL that
contains apoE, HDL that contains apoC3, and HDL
that contains apoE and apoC3; and lower concen-
tration of the major HDL subspecies that do not
have either protein (Fig. 3a). The obese group also
had higher triglycerides, fasting plasma insulin, and
HOMA index of insulin resistance [34].

A cross-sectional analysis of a population sample
of 3631 Danish participants of the Diet, Cancer, and
Health Study studied HDL that contains apoC3 [35].
ApoE was not studied. Adiposity, measured by waist
circumference, body fat mass, and body mass index,
was associated with higher HDL that contains
apoC3. Physical inactivity and higher alcoholic bev-
erage drinking were also associated with higher HDL
that contains apoC3. Adherence to a self-selected
Mediterranean diet was not associated with HDL
that contains apoC3, using a scoring system for
dietary pattern components. Of the components,
only legumes were associated with HDL that con-
tains apoC3, a larger intake corresponded to a lower
concentration of HDL that contains apoC3 [35].
Dietary fat and carbohydrate affect the
metabolism of high-density lipoprotein that
contains apolipoprotein E

The effect of diet on the HDL subspecies defined by
apoE was studied in the new model of HDL
Volume 33 � Number 1 � February 2022
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FIGURE 3. Distribution and disease risk of HDL subspecies containing apoE and/or apoC3. (a) Plasma apoA1 distribution
across HDL subspecies that contain apoE and apoC3 (EþC3þ), apoE but not apoC3 (EþC3�), apoC3 but not apoE (E-C3þ),
and neither apoE or apoC3 (E-C3�) in normal and obese people. (b) Percentage apoA1 distribution in each HDL subspecies
from large (a1) to small (preb) HDL sizes. (a,b) Figure summarizing data from Talayero et al. J Lipid Res. 2014. (c)
Association of apoE and/or apoC3 containing HDL subspecies with CHD. Figure summarizing data from Morton, Koch et al.
JCI Insight. 2018. apoC3, apolipoprotein C3; apoE, apolipoprotein E; CHD, coronary heart disease; HDL, high-density
lipoprotein.
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metabolism (Fig. 2, right panel), [39]. The study
participants were 6 men and 3 women, overweight
or obese and with mild dyslipidemia, having mean
body mass index of 29 kg/m2, HDL-cholesterol levels
of 41 mg/dL, and triglyceride levels of 151 mg/dL.
They received diets either high in carbohydrate or
monounsaturated fat, each for 4 weeks, in a
crossover design.
0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
HDL that contains apoE comprised 5–7% of the
plasma total apoA1. On both diets, HDL that con-
tains apoE had greater secretion rates than HDL that
lacks apoE, faster conversion to larger sizes, and 10
times faster clearance from the circulation [39].

The high unsaturated fat diet had substantial
effects on HDL that contains apoE, increasing the
secretion rate of its main protein, apoA1, by 150%,
r Health, Inc. www.co-lipidology.com 9
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and increasing the FCR of apoA1 of the larger HDL
sizes, a1 and a2, by approximately 150% (Fig. 4a,
solid blue arrows) [39]. Compared to the relatively
small plasma pool size of the HDL that contains
apoE, 5%, a relatively larger amount of apoA1
secretion, 16%, was in HDL that contains apoE.
The high unsaturated fat diet also tended to
increase size expansion flux of small, discoidal to
large spherical HDL and size contraction of small
spherical to discoidal HDL (a3 to preb) (Fig. 4a, blue
arrows). In summary, a high unsaturated fat diet
compared to a high carbohydrate diet increased
markedly several metabolic pathways involving
HDL that contains apoE that are crucial to reverse
cholesterol transport. These are secretion, size
expansion, remodeling of medium size (a3) HDL
to generate small discoidal HDL, and clearance of
large-size HDL from the circulation. We consider
this kinetic behavior in response to unsaturated fat
to be potentially atheroprotective because it
Effect of diet on the metabolism of apoA1 
on HDL containing apoE

Pathways increased when fat replaces carb

Pathways that tend to increase when fat replaces carb

+

Pathways not altered when fat replaces carb

Liver

+

+
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apoA1
metabolism
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FIGURE 4. Effects of dietary unsaturated fat and carbohydrate
and of the apoE protein on HDL (b). Unsaturated fat, when replac
medium a3 particles containing apoE and from a3 to preb (solid
also increases the catabolic rate of large a1 and a2 particles (ar
expansion of small preb HDL to larger a1 and a2 (dashed blue a
unsaturated fat, when replacing carbohydrate, decreases the flux
arrows from liver into a2 and into a3) and decreases the catabol
and out of a3). Figure summarizing data from Morton et al. JCI In
Biol. 2019 (b). HDL, high-density lipoprotein.
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reflects faster transport of cholesterol through
the HDL system.

