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ABSTRACT: In 2019, the European Society of Cardiology/European Atherosclerosis Society stated that apolipoprotein B (apoB)
was a more accurate marker of cardiovascular risk than low-density lipoprotein cholesterol (LDL-C) and non-high-density lipo-
protein cholesterol. Since then, the evidence has continued to mount in favor of apoB. This review explicates the physiological
mechanisms responsible for the superiority of apoB as a marker of the cardiovascular risk attributable to the atherogenic apoB
lipoprotein particles chylomicron remnants, very low-density lipoprotein, and low-density lipoprotein particles. First, the nature
and relative numbers of these different apoB particles will be outlined. This will make clear why low-density lipoprotein particles
are almost always the major determinants of cardiovascular risk and why the concentrations of triglycerides and LDL-C may ob-
scure this relation. Next, the mechanisms that govern the number of very low-density lipoprotein and low-density lipoprotein par-
ticles will be outlined because, except for dysbetalipoproteinemia, the total number of apoB particles determines cardiovascular
risk, Then, the mechanisms that govern the cholesterol mass within very low-density lipoprotein and low-density lipoprotein par-
ticles will be reviewed because these are responsible for the discordance between the mass of cholesterol within apoB particles,
measured either as LDL-C or non—high-density lipoprotein cholesterol, and the number of apoB particles measured as apoB,
which creates the superior predictive power of apoB over LDL-C and non—high-density lipoprotein cholesterol. Finally, the major
apoB dyslipoproteinemias will be briefly outlined. Our objective is to provide a physiological framework for health care givers to
understand why apoB is a more accurate marker of cardiovascular risk than LDL-C or non—high-density lipoprotein cholesterol.
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caused by trapping of apolipoprotein B (apoB)-

containing lipoprotein  particles initiates and
drives the evolution of atherosclerosis, from the be-
ginning to the end, from the appearance of the first
fatty streaks, to the complex, calcified atherosclerotic
plagues that cause the clinical events."? However,
cholesterol only circulates in plasma within lipopro-
tein particles, and deposition of cholesterol within the

Deposition of cholesterol within the arterial wall

arterial wall only occurs with trapping of apoB parti-
cles within the arterial wall. Based on evidence from
prospective epidemiological studies, randomized
clinical trials, and Mendelian randomization analyses,
the 2019 European Society of Cardiology/European
Atherosclerosis Society Guidelines concluded that
apoB, which measures the number of apoB particles
in plasma, is a more accurate marker of the cardio-
vascular risk attributable to the apoB lipoproteins than
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Nonstandard Abbreviations and Acronyms

ANGPTL3 angiopoietin like protein 3

CE cholesteryl ester

CETP cholesteryl ester transfer protein

FH familial hypercholesterolemia

Lp(a) lipoprotein(a)

PCSK9 proprotein convertase subtilisin kexin 9

low-density lipoprotein cholesterol (LDL-C) or non-
high-density lipoprotein cholesterol (non-HDL-C) and
a more accurate index of the adequacy of lipid lowering
therapy than LDL-C or non—-HDL-C.2 The evidence has
grown even stronger since.*"" Moreover, apoB can
be measured more accurately by clinical laboratories
than LDL-C or non-HDL-C, but just as rapidly, and al-
most as inexpensively, using standardized automated
technologies that are available in any modern clinical
chemistry laboratory.'>'3

Because cholesterol is a major component of all
apoB particles, apoB, LDL-C, and non—-HDL-C are highly
correlated. As values of 1 increase, so do values of the 2
others, and so does cardiovascular risk. Conversely, as
values of 1 decrease, so do values of the 2 others, and
so does cardiovascular risk. However, LDL-C and non-
HDL-C are not always accurate equivalents of apoB,
because the mass of cholesterol per apoB particle var-
ies.'*"® Therefore, at any level of LDL-C or non-HDL-C,
there is considerable variance in the value of apoB.
Similarly, at any level of apoB, there is considerable vari-
ance in the levels of LDL-C and non-HDL-C.'®

The risk of cardiovascular disease is driven by the
number of apoB particles, which are trapped within
the arterial wall, and cardiovascular risk relates more
directly to the number of apoB particles in plasma than
to the mass of cholesterol within them.!? Therefore, the
variance or discordance between the levels of apoB on
the one hand, and the levels of LDL-C and non-HDL-C
on the other, underlie why apoB is a more accurate
marker of cardiovascular risk in individuals than either
LDL-C or non—-HDL-C.

LDL-C has traditionally been the primary marker
and target in clinical care of the risk of cardiovascular
disease caused by apoB lipoprotein particles, a deci-
sion that was based on masses of published evidence,
which have resulted in wide familiarity and acceptance
of its value. However, this is changing as health care
providers become more aware of the evidence sup-
porting apoB as a more accurate marker of cardiovas-
cular risk. That a new marker may work better than the
old marker does not negate the benefits that the old
marker brought. apoB does not contradict LDL-C and
non-HDL-C. apoB extends LDL-C and non-HDL-C.
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However, there is no recent summary to outline the
pathophysiological bases for the superiority of apoB
over LDL-C and non-HDL-C. Accordingly, this essay
will review the mechanisms that regulate the number
of apoB particles in plasma and their lipid composition.

Based on these concepts, care givers will under-
stand why, except for dysbetalipoproteinemia, apoB
includes all the information about cardiovascular risk
from LDL-C, non—HDL-C, and triglycerides, and there-
fore, how apoB could improve diagnosis and simplify
therapy. We will explain why LDL particles are more
important drivers of cardiovascular risk than very low-
density lipoprotein (VLDL) particles, even in those
with hypertriglyceridemia, and why not all individuals
with hypertriglyceridemia have an elevated apoB, and
therefore, why not all those with high triglycerides have
the same cardiovascular risk. We will also demonstrate
how the number of LDL apoB particles, and therefore
cardiovascular risk, can be elevated when LDL-C and/
or non-HDL-C are normal. Finally, we will illustrate the
most significant proatherogenic apoB lipoprotein phe-
notypes to help reframe the conventional disorders of
lipid metabolism as disorders of apoB lipoprotein par-
ticle metabolism.

APOB PARTICLES AND APOB
PARTICLE NUMBER

The different classes of the apoB lipoproteins are il-
lustrated schematically in Figure 1. apo B,g is 2143
amino acids in length and 264 kDa in size, and is a
truncated, lighter version of apo B,,,, which is 4136
amino acids in length and 550 kDa in size."?° apo
B,s encircles chylomicron particles secreted by the
intestine, providing an exoskeleton for these particles;
apo B, does not contain the low-density lipoprotein
(LDL) receptor binding region of apoB, which is ex-
cised by a distinctive intestine-specific RNA editing
mechanism.?°

Intact chylomicrons transport dietary triglycerides
to adipose tissue and skeletal muscle. Chylomicron
remnant particles are released back into plasma
from these tissues after removal of most of their tri-
glycerides, but with the original mass of cholesterol still
intact. These chylomicron remnant particles deliver the
dietary cholesterol and the triglycerides that remain in
their core to the liver and, in normal individuals, these
are rapidly removed from plasma.'”?!

