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KEY POINTS

� Chylomicrons are triglyceride-rich lipoproteins synthesized in the intestine. In the circula-
tion, the triglycerides are removed by lipoprotein lipase (LPL) leading to the formation of
chylomicron remnants which are taken up by the liver.

� Very low-density lipoprotein particles (VLDL) are triglyceride-rich lipoproteins synthesized
in the liver. In the circulation, the triglycerides are removed by LPL leading to the formation
of VLDL remnants (intermediate density lipoproteins) which may be taken up by the liver or
further metabolized to low-density lipoprotein (LDL).

� The plasma level of LDL cholesterol is primarily determined by hepatic LDL receptor ac-
tivity, which regulates both the production and clearance of LDL.

� High-density lipoprotein (HDL) are cholesterol and phospholipid-rich particles that
mediate the transport of cholesterol and other compounds from peripheral tissues to
the liver (ie, reverse cholesterol transport), which is one of the several potential mecha-
nisms by which HDL may be anti-atherogenic.

� Chylomicron remnants, VLDL, VLDL remnants, LDL, and lipoprotein (a) are pro-
atherogenic particles while HDL is anti-atherogenic.
INTRODUCTION

Lipids are insoluble in water and therefore cholesterol and triglycerides need to be
transported in association with proteins (ie, lipoproteins) in the bloodstream. Lipopro-
teins play a crucial role in the transport of dietary lipids from the small intestine to the
liver, muscle, and adipose tissue, in the transport of hepatic lipids to peripheral tis-
sues, and the transport of cholesterol from peripheral tissues to the liver and intestine
(ie, reverse cholesterol transport). Lipoproteins may have additional functions and
studies have suggested that they may play a role in protection from disease.1 For
example, lipoproteins bind endotoxin (LPS) from gram-negative bacteria and lipotei-
choic acid from gram-positive bacteria thereby reducing their toxic effects.1 In addi-
tion, apolipoprotein L1, associated with HDL particles, has lytic activity against the
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parasite Trypanosoma brucei and lipoproteins can neutralize viruses.2,3 Thus, while
this article will focus on the transport properties of lipoproteins the reader should
recognize that lipoproteins may have other important functions.

LIPOPROTEIN STRUCTURE

The surface of lipoproteins is a hydrophilic membrane consisting of phospholipids,
free cholesterol, and apolipoproteins which surrounds a central hydrophobic core of
nonpolar lipids, primarily cholesteryl esters and triglycerides (Fig. 1).4 Lipoprotein par-
ticles are divided into 7 classes based on size, apolipoprotein composition, and lipid
composition (Fig. 2, Table 1).

ANTI-ATHEROGENIC LIPOPROTEIN PARTICLES
High-Density Lipoprotein Particles

High-density lipoprotein particles are enriched in cholesterol and phospholipids and
apolipoproteins A-I, A-II, A-IV, C-I, C-II, C-III, and E are associated with HDL particles.5,6

The core structural protein is Apo A-I and each HDL particle may contain multiple Apo
A-I proteins. In addition, using mass spectrometry proteins involved in proteinase inhi-
bition, complement activation, and the acute-phase response have been found associ-
ated with HDL particles.7 HDL particles may be classified based on density, size,
charge, and apolipoprotein composition and are very heterogeneous (Table 2). HDL
particles mediate the transport of cholesterol and other compounds from peripheral tis-
sues to the liver (ie, reverse cholesterol transport), which is one of the several potential
mechanisms by which HDL may be anti-atherogenic. In addition, HDL particles have
Fig. 1. Lipoprotein structure. (From Feingold KR. Introduction to Lipids and Lipoproteins.
2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder WW, Dhatariya
K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C, Kopp P, Korbonits M, Ko-
vacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan R, Morley JE, New M, Pur-
nell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, editors. Endotext
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)
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Fig. 2. Classes of lipoproteins. (From Feingold KR. Introduction to Lipids and Lipoproteins.
2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder WW, Dhatariya
K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C, Kopp P, Korbonits M, Ko-
vacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan R, Morley JE, New M, Pur-
nell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, editors. Endotext
[Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)

Table 1
Lipoprotein classes

Lipoprotein
Density (g/
mL)

Size
(nm) Major Lipids Major Apoproteins

Chylomicrons <0.930 75–1200 Triglycerides Apo B-48, Apo C,
Apo E, Apo A-I,
A-II, A-IV

Chylomicron
Remnants

0.930–1.006 30–80 Triglycerides
Cholesterol

Apo B-48, Apo E

VLDL 0.930–1.006 30–80 Triglycerides Apo B-100, Apo E, Apo C

IDL
VLDL remnants

1.006–1.019 25–35 Triglycerides
Cholesterol

Apo B-100, Apo E, Apo C

LDL 1.019–1.063 18–25 Cholesterol Apo B-100

HDL 1.063–1.210 5–12 Cholesterol
Phospholipids

Apo A-I, Apo A-II,
Apo C, Apo E

Lp (a) 1.055–1.085 w30 Cholesterol Apo B-100, Apo (a)

From Feingold KR. Introduction to Lipids and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B,
Boyce A, Chrousos G, de Herder WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S,
Kaltsas G, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA,
McLachlan R, Morley JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence
DL, Wilson DP, editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.
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Table 2
Classification of HDL

Method of Classification Types of HDL

Density gradient ultracentrifugation HDL2, HDL3, very high-density HDL

Nuclear magnetic resonance large, medium, and small

Gradient gel electrophoresis HDL 2a, 2b, 3a, 3b, 3c

2-dimensional gel electrophoresis pre-beta 1 and 2, alpha 1, 2, 3, 4

Apolipoprotein composition A-I particles, A-I: A-II particles, A-I: E particles

From Feingold KR. Introduction to Lipids and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B,
Boyce A, Chrousos G, de Herder WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S,
Kaltsas G, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA,
McLachlan R, Morley JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence
DL, Wilson DP, editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.
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anti-oxidant, anti-inflammatory, anti-thrombotic, and anti-apoptotic properties, which
may also contribute to their ability to prevent atherosclerosis.