Dietary unsaturated fat also affected the metab-
olism of apoE itself on HDL (Fig. 4b) [40

&&

]. Dietary
unsaturated fat reduced the secretion of apoE on
HDL, reduced the irreversible removal and clearance
of apoE from HDL, and tended to reduce the move-
ment of apoE from small to large HDL (Fig. 4b, red
arrows). The upshot is that unsaturated fat enhances
the retention of apoE on HDL as it circulates, allow-
ing the apoE to continue to stimulate reverse
cholesterol transport.
Interactive role of apolipoprotein C3 and
apolipoprotein E on high-density lipoprotein
metabolism

ApoC3 is present in about 10% of HDL, as measured
by plasma total apoA1 concentration. As discussed
before, HDL that contains apoC3 is correlated with
Effect of diet on the metabolism of the apoE
protein on apoA1 HDL

Pathways decreased when fat replaces carb-

Pathways not altered when fat replaces carb

Pathways that tend to decrease when fat 
replaces carb

Liver
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-

-

-

--
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metabolism
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α1

α2

α3

on the metabolism of apoA1 in HDL that contains apoE (a),
ing carbohydrate, increases apoA1 flux from the liver to
blue arrows from the liver to a3 and from a3 to preb). ApoE

rows out of a1 and a2) and tends to increase the size
rrows from prebeta to a1 and a2). On the other hand,
of apoE protein itself from the liver to a2 and a3 (red
ic rate of apoE on a1 and a3 HDL (red arrows out of a1
sight. 2019 (a) and Andraski et al. Arterioscler Thromb Vasc
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CVD risk factors, and higher risk of CHD. Does HDL
that contains apoC3 compared to HDL lacking
apoC3 affect HDL metabolism? In the metabolic
protocol described before, HDL that contains apoC3
was prepared from the total HDL apoA1 by anti-
apoC3 immunoaffinity chromatography [27]. There
was no apparent effect on secretion, interconversion
or metabolism, compared to HDL that lacks apoC3.
However, HDL subspecies that contain both apoC3
and apoE had metabolism similar to HDL that con-
tain apoC3 rather than HDL that contain apoE
(Fig. 5a) [23]. In other words, apoC3 abrogated
the apoE-mediated metabolic pathways that define
reverse cholesterol transport. This demonstrates a
direct or indirect interaction between apoC3 and
apoE on HDL affecting metabolism and risk of CHD.
The findings also suggest a mechanism by which
apoC3 on HDL impairs HDL function in reverse
cholesterol transport, and increases atherogenesis
and risk of CHD. The effect of diet on the apoE
and apoC3 interaction is not known, however we
hypothesize that since dietary unsaturated fat accel-
erates HDL metabolism via the HDL apoE system,
apoC3 would block such beneficial effects.
Effect of apoC3 on the metabolism of apoA1 
on HDL containing apoE

Liver

apoC3

apoE apoE

Increased apoA1 clearance
Increased size expansion
Lower risk of CHD

Decreased apoA1 clearance
No size expansion
Higher risk of CHD

apoA1 metabolism 
on E+C3+ HDL

apoA1 metabolism 
on E+C3- HDL

(a)

α1

α2

α3

α1

α2

α3

pβ pβ

FIGURE 5. Effects of apoC3 on the metabolism of apoA1 on ap
on HDL (Panel b). (a) ApoC3 on HDL that contains apoE mitigate
apoA1 clearance rates, decreases size expansion, and increases
from Morton, Koch. JCI Insight. 2018. (b) Dietary unsaturated fat
but does not alter its clearance rate. Figure summarizing data fro
apoC3, apolipoprotein C3; apoE, apolipoprotein E; CHD, corona
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Dietary unsaturated fat and high-density
lipoprotein apolipoprotein C3

Dietary fat reduces secretion of apoC3 on HDL but
does not affect clearance of apoC3 from HDL
(Fig. 5b) [40