Each VLDL particle secreted by the liver (Figure 1)
is encircled by 1 molecule of apo B,,, which provides
structural integrity.?22® A molecule of apo B, also
contains a specific binding site for the LDL receptor,
and once bound to an LDL receptor, that apo B,
particle, along with its cholesterol cargo, is rapidly re-
moved from plasma. In contrast to the multiple other
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apoB lipoproteins
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Figure 1. apoB lipoprotein particles.

One molecule of apo B,y encircles each chylomicron and chylomicron remnant particle. The
chylomicron remnant particle contains less TG but the same amount of cholesterol as the intact
chylomicron particle. The difference in TG mass represents the mass of TG delivered to adipose
tissue and skeletal muscle. One molecule of apo B,y, encircles VLDL, LDL, and Lp(a) particles.
Lp(a) particles are an LDL particle to which a molecule of apo(a) has been attached. One molecule
of apo B,z encircles a chylomicron or chylomicron remnant particle. apoB indicates apolipoprotein
B; CE, cholesteryl ester; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); TG, triglycerides; and

VLDL, very low-density lipoprotein.

apolipoproteins, which can be present on its surface,
particularly on VLDL and chylomicron particles, apo
B, @and apo B,g are essential structural components
of apoB particles and are present throughout their
lifetime in plasma. Because there is 1 molecule of
apoB per particle,??28 total plasma apoB is an exact
measure of the total number of apoB particles in
plasma.

Other apolipoproteins, such as apokE, apo Cll, and
apo Clll, play important roles in regulating the metabo-
lism of the chylomicron and VLDL particles. However,
we will not deal with these here, because these other
markers have not yet been shown to add clinically rel-
evant information beyond that provided by apoB. That
is not the case for lipoprotein(a) (Lp[a]) particles. Lp(a)
is an LDL particle to which a molecule of apo(a) has
been disulfide bonded to apo B,y,.2* Lp(a) appears
to increase the risk of arteriosclerotic cardiovascu-
lar disease independently of LDL-C or total apoB.?!
Therefore, to assess the atherogenic risk attributable
to the apoB lipoproteins, Lp(a) must be measured as
well as apoB. Lp(a) also plays a causal role in the gen-
esis of calcific aortic stenosis.?® Lp(a) particles gen-
erally account for only a small minority of total apoB
particles in plasma. Occasionally, however, they may
contribute significantly to total apoB and LDL-C.?®
Newer assays that report Lp(a) in nanomoles per liter
rather than mass should solve this problem, because
the proportion of total apoB attributable to Lp(a) will
be calculable.?” The levels of Lp(a) are determined ge-
netically, and there is little variance over our lifetimes.
Medications to lower Lp(a) with the goal to reduce car-
diovascular risk and the likelihood of aortic stenosis
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are being developed, but the results of randomized
controlled trials of cardiovascular outcomes are not
yet available.?® Therefore, we will not deal further with

Lp(a).

apoB Particle Number

The relative numbers of the different apoB particles
in the plasma of a normal person are illustrated in
Figure 2. Chylomicron particles are the largest, 75 to
1200 nm in diameter, and the fewest; they are normally
almost all removed from plasma within 3 to 4 hours of
eating.?® Chylomicron particles are too large to enter
the arterial wall and therefore are not atherogenic.
However, they are not entirely innocuous. Pancreatitis
can occur secondary to a marked increase in chylomi-
cron particle numbers and residence time. However,
pathogenic chylomicronemia is relatively rare and, al-
though important, will not be dealt with here. All the
other apoB particles, including chylomicron remnant
particles, can enter the arterial wall and therefore are
atherogenic. These are the particles on which we will
focus.

At peak postprandial periods, there are 9 to 10
times as many VLDL apo B, 4, particles as apo B, par-
ticles,®%-%2 and there are 9 times as many LDL apoB
particles as VLDL apoB particles®*3" (Figure 2). All clin-
ically available immunoassays to measure apoB rec-
ognize apo B, as well as apo B,,. Yet, because there
are so few apo B, particles relative to the number of
apo By, particles,?*303334 there is no significant dif-
ference between fasting and postprandial apoB level.
Consequently, fasting samples are not required to
measure apoB.
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Relative numbers of apoB particles
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Figure 2. Relative numbers of apoB particles.

LDL particles (on the right) are by far the most numerous, whereas chylomicron particles (the large
particle on the left) are by far the least numerous. There are, on average, 9 times the number of
VLDL particles as the sum of chylomicron and chylomicron particles in the postprandial period
but 9 times the number of LDL particles as VLDL particles. Note VLDL and LDL particles can differ
in size based on the relative amounts of triglycerides and cholesterol, respectively. LDL particles
differ in the mass of cholesterol they contain, and therefore their size, resulting in the subclasses
of LDL particles: LDL1, LDL2, and LDLS3. In this figure, 1 chylomicron and 1 chylomicron remnant
particle are combined, so that the proper relative number of apoB particles in the postprandial
period can be illustrated. apoB indicates apolipoprotein B; LDL, low-density lipoprotein; and

VLDL, very low-density lipoprotein.

In normotriglyceridemic subjects, 5% to 10% of
total apoB particles are VLDL particles; the rest are
LDL particles.3>%" As plasma triglycerides increase,
this proportion may increase to 15% to 20%.%°
Nevertheless, even in severe hypertriglyceridemia, ex-
cept for dysbetalipoproteinemia (formerly called type
Il hyperlipoproteinemia, a rare dyslipidemia character-
ized by abnormal accumulation of remnant particles
[see below]), LDL particles make up the great majority
of apoB particles in plasma.??3 The great excess of
LDL particles over VLDL particles explains why LDL,
and by extension LDL-C, is such a strong risk factor
for atherosclerotic cardiovascular disease (ASCVD),
whereas triglycerides are not, and why, even in pa-
tients who are hypertriglyceridemic, LDL particles are
the major drivers of risk.

VLDL particles differ in size; the larger ones contain
considerably more triglycerides than the smaller ones.
Accordingly, plasma triglycerides are not a measure
of the number of VLDL particles. The mass of cho-
lesterol per LDL particle also varies, although less so
than the variance of triglycerides within VLDL particles.
Subclasses of LDL particles have been defined; LDL1
particles have the greatest mass of cholesterol per parti-
cle, LDL2 particles have an average mass of cholesterol
per particle, and LDL3 particles have the least mass of
cholesterol per particle.!® The overall ratio of cholesterol

per LDL particle will depend on which of these species
predominates. This variance in composition explains
why LDL-C is an inexact, and therefore clinically unreli-
able, measure of the number of LDL particles.

Pathophysiological Determinants of the
Number of apoB Particles in Plasma
Because apo B, contributes so little to total apoB,
plasma apoB is effectively determined by the total num-
ber of VLDL, and especially LDL, particles. The number
of VLDL and LDL particles can increase either because
their production increases, their clearance decreases,
or by a combination of increased production and de-
creased clearance (Figure 3). Thus, a high number
of VLDL particles could be because of (1) increased
production of VLDL particles by the liver, (2) impaired
clearance of VLDL particles by the liver, (3) impaired
conversion of VLDL to LDL particles, or (4) any com-
bination of these factors. Similarly, an elevated num-
ber of LDL particles could be because of (1) impaired
clearance of LDL particles by the LDL receptor path-
way, (2) to increased production of LDL particles from
VLDL particles, or (3) to a combination of decreased
clearance and increased production. Accordingly, the
pathophysiology of every apoB dyslipoproteinemia can
be characterized by whether the primary defect is in
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VLDL-LDL particle metabolism

Figure 3. VLDL-LDL particle metabolism.