PRO-ATHEROGENIC LIPOPROTEIN PARTICLES
Chylomicron Particles

Chylomicrons are large triglyceride-rich particles secreted by the small intestine,
which play a key role in the transport of dietary triglycerides and cholesterol to periph-
eral tissues and liver.8 Each chylomicron particle contains one Apo B-48 molecule,
which is the core structural protein. In addition, chylomicron particles also contain
A-I, A-II, A-IV, A-V, B-48, C-II, C-III, and E. Chylomicrons vary in size depending on
the amount of fat ingested with a high-fat meal leading to the formation of large chylo-
micron particles with an increased quantity of triglyceride, whereas in the fasting state
or with the consumption of a low-fat meal the chylomicron particles are small carrying
decreased quantities of triglyceride. Similarly, the amount of cholesterol transported in
chylomicrons can also vary.

Chylomicron Remnant Particles

Chylomicron remnants are formed by the removal of triglyceride from chylomicrons by
muscle and adipose tissue lipoprotein lipase (LPL) resulting in smaller particles.8,9

These particles are enriched in cholesterol and are pro-atherogenic.

Very Low-Density Lipoprotein Particles

Very low-density lipoprotein particles are produced by the liver and contain apolipo-
protein B-100, C-I, C-II, C-III, and E. The core structural protein is Apo B-100 and
each VLDL particle contains one Apo B-100 protein. The size of the VLDL particles
varies and when triglyceride production in the liver is increased the secreted VLDL par-
ticles are large.

Intermediate-Density Lipoprotein Particles; Very Low-Density Lipoprotein
Remnant Particles

Intermediate-density lipoprotein particles are formed by the removal of triglycerides
from VLDL by muscle and adipose tissue LPL resulting in the formation of IDL particles
which are enriched in cholesterol and are pro-atherogenic.9 These IDL particles
contain apolipoprotein B-100 and E.
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Low-Density Lipoprotein Particles

Low-density lipoprotein particles are derived from the metabolism of VLDL and IDL
particles and are enriched in cholesterol. Each LDL particle contains one Apo B-100
protein. The majority of the cholesterol and Apo B in the circulation is typically carried
on LDL particles. LDL vary in size and density. The levels of small dense LDL particles
are increased in association with hypertriglyceridemia, low HDL levels, obesity, type 2
diabetes (ie, in patients with metabolic syndrome). These small dense LDL particles
are more pro-atherogenic than large LDL particles for several reasons.10

1. Small LDL particles have a decreased affinity for the LDL receptor leading to pro-
longed retention time in the circulation.

2. Small LDL particles more easily enter the arterial wall than large LDL particles.
3. Small LDL particles bind more avidly than large LDL to intra-arterial proteoglycans,

which trap these particles in the arterial wall.
4. Small LDL particles are more easily oxidized, which would allow macrophages to

more efficiently take up these particles leading to cholesterol accumulation.

Lipoprotein (a) Particles

Lipoprotein (a) is an LDL particle that has apolipoprotein (a) attached to Apo B-100 via a
single disulfide bond.11–13 Lp (a) contain Apo (a) and Apo B-100 in a 1:1 M ratio. Apo (a)
ismade in the liver. The size of Lp(a) particles can vary greatly based on the size of apoli-
poprotein (a). Apo (a) contains multiple kringle motifs that are similar to the kringle re-
peats in plasminogen. The number of kringle repeats can vary greatly and thus the
molecular weight of apo (a) can range from approximately 250,000 to 800,000. The
levels of Lp (a) in plasma can vary 1000-fold ranging from undetectable to greater
than 100 mg/dl. Lp (a) levels. The levels of Lp (a) largely reflect Lp (a) production rates,
which are primarily genetically regulated. Individuals with low molecular weight Apo (a)
proteins tend to have higher levels of Lp (a) while individuals with high molecular weight
Apo (a) tend to have lower levels. It is thought that the secretion of highmolecular weight
Apo (a) by the liver is less efficient. LDL receptors do not seem to play a major role in Lp
(a) clearance while the kidney seems to play an important role as kidney disease is asso-
ciated with delayed clearance and elevations in Lp (a) levels. Apo (a) is an inhibitor of
fibrinolysis and enhances the uptake of lipoproteins by macrophages, both of which
could account for the increased risk of atherosclerosis in individuals with elevated
Apo (a) levels. Additionally, Lp (a) is the major lipoprotein carrier of oxidized phospho-
lipids, which could also increase the risk of atherosclerosis. The physiologic function
of Apo (a) is unknown. Apo (a) is found in primates but not in other species.
APOLIPOPROTEINS

Apolipoproteins play an essential role in lipoprotein metabolism (Table 3). They have 4
key functions.14,15

1. Guiding the synthesis of lipoproteins
2. Serving in a structural role
3. Serving as ligands for lipoprotein receptors
4. Activating or inhibiting enzymes involved in the metabolism of lipoproteins
Apolipoprotein A-I

Apo A-I is the major structural protein of HDL accounting for approximately 70% of
HDL protein.16 Apo A-I is an activator of lecithin: cholesterol acyltransferase (LCAT),
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Table 3
Apolipoproteins

Apolipoprotein MW
Primary
Source

Lipoprotein
Association Function

Apo A-I 28,000 Liver,
Intestine

HDL,
chylomicrons

Structural protein for HDL,
Activates LCAT

Apo A-II 17,000 Liver HDL,
chylomicrons

Structural protein for HDL,
Activates hepatic lipase

Apo A-IV 45,000 Intestine HDL,
chylomicrons

Unknown

Apo A-V 39,000 Liver VLDL,
chylomicrons,
HDL

Promotes LPL-mediated
TG lipolysis

Apo B-48 241,000 Intestine Chylomicrons Structural protein for
chylomicrons

Apo B-100 512,000 Liver VLDL, IDL, LDL,
Lp (a)