&&

]. The result is a reduction of the apoC3
concentration of HDL. This may represent another
potentially beneficial action of unsaturated fat on
HDL subspecies and metabolism.
DIET, THE HIGH-DENSITY LIPOPROTEIN
PROTEOME AND ITS METABOLISM

The proteome of HDL spans a large number of pro-
teins involved in many types of actions [41–44]. The
proteins are organized into subspecies. Davidson and
colleagues make the point that protein-defined sub-
species are distinct from subtypes or subfractions
based on size or density, and are a better probe to
discover and characterize specific HDL functions
conferred by the defining protein [45

&&

], and their
relationship to diseases [46]. We and our colleagues
aimed to study metabolism of several proteins in
apoA1 HDL and the dietary effects [40

&&

]. Twelve
participants participated in the dietary protocol
Effect of diet on the metabolism of apoC3 
protein on apoA1 HDL

Pathways decreased when fat replaces carb-
Pathways not altered when fat replaces carb

Liver

apoC3p

apoA1
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apoC3 metabolism
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α3

oE-containing HDL (Panel a) and the effect of diet on apoC3
s the beneficial metabolic effects of apoE. ApoC3 decreases
the risk of coronary heart disease (CHD). Data summarized

, when replacing carbohydrate, decreases apoC3 synthesis
m Andraski et al. Arterioscler Thromb Vasc Biol. 2019.
ry heart disease; HDL, high-density lipoprotein.
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High Fat Diet High Carb Diet
0 1 2 3 pre 0 1 2 3 pre

apoJ 48 22 11 13 6 52 20 11 12 4
apoL1 9 78 11 2 1 10 80 8 2 0.4
PLTP 17 52 30 0.4 0 18 44 37 1 0
apoE 14 39 26 16 6 13 41 27 15 4
apoM 7 48 42 3 0 7 49 41 3 0.02
CETP 4 23 71 1 0 2 25 71 1 0
apoA2 1 10 65 23 1 1 10 65 23 1
apoA1 1 17 39 39 5 1 12 41 42 4
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FIGURE 6. Effects of dietary unsaturated fat and carbohydrate on the HDL proteome and the tracer enrichment curves of
several HDL proteins. (a) Average (n¼12 participants) percentage distribution of 12 HDL proteins across 5 HDL sizes on a
high unsaturated fat and a high carbohydrate diet. Each protein has a distinct distribution across HDL size, and diet does not
alter this distribution. (b) Representative enrichment curves from the 12 HDL proteins that have been monitored by parallel
reaction monitoring mass spectrometry. Eight of these proteins (top panel) were analyzed on a high fat and high carbohydrate
diet. The effect of diet on the remaining 4 proteins (bottom panel) was not studied. Enrichment curves are shown for the size
fraction in which each protein is most abundant. Figure summarizing data from Andraski et al. Arterioscler Thromb Vasc Biol.
2019 (a, b top panel); Singh et al. J Lipid Res. 2016, and Singh et al. JCI Insight. 2021 (b, bottom panel). HDL, high-density
lipoprotein.

Nutrition and metabolism
and tracer kinetics procedure described before.
ApoA1 HDL was prepared from plasma by immunoaf-
finity chromatography, separated into 5 HDL sizes by
gradient gel electrophoresis, and prepared for analy-
sis by LC-MS/MS. The HDL proteome in each HDL
size on each diet was determined by data-dependent
acquisition (Fig. 6a). Additionally, the metabolism of
8 HDL proteins across the 5 HDL sizes was studied on
12 www.co-lipidology.com
each diet by parallel reaction monitoring (PRM) mass
spectrometry. Analysis by PRM allows the tracer
enrichment quantification not only of apoA1, but
of multiple HDL proteins simultaneously [44]. The
proteins monitored were apoA1, apoA2, apoC3,
apoE, apoJ, apoL1, apoM, and lecithin-cholesterol
acyltransferase (LCAT) [40

&&

]. In addition to these
proteins, PRM has also been used to characterize
Volume 33 � Number 1 � February 2022
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the metabolism of PLTP, CETP, apoD, and apoA4, but
the effect of diet on these proteins has yet to be
determined (Fig. 6b) [44,47

&

].
The results showed that each protein has a unique

distribution in the HDL size spectrum (Fig. 6a), and
unique metabolism (Fig. 6b) [40

&&

,44,47
&

]. Diet
affected the metabolism of all these HDL proteins
except LCAT (Fig. 7) [40