This figure illustrates schematically the regulation of VLDL and LDL particle number in plasma.
VLDL particles are secreted by the liver into the plasma compartment, from which they are either
removed directly by the liver after much of their TG have been removed or converted to LDL
particles. At steady state, the rate at which VLDL particles are secreted from the liver is equal to
the rate at which they are removed from plasma. Once steady state is achieved, either an increase
in the rate of production or a decrease in the rate of removal will produce an increased VLDL
particle number. Similarly, the rate at which LDL particles are produced at steady state is equal
to the rate at which they are removed from plasma. LDL particles are produced by conversion
of VLDL to LDL particles and are removed either by a specific clearance pathway or by multiple
nonspecific pathways. Almost all LDL particles are cleared from plasma by the liver. Only a small
minority are removed by peripheral cells. IDL indicates intermediate-density lipoprotein; LDL

indicates low-density lipoprotein; TG, triglycerides; and VLDL, very low-density lipoprotein.

clearance or production of apoB particles or whether
there are significant defects in both.

Determinants of VLDL Particle Number

VLDL apoB particles are secreted by the liver, and after
much of their triglycerides are removed and deposited
in adipose tissue or skeletal or cardiac muscle, they
are either cleared from plasma by the liver or converted
to LDL apoB particles (Figure 4). At steady state, the
rate at which VLDL particles are secreted by the liver
into plasma equals the rate at which VLDL particles
are removed from circulation by the liver plus the rate
at which VLDL particles are converted to LDL particles
(Figure 3 and 4). Our knowledge of the determinants
of VLDL production and secretion by the liver is in-
complete, although genetic studies are providing new
leads. It has been established that the rate at which
apoB molecules are synthesized by the liver varies lit-
tle, whereas the rate at which newly synthesized apoB
molecules are incorporated into nascent VLDL parti-
cles varies substantially.3”3 Most evidence indicates
that regulation of secretion of apoB particles occurs
at this step or in the final assembly of VLDL particles
within the endoplasmic reticulum.®® Increased rates of
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triglycerides and cholesterol ester (CE) synthesis corre-
late with increased rates of secretion of VLDL particles,
but whether these are associated or controlling events
has not been determined with any certainty.*°-42 VDL
secretion rates are increased in patients with hypertri-
glyceridemia,*® abdominal obesity, insulin resistance,
and diabetes,***® and in patients with familial com-
bined hyperlipidemia,*6-%¢ the most common athero-
genic dyslipoproteinemia associated with premature
coronary artery disease.*®=®" The liver secretes at least
2 different VLDL particles at rates that can differ sub-
stantially. One is larger, with more triglycerides than
the other, which explains why the relationship between
the secretion rate of triglycerides within VLDL particles
and the secretion rate of VLDL particles can differ so
significantly.%?

Just as with VLDL secretion, little is known as to
what determines whether VLDL particles are removed
from plasma or converted to LDL particles. apoE likely
plays an important role®® and perhaps so also does
apo ClIl.%* As well, we suspect, so does the mass of
cholesterol relative to triglycerides within the particle.
The processes that catabolize the smaller VLDL parti-
cles, from which much of the triglycerides have been
removed, are also not well defined. Specific receptors
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Regulation of VLDL and LDL apoB particle number

Liver
Adipose
Tissues

Muscle

Plasma VLDL

Plasma LDL

Figure 4. Regulation of VLDL and LDL apoB particle number.

This figure illustrates the metabolic relations among the various VLDL and LDL particles. The liver
secretes VLDL1 and VLDL2 particles. VLDL1 particles are the most TG rich and can be converted
to VLDL2 particles by hydrolysis of core TG in peripheral tissues. Similarly, VLDL2 particles can
be converted to VLDL3 particles, which can be converted to IDL particles or removed by the
liver. IDL particles can be converted to LDL1 particles, which, following core lipid exchanges as
illustrated in Figure 3, can be converted successively to LDL1, LDL2, and LDLS3 particles. VLDL1
are the most TG-rich particles secreted by the liver; VLDL2 contain an intermediate mass of TG
and are also secreted by the liver. VLDL1 and VLDL2 particles can be sequentially converted to
VLDLS3 particles, which can be converted to IDL particles, which can be converted successively
to LDL1, LDL2, and LDLS3 particles. apoB indicates apolipoprotein B; CE, cholesteryl ester; IDL,
intermediate density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; and VLDL, very

low-density lipoprotein.

for VLDL have been postulated, but none have been rig-
orously demonstrated. On the other hand, there is good
evidence that binding to heparan sulfate proteoglycans
may be a critical step in the removal process.® Whether
the LDL receptor pathway is involved at all is an open
question, particularly because turnover studies sug-
gest statin treatment increases VLDL clearance from
plasma, and VLDL particles all contain a molecule of
apo By, and many apokE as well, which are both ligands
for the LDL receptor. However, the fact that triglyceride
levels are characteristically low in patients with familial
hypercholesterolemia (FH), in whom the LDL receptor
pathway is genetically defective, argues against a critical
role for the LDL receptor in this process.

Determinants of LDL Particle Number

LDL particles are produced when triglycerides are
removed from VLDL particles. Thus, LDL particles
are produced indirectly by the liver, because they are
products of metabolized VLDL particles. In general,
the rate of production of VLDL particles is the major
determinant of the rate of production of LDL parti-
cles.®® Therefore, to the extent that the determinants
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of production of VLDL particles remain to be fully
clarified, so do the determinants of production of LDL
particles. A second mechanism that can affect pro-
duction of LDL particles is variance in the proportion
of VLDL particles converted to LDL particles. In FH, an
increased proportion of VLDL particles are converted
to LDL particles, perhaps because of decreased reup-
take of newly secreted VLDL particles by the liver,’
whereas in dysbetalipoproteinemia, a decreased pro-
portion is converted, perhaps because of impaired
interaction with the liver.3® The APOB p.Arg3480Pro
variant is an unusual but apt and vivid example of a
critically sited mutation producing hypobetalipopro-
teinemia because of reduced conversion of VLDL to
LDL.%® Understanding the metabolic determinants of
this process should be a high priority, because it ap-
pears to be an important target for drug development;
the inhibitors of ANGPTL3 (angiopoietin like protein
type 3), for example, might act at this site.®°

As with VLDL particles, the number of LDL parti-
cles in plasma is a function of the rate at which they
are produced and the rate at which they are removed
or cleared from plasma (Figure 3). The plasma half-
life of a VLDL particle is 3 to 4hours, whereas the
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plasma half-life of an LDL particle is 3 to 4 days.*3%
Thus, although each LDL particle was derived from
a VLDL particle, this dramatic difference in clearance
rates results in the dominance of LDL particles versus
VLDL particles. Almost all attention has focused on
clearance as the primary determinant of LDL particle
number, based, in large part, on the brilliant studies
by Brown and Goldstein and their colleagues, who not
only described the LDL receptor pathway as the phys-
iological route to remove LDL particles from plasma,
but also demonstrated that the highest levels of LDL
occur in individuals in whom the LDL receptor pathway
is completely defective.®?