Structural protein, Ligand
for LDL receptor

Apo C-I 6600 Liver Chylomicrons,
VLDL, HDL

Activates LCAT

Apo C-II 8800 Liver Chylomicrons,
VLDL, HDL

Cofactor for LPL

Apo C-III 8800 Liver Chylomicrons,
VLDL, HDL

Inhibits LPL and uptake
of lipoproteins

Apo E 34,000 Liver Chylomicron
remnants,
IDL, HDL

Ligand for LDL receptor

Apo (a) 250,000–
800,00

Liver Lp (a) Inhibits plasminogen
activation

From Feingold KR. Introduction to Lipids and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B,
Boyce A, Chrousos G, de Herder WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S,
Kaltsas G, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA,
McLachlan R, Morley JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence
DL, Wilson DP, editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.
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an enzyme that converts free cholesterol into cholesteryl ester, and interacts with re-
ceptors and transporters including ATP-binding cassette protein A1 (ABCA1), ABCG1,
and class B, type I scavenger receptor (SR-B1). Apo A-1 is synthesized in both the liver
and intestine. High levels of Apo A-I are associated with a decreased risk of
atherosclerosis.

Apolipoprotein A-II

Apo A-II is the second most abundant protein carried on HDL accounting for approx-
imately 20% of HDL protein.17 The role of Apo A-II in lipid metabolism is not well un-
derstood. Apo A-II is synthesized in the liver and high levels are a strong predictor of an
increased risk for atherosclerosis.

Apolipoprotein A-IV

Apo A-IV is associated with chylomicrons and HDL, but is also found in the lipoprotein-
free fraction.18 The role of Apo A-IV in lipoprotein metabolism remains to be deter-
mined but it may have a role in regulating food intake. Apo A-IV is synthesized in
the intestine during fat absorption.
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Apolipoprotein A-V

Apo A-V is carried on triglyceride-rich lipoproteins and is an activator of LPL-mediated
lipolysis and thus plays an important role in the clearance of triglyceride-rich lipopro-
teins.19,20 Apo A-V is synthesized in the liver.

Apolipoprotein B-48

Apo B-48 is the major structural protein of chylomicrons and chylomicron remnants
and there is a single apo B-48 protein per chylomicron or chylomicron remnant parti-
cle.21 Apo B-48 is synthesized in the intestine and a single apolipoprotein B gene is
expressed in both the liver and intestine. The intestinal Apo B protein is approximately
½ the size of the liver due to mRNA editing. The apobec-1 editing complex, which edits
mRNA, is expressed in the intestine and edits a specific cytidine to uracil in Apo B
mRNA resulting in a stop codon that leads to the cessation of protein translation
and a shorter Apo B protein (Apo B-48). The portion of Apo-B that is recognized by
the LDL receptor is not contained in Apo-B48 and Apo B-48 is not recognized by
the LDL receptor.

Apolipoprotein B-100

Apo B-100 is the major structural protein of VLDL, IDL, and LDL and there is a single
molecule of Apo B-100 per VLDL, IDL, LDL, and Lp(a) particle. Apo B-100 is synthe-
sized in the liver. Apo B-100 is recognized by the LDL receptor and therefore plays an
important role in the clearance of Apo B-100 containing lipoprotein particles. Certain
mutations in Apo B-100 result in decreased binding to the LDL receptor and familial
hypercholesterolemia. Elevated levels of Apo B-100 are associated with an increased
risk of developing atherosclerosis.

Apolipoprotein C

The C apolipoproteins are synthesized primarily in the liver. Apo C apolipoproteins are
found in association with chylomicrons, VLDL, and HDL and freely exchange between
these particles.22–24

Apo C-II is a cofactor for LPL and stimulates triglyceride hydrolysis and the clear-
ance of triglyceride-rich lipoproteins.22,25 Individuals who are homozygous for loss
of function mutations in Apo C-II have markedly elevated triglyceride levels due to a
failure to clear triglyceride-rich lipoproteins.
Apo C-III inhibits the activity of LPL26 and inhibits the interaction of triglyceride-rich

lipoproteins with their receptors.23 Loss of function mutations in Apo C-III result in de-
creases in serum triglyceride levels and a decreased risk of cardiovascular disease.
Furthermore, inhibition of Apo C-III leads to a decrease in serum triglyceride levels
even in patients deficient in LPL, indicating that the ability of Apo C-III to decrease
serum triglyceride levels is not entirely mediated by regulating LPL activity.27

Apolipoprotein E

The liver and intestine are the primary sources of circulating Apo E but Apo E is syn-
thesized in many tissues.28 Apo E is associated with chylomicrons, chylomicron rem-
nants, VLDL, IDL, and a subgroup of HDL particles and exchanges between
lipoprotein particles. There are 3 common genetic variants of Apo E (Apo E2, E3,
and E4) and Apo E3 is the most common form. Apo E2 differs from Apo E3, by a single
amino acid substitution whereby cysteine substitutes for arginine at residue 158 and
Apo E4 differ from Apo E3 at residue 112 whereby arginine substitutes for cysteine.
Apo E3 and E4 are recognized by the LDL receptor while Apo E2 is poorly recognized.
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Individuals who are homozygous for Apo E2 can develop familial dysbetalipoproteine-
mia. Individuals with Apo E4 have an increased risk of both Alzheimer’s disease and
atherosclerosis.

TRANSFER PROTEINS AND ENZYMES: KEY ROLES IN LIPOPROTEIN METABOLISM
Cholesteryl Ester Transfer Protein

In the plasma, cholesteryl ester transfer protein (CETP) mediates the transfer of cho-
lesteryl esters from HDL to VLDL, chylomicrons, and LDL and the linked transfer of tri-
glycerides from these particles to HDL.29 CETP is synthesized in the liver. Inhibition of
CETP activity leads to a decrease in LDL cholesterol and an increase in HDL
cholesterol.

Lecithin: Cholesterol Acyltransferase

LCAT catalyzes the synthesis of cholesteryl esters in HDL particles by facilitating the
transfer of fatty acid from position 2 of lecithin to cholesterol.30 The formation of cho-
lesteryl esters allows for the transfer of the free cholesterol from the surface of the HDL
particle to the core of the HDL particle. This decrease in the free cholesterol concen-
tration on the surface of HDL particles allows for the uptake of free cholesterol by HDL
particles facilitating the efflux of cholesterol from cells. LCAT is synthesized in the liver.
Patients with decreased LCAT activity have decreased HDL cholesterol levels.