&&

]. Unsaturated fat when
replacing carbohydrate, decreased the FCR of apoA1
and apoA2 on medium-size a3 HDL; apoE on a3 and
a1 HDL; and apoM on a2 HDL (Figs. 4 and 7). Addi-
tionally, unsaturated fat decreased the secretion of
apoC3 on a3 HDL and apoJ and apoL1 on the largest
LCAT

FCR not altered when
fat replaces carb

FCR decreased with
fat replaces carb
F- -

apoJ
apoL1apoL1

apo

- -

-

-
a

Liver

Effect of diet on the metaboli
apoA2, apoA1, and LCAT o

α0
α0

α3α3

FIGURE 7. Unsaturated fat, when replacing carbohydrate, decre
on specific HDL sizes. Fat, when replacing carbohydrate, decreas
apoA1 on a3 HDL. Fat also decreases the catabolic rates of apoM
the secretion of apoA2 on a2 by decreasing its rate of conversion
diet. Small, grey arrows indicate pathways that are decreased wh
pathways that were not altered when fat replaced carbohydrate.
Thromb Vasc Biol. 2019. HDL, high-density lipoprotein.
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HDL (Figs. 5 and 7) [40
&&

]. Viewed in the opposite way,
dietary carbohydrate increased the FCR of apoA1 and
apoA2, as a mechanism for reducing HDL concentra-
tion, supporting some although not all previous stud-
ies (Table 1).

Interestingly, carbohydrate increased the catab-
olism of proteins mainly in the medium a3 HDL size.
This effect may be due to an increase in apoC3
secretion in this size fraction (Fig. 5b), indicating that
apoC3 may destabilize the HDL particle and disrupt
the binding of other proteins to HDL. Carbohydrate
may also decrease the stability and protein binding
affinity by altering the lipid composition of a3 HDL
Secretion rate not altered
when fat replaces carb

Secretion rate decreased
when fat replaces carb

apoMp

-

A1

apoA2

apoA2

p

apoA2 -

sm of apoJ, apoL1, apoM, 
n HDL containing apoA1

α2
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α3

ases the secretion rate and catabolic rate of several proteins
es the secretion of apoJ and apoL1 on large a0 and of

on a2 and apoA1 on a3 HDL. For apoA2, fat decreases
from a3. Only the metabolism of LCAT is not altered by

en fat replaced carbohydrate. Large, black arrows indicate
Figure summarizing data from Andraski et al. Arterioscler
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[48,49]. Finally, diet did not affect the size distribu-
tion of any of these HDL proteins (Fig. 6a), or alter the
composition and size distributionof the full set of145
HDL-associated proteins identified [40

&&

].
These findings also greatly expanded our view of

the metabolic structure of the HDL particle system.
Not only are apoA1-HDL particles across the HDL
sizes primarily secreted and remain in a given size
through their time in circulation (Fig. 2, new
model), but the additional proteins studied follow
the same pattern, although each protein has a dis-
tinct size distribution and metabolism, likely indi-
cating a unique function (Figs. 4, 5 and 7).
CONCLUSION

Dietary unsaturated fat is known for its LDL-choles-
terol lowering, compared to either saturated fat or
carbohydrate, and this is an important reason why
unsaturated fat decreases risk of CHD. The mecha-
nisms and clinical meaning of dietary unsaturated fat
raising of HDL-cholesterol are now at least partially
explicated. Studies investigating the effect of unsatu-
rated fat, when replacing carbohydrate, on total
plasma apoA1 HDL metabolism have yielded mixed
results as to underlying mechanisms. However, stud-
ies of HDL subspecies are starting to uncover hitherto
unknown mechanisms that link HDL subspecies to
dyslipidemia and atherogenicity. HDL that contains
apoC3 or apoE are minor subspecies that have large
opposing effects on metabolism, offering an expla-
nation for HDL-related risk of CHD. Dietary unsatu-
rated fat enhances the atheroprotective role of apoE
in reverse cholesterol transport; and diminishes the
detrimental HDL that contains apoC3. Additionally,
advancements in mass spectrometry technology
have increased our ability to monitor the metabolism
of apoA1 as well as several additional proteins on
HDL, further enhancing our knowledge of how pro-
teins, such as apoE and apoC3, as well as others, may
be orchestrating HDL function. Together, studying
the metabolism of HDL subspecies and the proteins
that reside on these particles may provide a method-
ology to gain a better mechanistic understanding of
interventions that affect HDL, and a means to predict
effects on diseases.
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