The LDL receptor pathway operates as follows: the
apoB on the LDL particle binds to the LDL receptor,
the receptor-LDL particle complex is rapidly internal-
ized, the apoB is hydrolyzed within a lysosome, and
the cholesterol that is released initiates an intricate
sequence of metabolic responses within the cell that
results in reduced synthesis of LDL receptors and
cholesterol. The liberated receptor is recycled to the
cell surface, a process that occurs up to 100 times
over its lifespan until it is finally degraded by PCSK9
(proprotein convertase subtilisin kexin 9). In this model,
the LDL receptor pathway meets the cell’'s needs by
delivering cholesterol to the interior of the cell, thereby
reducing the need for synthesis or uptake of more
cholesterol. Accordingly, the metabolism of cholesterol
within LDL particles is part of a tightly integrated ho-
meostatic system.

However, does the LDL receptor pathway fulfill
this function in the intact organism? Not obviously.®3
The great majority of LDL particles are removed from
plasma by the liver.84 Only a small number are removed
by other tissues.?® Except for the adrenal glands, LDL
particles play only a minor physiological role in the
transport of cholesterol to peripheral tissues. Peripheral
cells synthesize all the cholesterol they need. Not only
is the physiological role of the LDL receptor pathway to
deliver cholesterol to cells not clear, its capacity as a
transport system to remove LDL particles from plasma
is limited. The LDL receptor binds apo B,,, with high
affinity, but is saturated at relatively low concentra-
tions of LDL. Are other mechanisms required to clear
LDL particles from plasma? Obviously yes, otherwise
LDL particles would continue to accumulate in plasma
indefinitely.

These undefined receptors appear to bind LDL par-
ticles nonspecifically, but without limit.6¢ Accordingly,
these nonspecific pathways clear a constant fraction
of LDL particles in plasma regardless of their number.
Importantly, recent large-scale genetic studies exam-
ining the relation between causal variants of significant
dysfunction in the LDL receptor pathway and levels
of LDL-C in plasma demonstrate that only a small mi-
nority of individuals with marked hypercholesterolemia
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have demonstrable single gene defects in this path-
way, whereas a surprisingly large number of individ-
uals with mostly imputed causal variants have normal
or only moderately elevated levels of LDL-C. These
observations demonstrate that factors other than the
LDL receptor pathway must play critical roles in deter-
mining the concentration of LDL, and therefore apoB,
in plasma.®3

Cholesterol Fluxes and Removal of LDL
Particles From Plasma

The liver stands at the center of all the major choles-
terol fluxes within the organism, and uptake of choles-
terol within LDL particles via the LDL receptor pathway
is only one of the multiple sources of cholesterol for
the liver. Chylomicron remnant particles deliver dietary
cholesterol to the liver. Hepatocytes actively synthesize
cholesterol using 3-hydroxy-3-methyl glutaryl-(HMG)
CoA reductase. High-density lipoprotein (HDL) parti-
cles deliver cholesterol from peripheral cells to the liver.
So also do VLDL particles taken up by the liver. Given
that the liver is the only tissue that can break down and
secrete cholesterol in meaningful quantities, and that
all cells synthesize cholesterol, all routes must lead to
the liver to maintain cholesterol homeostasis within the
organism.

In species, such as humans, in which CETP (cho-
lesteryl ester transfer protein) is present, VLDL and
LDL particles also participate in reverse cholesterol
transport from peripheral tissues. In these species, CE
is transferred to VLDL particles from HDL particles and
can be returned to the liver either within VLDL or LDL
particles. There is no evidence that this improves re-
verse cholesterol transport; merely, that the route cho-
lesterol may take to return to the liver is more complex
than it might otherwise have been. In this accounting,
the LDL receptor pathway is but one of the multiple
routes by which cholesterol is returned to the liver to
maintain cholesterol homeostasis in the organism.

What physiological process is served by the cho-
lesterol that was exported from the liver within VLDL
particles and returned as VLDL or LDL particles? Is this
just a futile cycle of cholesterol or could it be that cho-
lesterol and CE are essential elements to form VLDL
particles? Alternatively, could it be that at least in cer-
tain circumstances VLDL particles also export excess
cholesterol from the liver? These are questions without
answers at present.

Clearance Versus Production as
Determinants of LDL Particle Number

Whatever the uncertainties as to its physiological use-
fulness or its final importance in clearance, the LDL re-
ceptor pathway is a major determinant of LDL particle
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number in plasma. LDL particles can be cleared from
plasma by the LDL receptor pathway or by nonspecific
pathways. These latter pathways are also principally
situated in the liver, and although they bind LDL par-
ticles with low affinity, they have an unlimited capacity
to transport LDL particles.®” In patients with homozy-
gous FH, in whom the LDL receptor pathway does not
function because of biallelic pathogenic variants in the
LDLR, APOB, PCSK9, or LDLRAP1 genes, clearance
of LDL particles must presumably occur, principally
or exclusively, via nonspecific pathways. apoB turno-
ver studies in patients with FH and Watanabe rabbits
with a pathogenic LDLR variant causing a phenotype
analogous to human FH, as well as studies using LDL
containing a binding defective variant of apo B, have
all demonstrated that the nonspecific pathways clear
a constant fraction, ~0.17 pools of LDL per day, of the
LDL particles in plasma.546871 Although the actual
mass of cholesterol delivered to the liver is greater than
normal, these nonspecific pathways have no clinical
benefit in homozygous FH, because this increased
delivery of cholesterol is achieved at the cost of a dis-
proportionately increased LDL particle number and
therefore vastly increased cardiovascular risk.

Thus, there are 2 routes to clear LDL from plasma:
the specific LDL receptor pathway and the nonspecific
pathways. The former is highly effective but limited in
capacity. The latter is much less effective, but unlimited
in capacity. Dietschy and his colleagues worked out
in detail the relationships among production of LDL-C
and clearance of LDL particles by the specific LDL
receptor pathway versus the nonspecific pathways.”!
Based on their work and corresponding apoB turn-
over studies, we have calculated the impact of varying
clearance or production or both on the number of LDL
particles, LDL apoB.”?

Tables 1 through 3 quantify the effect on LDL apoB
that occurs with changes in clearance of LDL particles,
production of LDL particles, or both. Table 1 lists the
effects on LDL apoB of serial reduction in the activity
of the LDL receptor pathway in a 70-kg hypothetical
individual with a normal production rate of LDL parti-
cles.”? The fractional clearance rate of LDL particles by
the nonspecific pathway is constant (ie, 0.17 pools of
LDL per day). The fractional clearance rate of removal

Table 1. Effect on Plasma LDL apoB of Decreased Activity
of the LDL Clearance Pathway With Normal Production of
LDL Particle