Lipoprotein Lipase

LPL is synthesized in muscle, heart, and adipose tissue, then secreted and attached to
the endothelium of capillaries.31 LPL hydrolyzes the triglycerides carried in
triglyceride-rich lipoproteins, chylomicrons, and VLDL, to fatty acids, which are then
taken up by adipocytes or muscle cells. The removal of triglycerides results in the con-
version of chylomicrons into chylomicron remnants and VLDL into IDL (VLDL rem-
nants). Apo C-II is an essential cofactor for LPL activity and Apo A-V also plays an
important role in the activation of LPL. In contrast, Apo C-III and Apo A-II inhibit LPL
activity. LPL expression is stimulated by insulin and in patients with poorly controlled
diabetes LPL activity is reduced, which can decrease the clearance of triglyceride-rich
lipoproteins leading to hypertriglyceridemia. Patients who are homozygotes for loss of
function mutations In LPL have marked elevations in plasma triglyceride levels.

Hepatic Lipase

Hepatic lipase is synthesized in the liver and localized at the sinusoidal surface of he-
patocytes.32 Hepatic lipase catalyzes the hydrolysis of triglycerides and phospholipids
in IDL and LDL producing smaller lipoprotein particles (IDL is converted to LDL; large
LDL is converted to small LDL). Hepatic lipase also catalyzes the hydrolysis of triglyc-
erides and phospholipids in HDL producing smaller HDL particles.

Endothelial Lipase

Endothelial lipase plays a key role in hydrolyzing the phospholipids in HDL.33

Microsomal Triglyceride Transfer Protein

Microsomal triglyceride transfer protein is expressed primarily in the liver and small in-
testine and plays a crucial role in the synthesis of lipoproteins in these tissues. MTP
mediates the transfer of triglycerides to apolipoprotein B-100 in the liver to form
VLDL and to apolipoprotein B-48 in the intestine to form chylomicrons.34 Patients ho-
mozygous for loss of function mutations in MTP have very low plasma lipid levels
(abetalipoproteinemia).
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LIPOPROTEIN RECEPTORS AND LIPID TRANSPORTERS: KEY ROLES IN LIPOPROTEIN
METABOLISM
Low-Density Lipoprotein Receptor

The LDL receptor is present in most tissues but the expression of LDL receptors in the
liver plays a key role in determining plasma LDL levels.35 A low number of hepatic LDL
receptors is associated with high plasma LDL levels while a high number of hepatic
LDL receptors is associated with low plasma LDL levels. The LDL receptor recognizes
Apo B-100 and Apo E and thereby mediates not only the uptake of LDL but also chylo-
micron remnants and VLDL remnants (IDL). Lipoprotein particle uptake occurs via
endocytosis of the LDL receptor and the attached lipoprotein particle (Fig. 3). After
internalization, the lipoprotein particle is degraded in lysosomes and the cholesterol
is released. The number of LDL receptors is regulated by cellular cholesterol levels.36

When cellular cholesterol levels are low the transcription factor SREBP is transported
from the endoplasmic reticulum to the Golgi whereby proteases cleave and activate
SREBP, which then migrates to the nucleus and stimulates the expression of LDL re-
ceptors and many of the enzymes that synthesize cholesterol including HMGCoA
reductase. Conversely, when cellular cholesterol levels are increased SREBP remains
in the endoplasmic reticulum in an inactive form and the expression of LDL receptors
is low. As discussed later PCSK9 regulates the rate of degradation of LDL receptors.
Loss of function mutation in the LDL receptor is the most common cause of familial
hypercholesterolemia.

Low-Density Lipoprotein Receptor-Related Protein 1

Lipoprotein receptor-related protein (LRP-1) is expressed in multiple tissues including
the liver and is a member of the LDL receptor family.37 Apo E is a ligand for LRP-1.
LRP-1 mediates the hepatic uptake of Apo E containing lipoproteins (chylomicron
remnants and VLDL remnants (IDL)).
Fig. 3. Ldl receptor pathway. (Adapted from Lambert G, Sjouke B, Choque B, Kastelein JJ,
Hovingh GK. The PCSK9 decade. J Lipid Res. 2012 Dec;53(12):2515-24.)
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Niemann-Pick C1-like 1

Niemann-Pick C1-like 1 (NPC1L1) is expressed in the small intestine and mediates the
uptake of dietary cholesterol and plant sterols from the intestinal lumen into the intes-
tinal cell.38 NPC1L1 is also expressed in the liver whereby it mediates the movement of
cholesterol from hepatocytes into the bile.

Class B Scavenger Receptor B1

Scavenger receptor B1 (SR-B1) is expressed in many cells including the liver, adrenal
glands, ovaries, testes, and macrophages.39 In the liver and steroid producing cells
(adrenal glands, ovaries, testes), it facilitates the selective uptake of cholesteryl esters
from HDL particles. In macrophages and other cells, it mediates the efflux of choles-
terol from the cell to HDL particles.

ATP-Binding Cassette Transporter A1

ATP-binding cassette transporter A1 (ABCA1) is expressed in hepatocytes, intestinal
cells, macrophages, and many other cells.40 It mediates the efflux of cholesterol and
phospholipids from cells to small lipid-poor HDL particles (pre–beta-HDL).

ATP-Binding Cassette Transporter G1

ATP-binding cassette transporter G1 (ABCG1) is expressed in many different cell
types and mediates the efflux of cholesterol from cells to mature HDL particles.41

ATP-Binding Cassette Transporter G5 and G8

ATP-binding cassette transporter G5 and G8 (ABCG5 and ABCG8) form a heterodimer
and are expressed in the liver and intestine.42 In the intestine, ABCG5/ABCG8 facili-
tates the movement of cholesterol and plant sterols from inside the enterocyte into
the intestinal lumen thereby decreasing the absorption of cholesterol and limiting
the uptake of dietary plant sterols. In the liver, ABCG5/ABCG8 facilitates the move-
ment of cholesterol and plant sterols into the bile resulting in the transport of plant ste-
rols and cholesterol to the intestine.