Production rate of FCR LDL apoB,

LDL apoB pools/d LDL apoB, mg/dL
700 mg/d 0.45 45

700mg/d 0.32 63

700mg/d 017 18

apoB indicates apolipoprotein B; FCR, fractional clearance rate; and LDL,
low-density lipoprotein.
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by the specific pathway varies from 0.28 pools of LDL
per day, when its activity is normal, to O when the LDL
receptor pathway is totally dysfunctional, as in homo-
zygous biallelic FH. Thus, the fractional clearance rate
decreases progressively from 0.45 to 0.17 pools of LDL
per day as the activity of the LDL removal pathway is
reduced from normal to 0. The net effect is that LDL
apoB would increase progressively from 45 to 118 mg/
dL, a substantial but not extraordinary increase. This is
not consistent with the levels of LDL-C in patients with
homozygous FH, which are much higher. This discor-
dance between what is calculated and what has been
measured was noted by Bilheimer and colleagues and
explained by the fact that production of LDL was in-
creased in FH as well as its clearance decreased,®® a
finding that has been replicated in other studies."737

Table 2 quantifies the effect on LDL apoB that oc-
curs in another hypothetical individual with increased
production of LDL particles with persistent normal ac-
tivity of the LDL receptor pathway. Note the calculated
fractional clearance rate decreases as production in-
creases, although the LDL receptor pathway activity is
normal. This is because of the increase in the plasma
pool of LDL apoB. A larger pool means a smaller frac-
tion must be removed to achieve metabolic equilibrium.
The plasma LDL apoB pool increased substantially be-
cause production increased, and the transport capac-
ity of the LDL receptor pathway, although normal, was
saturated. Therefore, more and more clearance of LDL
particles must occur through nonspecific pathways.
Because the nonspecific pathways have low affinity
for LDL particles, there is a dramatic rise in the con-
centrations of LDL apoB particles as their production
increases. Note that the impact of overproduction on
increasing LDL apoB is more dramatic than the ef-
fect of reducing clearance, a critical insight made by
Meddings and Dietschy.%®

Finally, Table 3 quantifies the effect on LDL apoB
of a simultaneous increase in production of LDL apoB
with partial, but constant, decrease in activity of the
LDL receptor pathway. This indicates that a dual de-
fect, increased production with impaired clearance,
produces the most dramatic increases in LDL apoB.%®

Summary

Except for dysbetalipoproteinemia, even in patients
with severe hypertriglyceridemia, LDL particles are
much more numerous than VLDL particles, just as
VLDL particles are much more numerous than chy-
lomicrons and remnant particles. Therefore, LDL apoB
is the predominant determinant of apoB. VLDL apoB
or LDL apoB levels can increase because production
increases, clearance decreases, or both. Total apoB
reflects the total number of apoB particles, and except
for dysbetalipoproteinemia, the cardiovascular risk is
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Table 2. Effect on Plasma LDL apoB of Increased Production
of LDL With Normal Activity of the LDL Clearance Pathway

Production rate of FCR LDL apoB,

LDL apoB pools/d LDL apoB, mg/dL
700mg/d 0.45 45

1000mg/d 0.32 95

1300mg/d 017 145

apoB indicates apolipoprotein B; FCR, fractional clearance rate; and LDL,
low-density lipoprotein.

attributable to the apoB lipoproteins, no matter the
pathophysiological mechanism responsible for the el-
evation in apoB. This is how apoB integrates informa-
tion and simplifies care.

VARIANCE IN THE COMPOSITION OF
APOB PARTICLES

Triglycerides are the major lipid component of VLDL
particles, but the amount of triglycerides per VLDL par-
ticle is highly variable (Figure 1B). Therefore, the corre-
lations between plasma triglycerides and VLDL apoB
or total apoB are low.3® The mass of cholesterol within
LDL particles also varies, although not to the same
extent (Figure 1B). Therefore, the correlation between
apoB and LDL-C or non-HDL-C is relatively high.3®
Nevertheless, 3 classes of LDL particles can be distin-
guished: LDL1 particles contain the greatest mass of
cholesterol, LDL2 particles contain an average mass of
cholesterol, and LDL3 particles contain the least cho-
lesterol.”® The overall LDL-C/apoB ratio is determined
by the relative amounts of these 3 subclasses of LDL
particles. The variance in their proportions creates var-
iance in the average mass of cholesterol per apoB par-
ticle. This variance is sufficiently great and sufficiently
common that neither LDL-C nor non-HDL-C are ac-
curate estimates of LDL apoB or total apoB in many
individual patients.*

Because VLDL particles are large, 30 to 80nm in
diameter, the mass of triglycerides per particle is high.
Thus, a few VLDL particles can transport large masses
of triglycerides through plasma. By contrast, because
LDL particles are much smaller than VLDL particles,
20 to 25nm in diameter, the mass of cholesterol per

Table 3. Effect on Plasma LDL apoB of Increased
Production of LDL With Moderately Reduced Clearance
(FCR 0.33)

Production rate of FCR LDL apoB,

LDL apoB pools/d LDL apoB, mg/dL
700mg/d 0.29 69

1000mg/d 0.24 19

1300mg/d 0.22 170

apoB indicates apolipoprotein B; FCR, fractional clearance rate; and LDL,

low-density lipoprotein.
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LDL particle is much less than the mass of triglycerides
per VLDL particle. The volume of the average VLDL
particle is =10 times the volume of the average LDL
particle. Therefore, many more LDL particles are re-
quired to transport the same mass of cholesterol as
the mass of triglycerides carried by VLDL particles.
The conventional measurements of plasma lipids do
not reflect these physical realities. The absolute con-
centration of triglycerides in plasma measured as mil-
ligrams per deciliter or millimole per liter can often be
close to, or greater than, the absolute concentration of
LDL-C. A mole of triglycerides has a greater mass than
a mole of cholesterol. This creates a misleading im-
pression of how many VLDL particles there are com-
pared with how many LDL particles there are.

Pathophysiology of Discordance Between
LDL-C/Non-HDL-C and apoB

If the mass of cholesterol per apoB particle were in-
variant, LDL-C, non-HDL-C, and apoB would be iden-
tical predictors of the risk of cardiovascular disease. If
S0, there would be no reason to measure atherogenic
particle number rather than LDL-C or non-HDL-C.
However, the cholesterol mass per apoB can vary sub-
stantially. The result is that at any level of apoB, there
is significant variance in the mass of cholesterol per
apoB particle. The result is that LDL-C and non-HDL-C
are imperfect surrogates of apoB.

Exchange of core lipids is the major mechanism re-
sponsible for the variance in the cholesterol mass in
apoB particles’™ (Figure 5). The lipids within the core
of lipoprotein particles, CE and triglycerides, can be
exchanged among the apoB and HDL particles by
CETP. If a CE molecule is exchanged for another CE
molecule between an apoB particle and an HDL parti-
cle, or a triglyceride molecule is exchanged for another
triglyceride molecule, there is no change in the com-
position of these particles. However, if a CE molecule
is transferred from an LDL or HDL particle to a VLDL
or a chylomicron particle, and in return a triglyceride
molecule is transferred from that VLDL or chylomicron
particle to that LDL or HDL particle, the composition
of both particles has been changed. The VLDL par-
ticle has become enriched in CE whereas the LDL or
HDL particle has become enriched in triglycerides.
The LDL particle has not changed significantly in size
because the partial specific volumes of triglycerides
and CE are comparable. If the triglyceride is hydro-
lyzed, the mass of lipid in the particle core has been
diminished and the LDL particle has become smaller.
These 2 steps in succession explain the pathogenesis
of smaller, denser, cholesterol-depleted LDL particles.
As noted above, the average mass of cholesterol per
apoB particle, which can be estimated from the LDL-C/
apoB ratio, is determined by the relative amounts of the
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Lipid exchanges amongst plasma lipoprotein particles

LDL

HDL

Figure 5. Lipid exchanges amongst plasma lipoprotein particles.