EXOGENOUS LIPOPROTEIN PATHWAY
Absorption of Dietary Fat

The exogenous lipoprotein pathway is initiated in the small intestine (Fig. 4).43–46 Intes-
tinal lipases hydrolyze dietary triglycerides (approximately 100 g per day) to free fatty
acids and monoacylglycerol and these are emulsified with bile acids, plant sterols,
cholesterol, and fat-soluble vitamins to form micelles. The fatty acids in the intestinal
lumen are mainly from the diet while the cholesterol in the intestinal lumen is mainly
derived from bile (approximately 800–1200 mg of cholesterol from bile vs 200–
500 mg from diet). Approximately 100 to 150 mg of plant sterols are ingested per
day. The cholesterol, plant sterols, fatty acids, monoacylglycerol, and fat-soluble vita-
mins contained in the micelles are transported into the intestinal cells. NPC1L1 facil-
itates the uptake of cholesterol and plant sterols from the intestinal lumen into
intestinal cells (Fig. 5). Ezetimibe binds to NPC1L1 and inhibits the absorption of
cholesterol and plant sterols. Cholesterol and plant sterols in the intestinal cell may
be converted to sterol esters by acyl-CoA cholesterol acyltransferase (ACAT), which
attaches a fatty acid to the sterol or be transported back into the intestinal lumen, a
process mediated by ABCG5 and ABCG8. The synthesis of plant sterol esters does
not occur as efficiently as the synthesis of cholesteryl esters because plant sterols
are poor substrates for ACAT compared with cholesterol. In humans, less than 5%
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Fig. 4. Exogenous lipoprotein pathway. (Modified from Feingold KR. Introduction to Lipids
and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder
WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C, Kopp P,
Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan R, Morley
JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, ed-
itors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)
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of dietary plant sterols are absorbed. Mutations in either ABCG5 or ABCG8 result in
increased absorption of dietary plant sterols (20%–30% absorbed vs < 5% in normal
subjects) resulting in sitosterolemia. Thus, ACAT and ABCG5 and ABCG8 serve as
gatekeepers and block the uptake of plant sterols and likely also play an important
role in determining cholesterol absorption (humans absorb approximately 50% of di-
etary cholesterol with a range of 25%–75%).
The absorption of free fatty acids is not well understood but it is likely that both pas-

sive diffusion and specific transporters play a role. CD36, a fatty acid transporter, is
strongly expressed in the proximal third of the intestine and is localized to the villi.
This transporter likely plays a role in fatty acid uptake by intestinal cells but is not
essential as humans and mice deficient in this protein do not have fat malabsorption.
Fig. 5. Formation of chylomicrons by intestinal cells. (Adapted from Feingold KR. Introduc-
tion to Lipids and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos
G, de Herder WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch
C, Kopp P, Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan
R, Morley JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wil-
son DP, editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)
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In CD36 deficient mice the absorption of fatty acids is enhanced in the distal intestine,
suggesting that other pathways compensate for the absence of CD36. Fatty acid
transport protein 4 (FATP4), another fatty acid transporter, is also highly expressed
in the intestine but mice deficient in FATP4 do not have abnormalities in fat absorption.
It is likely that there are multiple pathways for the absorption of fatty acids. The path-
ways by which monoacylglycerols are absorbed by intestinal cells are unknown.

Formation of Chylomicron Particles

The fatty acids and monoacylglycerols that are absorbed are used in intestinal cells to
synthesize triglycerides.43,46 Monoacylglycerol acyltransferase (MGAT) and diacylgly-
cerol transferase (DGAT) are the key enzymes in triglyceride synthesis. MGAT catalyzes
the addition of a fatty acid to monoacylglycerol while DGAT catalyzes the addition of a
fatty acid to diacylglycerol resulting in triglyceride formation. The cholesterol in the intes-
tine is esterified to cholesteryl esters by ACAT. In the endoplasmic reticulum of intestinal
cells, the triglycerides and cholesteryl esters are packaged into chylomicrons. The for-
mation of chylomicrons in the endoplasmic reticulim requires the synthesis of Apo B-48
(see Fig. 5). The movement of lipid in the endoplasmic reticulum to Apo B-48 is medi-
ated byMTP. The absence ofMTP activity results in the failure to form chylomicrons and
VLDL (abetalipoproteinemia). Lomitapide inhibits MTP activity and is approved to treat
patients with homozygous Familial Hypercholesterolemia.

Metabolism of Chylomicron Particles

The chylomicrons synthesized in the intestine are secreted into the lymph and deliv-
ered via the thoracic duct to the systemic circulation, rather than to the liver via the
portal vein.22,26,31,47–51 This enhances the delivery of the nutrients to muscle and ad-
ipose tissue. LPL is synthesized in myocytes and adipocytes and transported to the
luminal surface of capillaries. The stabilization andmovement of LPL frommuscle cells
and adipocytes to the capillary endothelial cell surface is facilitated by Lipase matura-
tion factor 1. Glycosylphosphatidylinositol anchored high-density lipoprotein binding
protein 1 (GPIHBP1) binds LPL and transports LPL to the capillary lumen and anchors
it to the capillary endothelium. Apo C-II, carried on the chylomicrons, activates LPL,
leading to the hydrolysis of the triglycerides in the chylomicrons resulting in the forma-
tion of free fatty acids, which are taken up bymuscle cells and adipocytes and used for
either energy production or storage. The uptake of fatty acids into adipocytes and
muscle cells is facilitated by fatty acid transport proteins (FATPs) and CD36. A portion
of the free fatty acids released from the hydrolysis of triglycerides in chylomicrons bind
to albumin and can be transported to other tissues. Apo A-V also plays a role in acti-
vating LPL activity. Mutations in LPL, Apo C-II, GPIHPB1, lipase maturation factor 1,
and Apo A-V can result in marked hypertriglyceridemia (familial chylomicronemia syn-
drome). In addition, Apo C-III inhibits LPL activity and loss of function mutations in this
gene are associated with increases in LPL activity and decreases in plasma triglycer-
ide levels. Similarly, angiopoietin-like protein 3 and 4, which target LPL for inactivation,
also regulate LPL activity. Loss of function mutations in angiopoietin-like protein 3 and
4 are associated with decreases in plasma triglyceride levels.
The hydrolysis of the triglycerides carried in the chylomicrons results in a marked

decrease in the size of the chylomicrons resulting in the formation of chylomicron rem-
nants, which are enriched in cholesteryl esters and acquire Apo E. As chylomicrons
decrease in size phospholipids and apolipoproteins (Apo A and C) on the surface of
the chylomicrons are transferred to other lipoproteins, primarily HDL. The transfer of
ApoC-II from chylomicrons to HDL decreases the ability of LPL to further breakdown tri-
glycerides. The liver is the primary site whereby chylomicrons are removed from
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circulation. The ApoE carried on the chylomicron remnants bind to the LDL receptor and
other hepatic receptors suchasLRP-1 and syndecan-4 and the entire particle is takenup
by the hepatocytes. Apo E is important for this process and polymorphisms in Apo E (for
example theApoE2 isoform) can result indecreasedchylomicron remnant clearanceand
elevations in plasma cholesterol and triglyceride levels (familial dysbetalipoproteinemia).
The exogenous lipoprotein pathway results in the efficient transfer of dietary triglyc-

erides (fatty acids) to muscle and adipose tissue for energy utilization and storage. In
individuals with normal lipid metabolism, this pathway can transfer large amounts of
dietary fat from the intestine to muscle and adipose tissue (100 g or more per day)
without resulting in marked increases in plasma triglyceride levels. Dietary cholesterol
is primarily delivered to the liver whereby it can be used in the synthesis of VLDL or bile
acids, or secreted back to the intestine via secretion into the bile.

ENDOGENOUS LIPOPROTEIN PATHWAY
Formation of Very Low-Density Lipoprotein Particles Particles

In the liver, MTPmediates the transfer of cholesterol and triglycerides to newly synthe-
sized Apo B-100 in the endoplasmic reticulum, a process that is similar to the forma-
tion of chylomicron particles in the intestine (Fig. 6).34,52,53 The rate of VLDL particle
formation is determined by the supply of triglycerides and when the supply of
Fig. 6. Endogenous lipoprotein pathway. (Adapted from Feingold KR. Introduction to Lipids
and Lipoproteins. 2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder
WW, Dhatariya K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C, Kopp P,
Korbonits M, Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan R, Morley
JE, New M, Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, ed-
itors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)
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triglycerides is not abundant the newly synthesized Apo B-100 is rapidly degraded.
When the supply of triglycerides is abundant the Apo B-100 is protected from degra-
dation. Thus, the rate of formation and secretion of VLDL particles is determined by the
availability of triglycerides and not the rate of synthesis of Apo B-100. Additionally, the
size of the VLDL particles is determined by the availability of triglycerides. When tri-
glycerides are abundant the VLDL particles are large.
The levels of fatty acids available for the synthesis of triglycerides are the main

determinant of the number of triglycerides in the liver. The major sources of fatty acids
are (a) de novo fatty acid synthesis, (b) the hepatic uptake of triglyceride-rich lipopro-
teins, and (c) the flux of fatty acids from adipose tissue to the liver. Diabetes, obesity,
and metabolic syndrome are common causes of an increase in hepatic triglyceride
levels and the increased secretion of VLDL.
The early addition of lipid to Apo B-100 particles is mediated by MTP while other

pathways that do not require MTP add additional lipid. The details by which newly syn-
thesized VLDL particles are secreted by the liver remain to be elucidated.

Metabolism of Very Low-Density Lipoprotein Particles Particles

In peripheral tissues, the triglycerides carried on the VLDL particles are hydrolyzed by
LPL and fatty acids are released, a process that is very similar to that described above
for chylomicrons (see Fig. 6).9,47 VLDL and chylomicron particles compete for clear-
ance by the LPL system. The removal of triglycerides by LPL from VLDL particles re-
sults in the formation of VLDL remnants (IDL), which are enriched in cholesteryl esters.
VLDL remnant particles are removed from the circulation by the liver via binding of Apo
E to LDL and LRP-1 receptors similar to the removal of chylomicron remnants. In
contrast to chylomicron remnants where the vast majority are rapidly cleared from
the circulation by the liver only a portion of VLDL remnant particles are removed
(approximately 50% but varies). The residual triglycerides in the VLDL remnant parti-
cles are hydrolyzed by hepatic lipase leading to the formation of LDL particles. LDL
particles contain mainly cholesteryl esters and Apo B-100 as the vast majority of tri-
glycerides have been removed and exchangeable apolipoproteins are transferred
from the VLDL remnant particles to other lipoproteins. Thus, VLDL metabolism results
in the formation of LDL.

Metabolism of Low-Density Lipoprotein Particles

The rate of LDL clearance and the rate of LDL production are primarily regulated by the
number of hepatic LDL receptors and thus the number of hepatic LDL receptors is the
main determinant of plasma LDL levels.35,54–56 High LDL receptor activity decreases
the conversion of VLDL remnants to LDL while low LDL receptor activity increases
the conversion of VLDL remnants to LDL (ie, increased LDL production). Additionally,
approximately 70% of circulating LDL is cleared by LDL receptors in the liver with the
remainder taken up by extrahepatic tissues. Thus, an increase in LDL receptors in the
liver will increase LDL clearance resulting in a decrease in plasma LDL levels, whereas
a decrease in liver LDL receptors will decrease LDL clearance resulting in an increase
in plasma LDL levels. Thus, the number of LDL receptors in the liver plays a major role
in regulating plasma LDL levels. Many of the drugs used to lower plasma LDL levels,
such as statins, ezetimibe, PCSK9 inhibitors, and bempedoic acid lower plasma LDL
levels by increasing the number of hepatic LDL receptors.
The cholesterol content of the liver is the primary regulator of the number of hepatic