This figure illustrates the exchange of the core lipids, cholesterol ester (CE) and triglycerides
(TG) mediated by CETP among VLDL, LDL, and HDL. If a CE molecule from LDL or HDL is
exchanged (yellow arrow) for a TG molecule from VLDL (turquoise arrow), the LDL or HDL particle
becomes enriched in TG, but depleted in CE, whereas the VLDL particle loses TG but gains CE.
In the case of LDL, the TG is subsequently hydrolyzed, producing a smaller, CE-depleted LDL
particle. lllustrated also is the transfer of free cholesterol from a VLDL particle to HDL as it is
being hydrolyzed, where it can subsequently be esterified to form CE. CE indicates cholesterol
ester; CETP, cholesterol ester transfer protein; HDL, high-density lipoprotein; LDL, low-density

lipoprotein; TG, triglycerides; and VLDL, very low-density lipoprotein.

LDL subfractions. Although the scheme of core lipid
exchanges we have outlined is well known and well
accepted, it is not well appreciated that triglycerides
are not the only physiological determinants of this pro-
cess, and that small, dense cholesterol-depleted apoB
particles can be present at any level of triglycerides.””"®

The physiological process that produces larger,
cholesterol-enriched LDL particles is not as clear.
No process resulting in net transfer of CE from 1 li-
poprotein particle to another without exchange of tri-
glycerides has been described. Nevertheless, VLDL
particles secreted by the liver might be enriched in CE
under some circumstances such as FH. Alternatively,
an increased LDL-C/apoB ratio could reflect reduced
amounts of cholesterol-depleted LDL particles in pa-
tients. Conversely, if VLDL particles contain fewer tri-
glycerides, LDL particles, on average, will contain more
because there will be less exchange of triglycerides
from VLDL for CE from LDL.

Finally, as their triglycerides content is removed in
peripheral tissues, chylomicrons and VLDL particles
become smaller and release cholesterol and phospho-
lipids from their external surface. This cholesterol can
also be transferred to HDL particles. This cholesterol
can then be esterified, trapping the cholesterol within
the core of the HDL particles as CE, which results in
net transfer of cholesterol from one lipoprotein particle
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to another (Figure 5). Thus, a significant portion of the
CE within HDL particles can originate from the intestine
and the liver; not all come from peripheral cells.

Summary

The average mass of triglycerides within VLDL particles
is determined by the relative rates of the production of
the different VLDL particles, the rate at which the tri-
glycerides within the VLDL particles is hydrolyzed, and
CETP-mediated exchanges of triglycerides and CE be-
tween VLDL, on the one hand, and HDL and LDL, on
the other. Correlation describes how closely changes
in 1 marker are associated with changes in another.
Concordance describes the variance in 1 marker for
a given value of another. VLDL triglycerides and VLDL
apoB are only moderately correlated and poorly con-
cordant.®® The net result is that triglycerides are a poor
estimate of VLDL particle number. The average mass
of cholesterol within LDL particles is determined by the
numbers of the different size LDL particles. This is a
product of triglyceride concentration within VLDL par-
ticles, CETP activity, and the number of VLDL, LDL,
and HDL particles as well as multiple other factors.
Thus, the relation between plasma triglycerides and
the cholesterol-depleted LDL particles is more com-
plex and uncertain than is generally appreciated.””"®
The net result is that LDL-C and non—-HDL-C are highly
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correlated with apoB, but only moderately concord-
ant. Thus, neither LDL-C or non-HDL-C are reliable
estimates of LDL apoB or total apoB for an individual
patient.

APOB DYSLIPOPROTEINEMIC
PHENOTYPES

Based on the rates at which VLDL and LDL particles
are produced and cleared, and the changes in their
composition that are produced by exchange of core
lipids, distinctive patterns of dyslipoproteinemia can be
characterized. This concept of specific dyslipoproteine-
mias related to differences in pathophysiology is similar
to that introduced by Fredrickson and his colleagues
to differentiate the different lipid phenotypes.”®-83 The
principal difference between then and now is that par-
ticle number as determined by apoB is included as
well as lipoprotein lipids. Given that the atherogenic
lipids circulate within apoB lipoprotein particles, and
that trapping of apoB particles within the arterial wall is
the fundamental cause of atherosclerosis, this new ap-
proach is more physiologically based than the original
although it is conceptually similar.?

The Fredrickson classification of dyslipidemia fol-
lows from whether plasma triglycerides are normal
or elevated and whether LDL-C is normal or elevated.
This system was useful in the past, but we feel it has
outlived its usefulness.* Triglycerides were the mea-
sure of VLDL and LDL-C the measure of LDL, and the
labor-intensive laboratory method of ultracentrifuga-
tion was required for accurate phenotyping of these
variables. However, as we have demonstrated, neither
are acceptable surrogates for VLDL apoB and LDL
apoB. In patients with hypertriglyceridemia, attribut-
able to cholesterol-depleted LDL particles, LDL-C may
be normal or only moderately elevated, but LDL apoB,
and therefore total apoB, may be markedly elevated.
A normal LDL-C does not imply a normal LDL particle
number. Conversely, an elevated LDL-C does not imply
an abnormal LDL particle number. This was not appre-
ciated at the time, although it is now accepted.

Nevertheless, as clinicians came to see triglycerides
and LDL-C as independent variables, and as statin use
surged, classification of dyslipidemic phenotypes fell
out of favor. However, as demonstrated above, VLDL
and LDL are not independent variables. LDL particles
are the product of the metabolism of VLDL particles,
and core lipid exchanges between VLDL and LDL alter
their composition without affecting their number. The
levels of triglycerides and LDL-C reflect the outcome
of the processes, which regulate the composition of
apoB particles as well as their number.

The production and clearance rates of VLDL and
LDL apoB particles have been determined in normal
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individuals and in the various dyslipoproteinemias.
Thus, the metabolic causes of each dyslipoproteinemia
can be specified in terms of alterations of apoB metab-
olism. Moreover, by adding apoB to the conventional
lipid panel, the application of a simple algorithm allows
all the major apoB dyslipoproteinemias to be differen-
tiated.8® This algorithm classifies an elevated apoB as
>120mg/dL (>1.2g/L), which is the 90th percentile of the
American population. However, as the evidence demon-
strating that apoB is a more accurate marker of cardio-
vascular risk than LDL-C and non—-HDL-C has mounted,
we believe the appropriate clinical cut point to desig-
nate high apoB should now be 105mg/dL (1.05g/L), the
75th percentile of the American population, which is the
equivalent decisional level for LDL-C and non—-HDL-C.%8

The pathophysiological characteristics of the 4
major apoB dyslipoproteinemic phenotypes: hyper-
triglyceridemic normal apoB (hyperTG normoapoB),
hypertriglyceridemic hyperapoB (hyperTG hyperapoB),
normotriglyceridemia and hyper apolipoprotein B (nor-
moTlG hyperapoB), and dysbetalipoproteinemia will be
summarized below.