LDL receptors. Low cholesterol levels in the liver lead to the transport of inactive sterol
regulatory element-binding proteins (SREBPs), which are transcription factors that
stimulate the expression of LDL receptors and other key genes involved in cholesterol
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and fatty acid metabolism, from the endoplasmic reticulum to the Golgi whereby pro-
teases cleave the SREBPs into active transcription factors. These active SREBPs
transfer to the nucleus whereby they increase the transcription of LDL receptor
mRNA and upregulate other genes, including HMG-CoA reductase and other proteins
required for cholesterol synthesis. When hepatic cholesterol is high inactive SREBPs
remain in the endoplasmic reticulum and the synthesis of LDL receptors is not
increased. Thus, LDL receptor activity is regulated by cellular cholesterol levels with
high cellular cholesterol levels leading to decreased LDL receptor activity and
decreased clearance of LDL particles from the circulation and low cellular cholesterol
levels leading to increased LDL receptor activity and the increased clearance of LDL
particles from the circulation. Statins, ezetimibe, and bempedoic acid decrease he-
patic cholesterol levels thereby increasing LDL receptor levels and decreasing plasma
LDL levels.
Finally, PCSK9 is a secreted protein that binds to the LDL receptor and increases

LDL receptor degradation in the lysosomes. Gain of function mutations in PCSK9
lead to decreased LDL receptor activity and elevations in LDL levels while loss of func-
tion mutations in PCSK9 result in increased LDL receptor activity and decreased LDL
levels. Drugs that inhibit PCSK9 decrease LDL receptor degradation leading to an in-
crease in hepatic LDL receptors resulting in a decrease in plasma LDL levels.
METABOLISM OF HIGH-DENSITY LIPOPROTEIN PARTICLES AND REVERSE
CHOLESTEROL TRANSPORT
Formation of High-Density Lipoprotein Particles

The formation of mature HDL particles requires several steps (Fig. 7).30,39–41,57–59 The
initial step is the synthesis of Apo A-I, the main structural protein of HDL, in the liver
and intestine. The liver and intestine secrete Apo A-1 which then acquires cholesterol
and phospholipids that are effluxed from hepatocytes and enterocytes leading to the
formation of pre–beta-HDL. ABCA1 facilitates the efflux of cholesterol and phospho-
lipids and patients with loss of function mutations in ABCA1 are unable to add lipid to
the newly secreted Apo A-I resulting in the rapid degradation of Apo A-I and very low
HDL levels. In mice, targeted knock-outs of ABC1 in the liver result in an 80%
decrease in HDL levels while targeted knock-outs in the intestine result in a 30%
decrease in HDL levels. ABCA1 is expressed in numerous tissues allowing these tis-
sues to also contribute cholesterol and phospholipids to lipid-poor Apo A-I particles.
During the metabolism of triglyceride-rich lipoproteins cholesterol and phospho-

lipids may be transferred from chylomicrons and VLDL to newly formed HDL, which
explains the observation that patients with high plasma triglyceride levels due to
decreased metabolism of triglyceride-rich lipoprotein often also have low HDL levels.
The metabolism of triglyceride-rich lipoproteins also results in the transfer of apolipo-
proteins to HDL from these triglyceride-rich lipoproteins. The movement of phospho-
lipids between lipoproteins is facilitated by phospholipid transfer protein (PLTP) and
mice lacking PLTP have a large reduction in HDL and Apo A-I levels.

High-Density Lipoprotein Cholesteryl Esterification

As noted earlier free cholesterol is localized on the surface of lipoprotein particles
including HDL while the bulk of the cholesterol is in the core of HDL in the form of cho-
lesteryl esters. Free cholesterol is effluxed from cells to HDL and to form mature large
spherical HDL particles, this free cholesterol must be esterified. LCAT is an HDL-
associated enzyme that catalyzes the transfer of fatty acid from phospholipids to
free cholesterol resulting in the synthesis of cholesteryl esters which migrate from
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Fig. 7. Hdl metabolism. (Adapted from Feingold KR. Introduction to Lipids and Lipopro-
teins. 2021 Jan 19. In: Feingold KR, Anawalt B, Boyce A, Chrousos G, de Herder WW, Dhatar-
iya K, Dungan K, Hershman JM, Hofland J, Kalra S, Kaltsas G, Koch C, Kopp P, Korbonits M,
Kovacs CS, Kuohung W, Laferrère B, Levy M, McGee EA, McLachlan R, Morley JE, New M,
Purnell J, Sahay R, Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, editors. Endo-
text [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000–.)
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the surface of HDL particles into the core. Apo A-I is an activator of LCAT. In humans,
LCAT deficiency leads to very low HDL cholesterol and Apo A-I levels and a large num-
ber of small HDL particles.

Metabolism of High-Density Lipoprotein Particles

The size and composition of HDL particles are determined by lipases and transfer pro-
teins. CETP mediates the transfer of cholesteryl esters in the core of HDL particles to
Apo B containing lipoproteins in exchange for triglycerides. The triglycerides trans-
ferred to HDL may be metabolized by hepatic lipase resulting in small HDL particles.
Apo A-I more easily disassociates from small HDL resulting in increased Apo A-I
degradation. Humans deficient in CETP activity have large HDL particles and very
high HDL cholesterol levels. As one would expect the absence of CETP also results
in a decrease in LDL cholesterol levels. Genetic deficiency of hepatic lipase results
in larger HDL particles and amodest elevation in HDL cholesterol levels. The phospho-
lipids carried on HDL particles are hydrolyzed by endothelial cell lipase. In mice
decreased endothelial lipase activity results in increased HDL cholesterol levels while
increased endothelial lipase activity results in decreased HDL cholesterol levels.
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HDL cholesterol is primarily delivered to the liver. SR-B1, which promotes the selec-
tive uptake of HDL cholesterol mediates the uptake of HDL cholesterol by the liver.
HDL particles bind to hepatic SR-BI and the cholesterol in HDL is transported into
the liver without the internalization of the HDL particle. This results in a cholesterol
depleted smaller HDL particle, which is then released back into the circulation. Mice
deficient in SR-B1 have a marked increase in HDL cholesterol levels and interestingly,
the risk of atherosclerosis is increased despite the increase in HDL cholesterol levels
due to a decrease in reverse cholesterol transport. In mice, the importance of the he-
patic SR-BI pathway is well defined but the role in humans is less certain. In mice, the
transport of cholesterol from peripheral tissues to the liver is dependent solely on SR-
BI while in humans CETP transports cholesterol from HDL to Apo B containing lipopro-
teins, which can serve as an alternative pathway for the transport cholesterol to the
liver. In humans’ polymorphisms in the SR-BI gene influence HDL cholesterol levels
but have only a minimal effect on atherosclerosis.
Apo A-I is metabolized independently of HDL cholesterol with most of the Apo A-I

catabolized by the kidneys with the remainder catabolized by the liver. The kidney fil-
ters lipid-free or lipid-poor Apo A-I which is then taken up by the renal tubules. The size
of the Apo A-I particle determines whether it can be filtered by the kidneys and hence
the degree of lipidation of Apo A-I determines the rate of metabolism. Lipid-poor HDL
lead to the rapid catabolism of Apo A-1 by the kidney. Conditions or disease states
that result in lipid-poor HDL are associated with low HDL and Apo A-I levels. In the
renal tubule, Apo A-I binds to cubilin, which in association with megalin, a member
of the LDL receptor gene family, results in the uptake and degradation of filtered
Apo A-I by renal tubular cells. The mechanisms by which the liver catabolizes Apo
A-I are poorly defined. Apo E containing HDL particles may be taken up by the LDL
receptor and other Apo E receptors in the liver and degraded.

Reverse Cholesterol Transport

Peripheral cells accumulate cholesterol via de novo cholesterol synthesis and the uptake
of cholesterol from circulating lipoproteins.60–65 Only a few specialized cells havemech-
anisms to decrease cellular cholesterol levels. Intestinal cells can secrete cholesterol into
the intestinal lumenandsebocytesandkeratinocytes cansecret cholesterol onto theskin
surface. Adrenal, testicular, and ovarian cells can convert cholesterol into steroid hor-
mones. Other cells can only decrease cellular cholesterol via reverse cholesterol trans-
port. The ability of macrophages in the arterial wall to efficiently remove cholesterol by
reverse cholesterol transport pathway may play an important role in the prevention of
atherosclerosis.
The efflux of cellular cholesterol to lipid-poor pre–beta-HDL particles is mediated by

ABCA1 while efflux of cellular cholesterol to mature HDL particles is mediated by
ABCG1 (Fig. 8). SR-B1 and passive diffusion may also contribute to the efflux of
cellular cholesterol to mature HDL particles. ABCA1 and ABCG1 are upregulated by
the activation of LXR, a nuclear hormone transcription factor that is activated by oxy-
sterols. As cellular cholesterol rises the formation of oxysterols is enhanced resulting in
the activation of LXR which stimulates the expression of ABCA1 and ABCG1 resulting
in an increase in the efflux of cholesterol from cells to HDL.
miR-33 is a microRNA that is embedded within the SREBP2 gene which targets

ABCA1 and ABCG1 mRNA for degradation. As the cellular cholesterol levels increase
the expression of SREBP2 decreases resulting in a decrease in LDL receptor and
cholesterol synthesis and a decrease in miR-33 levels. The decrease in miR-33 will
lead to an increase in the expression of ABCA1 and ABCG1 resulting in increased
cholesterol efflux which coupled with the decrease in LDL receptor activity and
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Fig. 8. Cholesterol efflux from macrophages. (Modified from Rader DJ. Molecular regula-
tion of HDL metabolism and function: implications for novel therapies. J Clin Invest. 2006
Dec;116(12):3090-100.)
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cholesterol synthesis will decrease cellular cholesterol levels. Conversely, a decrease in
cellular cholesterol levels will increase SREBP2 expression resulting in an increase in
LDL receptor activity and cholesterol synthesis increasing cholesterol accumulation,
and an increase in miR-33, resulting in the decreased expression of ABCA1 and
ABCG1 and a reduction in cholesterol efflux. Together these changes in cholesterol
accumulation mediated by the LDL receptor and cholesterol synthesis and cholesterol
efflux mediated by ABCA1 and ABCG1 will maintain cellular cholesterol homeostasis.
There are 2 pathways for cholesterol carried on HDL to be transported to the liver.

HDL can interact with hepatic SR-BI receptors resulting in the selective uptake of
cholesterol from HDL particles into the liver or CETP can transfer cholesterol from
HDL particles to Apo B lipoprotein particles with the subsequent uptake of Apo B con-
taining lipoproteins by the liver. The cholesterol delivered to the liver can be eliminated
from the body by 2 pathways. First, cholesterol can be secreted into the bile, a process
facilitated by ABCG5 and ABCG8. ABCG5 and ABCG8 expression is increased by the
activation of LXR and therefore an increase in hepatic cholesterol levels results in an in-
crease in oxysterol production thereby increasing LXR activation and the secretion of
bile acid. Second, cholesterol can be converted to bile acids and secreted in the bile.
Studies have suggested that reverse cholesterol transport plays an important role in

protecting from the development of atherosclerosis. HDL cholesterol levels may not
be indicative of the rate of reverse cholesterol transport as reverse cholesterol trans-
port involves multiple steps and HDL cholesterol levels may not accurately reflect
these steps. For example, the ability of HDL to promote cholesterol efflux from mac-
rophages can vary and the same level of HDL cholesterol may not have equivalent
abilities to mediate the first step of reverse cholesterol transport.

CLINICS CARE POINTS
� Low HDL-C levels are often due to decreased metabolism of triglyceride-rich lipoproteins,
which explains the association of low HDL-C with hypertriglyceridemia
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� Hepatic LDL receptors are the major regulator of LDL-C levels and drugs such as statins,
ezetimibe, PCSK9 inhibitors, and bempedoic acid lower LDL-C levels by increasing the
number of hepatic LDL receptors

� Reverse cholesterol transport is a complex process and the levels of HDL-C may not accurately
indicate the activity of reverse cholesterol transport.
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