PATHOPHYSIOLOGICAL
CHARACTERISTICS OF THE 4 MAJOR
APOB DYSLIPOPROTEINEMIC
PHENOTYPES

Normal

Normal (Figure 6A) is defined as a normal production
and clearance rate of VLDL apoB particles and a nor-
mal production and clearance rate of LDL particles,
which results in a normal level of triglycerides, total
cholesterol, and apoB. A normal level of triglycerides
is defined as a value <1.5mmol/L (130mg/dL). This
level was selected because it is the level above which
cholesterol-depleted LDL particles become more
common.”"’® As explained above, a normal num-
ber of VLDL and LDL apoB particles is defined as
an apoB <105mg/dL. The triglycerides/apoB ratio
(millimoles per gram per liter) must be <10/1 and the
TC/apoB (millimoles per gram per liter) ratio will be
<6.2.'78% Importantly, in some individuals, the LDL-C
will be elevated (>3.6mmol/L, >135mg/dL [ie, >75th
percentile]), but the total apoB will be <105 mg/dL (ie,
<75th percentile). In these cases, the LDL particles are
cholesterol enriched, but the total atherogenic parti-
cle number is not increased. Therefore, cardiovascu-
lar risk attributable to the apoB lipoproteins is not as
increased in these individuals as the elevated LDL-C
suggests. The degree of risk attributable to the apoB
lipoproteins is determined by the plasma apoB.* Such
individuals should be reassured and informed that this
is a normal variant.
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A B C

Normal NormoTg HyperapoB HyperTg NormoapoB

D E

HyperTg HyperapoB Remnant dyslipoproteinemia

Figure 6. Pathophysiological characteristics of the 4 major apoB dyslipoproteinemic phenotypes.

A, Normal number of VLDL and LDL particles within an arterial lumen. B, Increased number of VLDL particles with an increased number
of cholesterol-rich LDL particles. Familial hypercholesterolemia is the prototypic disorder that represents the extreme manifestations
of this phenotype. C, Relative number of VLDL and LDL particles within an arterial lumen in a patient with hyperTG normoapoB. The
VLDL particles are enriched in triglycerides or increased in number, but LDL particle number is normal. The net result is that apoB is
normal. Familial hypertriglyceridemia is present when this is the dominant phenotype within a family. D, Increased number of VLDL
and LDL particles within the arterial lumen of a patient with hyperTG hyperapoB. This occurs because of increased production of VLDL
and LDL particles in hyperTG hyperapoB. Familial combined hyperlipidemia represents the expression of this disorder within a family.
Levels of apoB are >120mg/d (>90th percentile) in subjects with familial combined hyperlipidemia. E, Markedly increased number of
cholesterol-enriched VLDL and chylomicron remnants with a normal number of LDL particles in a patient with dysbetalipoproteinemia
(type Il hyperlipoproteinemia). apoB indicates apolipoprotein B; CE, cholesterol ester; hyperTG hyperapoB, hypertriglyceridemic
hyperapoB; hyperTG normoapoB, hypertriglyceridemic normal apoB; LDL, low-density lipoprotein; TG, triglycerides; and VLDL, very

low-density lipoprotein.

NormoTG HyperapoB

NormoTG hyperapoB is defined as plasma tri-
glycerides <1.5mmol/L (<130mg/dL) and apoB
<105mg/dL.8% LDL-C may be normal or elevated
(< or >135 mg/dL, 3.6 mmol/L). Extreme elevations
of either apoB (>150mg/dL) or LDL-C (>190 mg/dL,
5.0mmol/L), both >95th percentile of the popula-
tion, raise the possibility of FH. Figure 6B illustrates
the consequences for the artery; the combination
of markedly reduced clearance and moderately in-
creased production in FH produces massively in-
creased numbers of apoB particles within the arterial
lumen and consequently a massively increased risk
of a cardiovascular event. Lowering apoB is the ob-
jective of therapy. With moderate elevations of apoB,
statins often suffice, although addition of ezetimibe
may be necessary. With more extreme elevations of
apoB, addition of PCSK9 inhibitors may be required,
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and in the extreme case of homozygous FH, LDL
apheresis is the foundation of care,®” and the anti-
ANGPTL3 monoclonal antibody evinacumab has
been recently approved for this condition by the US
Food and Drug Administration.

HyperTG NormoapoB

HyperTG normoapoB is defined as plasma triglycerides
>1.5mmol/L (>130mg/dL) and plasma apoB <105 mg/
dL. Plasma triglycerides/apoB ratio (millimoles per
gram) is <10:1 and total cholesterol (TC)/plasma apoB
ratio is <6.2:1.8% LDL-C is usually normal (ie, <135mg/
dL, 3.6mmol/L) and HDL-C is typically low. The car-
diovascular risk attributable to the apoB lipoproteins
is related more closely to apoB than to triglycerides or
LDL-C. As illustrated in Figure 6C, the number of apoB
particles (ie, the sum of VLDL and LDL particles) is not
increased. The hypertriglyceridemia is attributable to

12



Glavinovic et al

a normal number of triglyceride-enriched VLDL parti-
cles. LDL particle number is also normal.

HyperTG normoapoB is the characteristic pheno-
type seen in mild-to-moderate hypertriglyceridemia,
which is primarily a non-Mendelian polygenic pheno-
type that corresponds to former type IV hyperlipopro-
teinemia.®® This contrasts with hypefTG hyperapoB,
which is the phenotype of familial combined hyper-
lipidemia, also primarily a non-Mendelian polygenic
phenotype that corresponds to the former type IIB
hyperlipoproteinemia,® in which plasma triglycerides
and apoB are both increased.®® In combined hyperlip-
idemia, hypertriglyceridemia is attributable increased
secretion of VLDL particles, whereas, in mild-to-
moderate hypertriglyceridemia, hypertriglyceridemia is
attributable to secretion of triglyceride-enriched VLDL
particles at a normal rate.?%°" The difference in apoB
correlates with the difference in cardiovascular risk,
which is substantially higher in hypertriglyceridemic
patients with combined hyperlipidemia than in patients
with mild-to-moderate hypertriglyceridemia.®>%

The elevation in plasma triglycerides in these pa-
tients is primarily because of VLDL particles, not
chylomicrons, and therefore, these patients are not
at risk for pancreatitis. However, for reasons still not
well understood, plasma triglycerides in these patients
may suddenly rise substantially because of a failure in
chylomicron clearance and, if this occurs, pancreati-
tis is possible. Cardiovascular risk attributable to the
apoB lipoproteins in these patients is proportional to
the number of apoB particles. Typically, apoB is low.
Sometimes, however, it may be high, pointing to con-
current elevation of VLDL and LDL apoB particles.358°
In all instances, other causes of cardiovascular risk
may be present, such as diabetes or hypertension,
and these must be considered in determining the
overall level of cardiovascular risk. When lipid-lowering
therapy is required, statins are the preferred therapy,
not fibrates, because the target of therapy is apoB, not
triglycerides. Fibrates substantially reduce triglycerides
and VLDL apoB, but only modestly reduce LDL
apoB.®® Because LDL apoB accounts for the great
majority of total apoB, the effect of fibrates on apoB is
modest. This modest effect explains why fibrates were
successful in some randomized trials but not in most.
By contrast, statins reduce VLDL apoB moderately,
LDL apoB markedly, and therefore total apoB mark-
edly, and this explains why statins, not fibrates, were
virtually uniformly successful in randomized clinical tri-
als of cardiovascular outcomes.®®

HyperTG HyperapoB

HyperTG hyperapoB (Figure 6D) is defined as an el-
evated apoB primarily because of increased secretion
of VLDL particles with increased production of LDL
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particles.*346-48 The diagnostic criteria are a plasma
triglycerides >1.5mmol/L (>1830mg/dL) and apoB
>105mg/dL. The triglycerides/apoB ratio will be <10:1
(triglycerides, millimoles per liter/apoB, grams per liter)
and TC/apoB ratio will be <6.2 (TC, millimoles per liter/
apoB grams per liter).8% LDL-C may be normal or el-
evated (>3.6mmol/L; 135mg/dL), and HDL-C is typi-
cally low.

Affected patients may be hypertriglyceridemic, hy-
percholesterolemic, hypertriglyceridemic and hyper-
cholesterolemic, or occasionally, even normolipidemic
with borderline triglyceride levels. All affected individ-
uals with this phenotype have increased numbers of
apoB particles, which on average are smaller and more
cholesterol depleted than normal.?4° It is the variance
in the number of apoB particles that explains why so
many different lipid phenotypes could be created with
the same basic building blocks. Just as with FH, ath-
erogenic particle number is markedly increased, and
therefore so is the rate of entry and trapping of apoB
particles within the arterial wall.

HyperTG hyperapoB is the most common athero-
genic dyslipoproteinemia in people with abdominal
obesity, type 2 diabetes,?®9” and in individuals with pre-
mature coronary artery disease. HyperTG hyperapoB
is the hallmark dyslipoproteinemia in familial combined
hyperlipidemia.®*%! Familial combined hyperlipidemia
is the most common familial disorder associated with
premature coronary artery disease.®®% As mentioned,
familial combined hyperlipidemia is a polygenic condi-
tion'° with no major gene(s) as in FH, despite >4 de-
cades of intensive searching by geneticists.

HyperTG hyperapoB is attributable to increased pro-
duction of VLDL and LDL particles, hence the elevated
triglycerides and the elevated apoB.*346-48 Because
the rate at which VLDL particles can be cleared is lim-
ited, VLDL apoB particle numbers increase. Because
conversion of VLDL to LDL particles continues, pro-
duction of LDL particles is increased. Because the
capacity of the high-affinity LDL receptor pathway to
clear LDL particles is limited, LDL particle numbers in
plasma are increased. The cholesterol-depleted LDL
particles, so characteristic in this disorder, bind less
well to the LDL receptor than cholesterol-replete ones,
which further diminishes the effectiveness of LDL
clearance in the absence of any fault in the LDL recep-
tor pathway itself.!"

Statins are the frontline therapy for this disorder,
and apoB is the target of therapy. Addition of ezetimibe
may be required. In high-risk individuals, PCSK9 inhib-
itors may be required as well.

Dysbetalipoproteinemia

Dysbetalipoproteinemia (Figure 6E) is characterized by
markedly increased numbers of cholesterol-enriched
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chylomicron and VLDL remnant particles. By con-
trast, the number of LDL particles is low. Total apoB
is <120mg/dL, triglycerides are elevated (>1.5mmol/L),
the triglycerides/apoB ratio is <10:1, and the TC apoB
ratio is >6.2:1.85 Dysbetalipoproteinemia is a highly
atherogenic dyslipoproteinemia, less common than
heterozygous FH, but often much more easily treat-
able. The pathophysiology is complex. The great ma-
jority of those affected are homozygous for the apoE
E2 isoform. However, this is only a precondition, not a
sufficient requirement.321°2 Obesity, diabetes, and ex-
ogenous hormones are among the factors that may
trigger the expression of the abnormal accumulation of
remnant particles, but the precise mechanisms remain
unknown. In patients with dysbetalipoproteinemia, in
contrast to all the other phenotypes, apoB is not the
primary target of therapy. The targets of therapy are
the cholesterol-enriched chylomicron VLDL and rem-
nant particles, but statins, once again, are still be the
preferred initial therapy, although fibrates and even nia-
cin are effective in many patients.'®3

SUMMARY

Our objective has been to present a physiological
framework in which the determinants of apoB particle
number and the composition of apoB particles could
be understood by caregivers. Cardiovascular risk re-
lates directly and powerfully to the level of apoB in
plasma. This level is determined by the rates at which
VLDL and LDL particles are produced and are cleared
from plasma. The LDL receptor pathway, the specific
pathway to effectively clear LDL particles from plasma,
has a limited transport capacity. Any decrease in its
effectiveness means even more LDL particles must be
cleared by the nonspecific pathways, with the result
that levels of apoB rise sharply. Similarly, increased
production of LDL particles because of increased pro-
duction of VLDL particles overwhelms the clearance
capacity of the LDL receptor pathway, also producing
markedly increased levels of apoB.

Neither triglycerides nor LDL-C are accurate mark-
ers of VLDL or LDL particle numbers. VLDL and LDL
particles are atherogenic, but there is no way to in-
tegrate their risk using triglycerides and LDL-C. apoB
simplifies clinical care because it provides an accurate
summary estimate of the atherogenic risk attributable
to all apoB lipoprotein particles. Except for dysbetali-
poproteinemia, triglycerides, LDL-C, and non-HDL-C
add no significant information about cardiovascular
risk to apoB, whereas apoB adds significant informa-
tion to triglycerides, LDL-C, and non-HDL-C. At the
same time, by integrating the information from lipids
and apoB, detailed and accurate discrimination of
the various dyslipoproteinemias becomes possible.
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Adding apoB to a conventional lipid panel converts the
disorders of lipid metabolism to the disorders of lipo-
protein metabolism.

Our argument is not to abandon the familiar tradi-
tional lipid profile. Our argument is to move from lipids
to lipoproteins, evolving toward a more physiological
construct. apoB is not the final step in the charac-
terization of the dyslipoproteinemias. apoB is only an
intermediate, but essential, step in this process. All
cholesterol within an atheroma was deposited there
from within an apoB particle. The disease process
itself, atherosclerosis, reflects a myriad of responses
to the entrapment of apoB particles within the arterial
wall. The number of apoB particles circulating within
the lumen of our arteries is the primary determinant of
the number of apoB particles that will enter and be-
come trapped within the arterial wall.

However, the apoB particle story does not end
there. Some apoB particles may be more atherogenic
than others. The abnormal, cholesterol-enriched rem-
nant apoB particles in dysbetalipoproteinemia do ap-
pear to be particularly atherogenic. Whether certain
triglyceride-rich apoB particles or smaller LDL parti-
cles are also particularly atherogenic is not as clear,
but this remains a legitimate question for investiga-
tion. An essential objective must be to increase our
understanding of the processes that regulate plasma
apoB concentrations, the processes that regulate the
production and clearance of these particles, because
the number of apoB particles in plasma is the primary
determinant of the cardiovascular risk. However, apoB
particle number is not the only issue of interest. We
must learn much more about the processes that alter
the trapping of apoB particles within the arterial wall,
because trapping of apoB particles within the arterial
wall is the fundamental cause of atherosclerosis. We
are not at the end of our understanding of the apoB
lipoproteins and atherogenesis. We are only at the end
of one phase and the beginning of another.
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