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try to demonstrate that apoB must be measured, as well as 
triglycerides and cholesterol, to have an accurate estimate of 
lipoprotein status.—Sniderman, A. D., P. Couture, S. S. Martin, 
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Multiple  lines  of  epidemiological  evidence,  including 
most recently, Mendelian randomization studies (1–3), tie 
plasma triglycerides to the risk of atherosclerotic CVD. 
Conventionally, cholesterol and  triglycerides have been 
regarded as markers that represent separate and distinct 
lipoprotein classes: triglycerides are the principal lipid 
constituent  of  VLDL  particles  and  elevated  triglycerides, 
therefore,  identify  elevated VLDL  levels;  whereas  choles-
terol is the principal lipid constituent of LDL particles and 
elevated LDL cholesterol (LDL-C),  therefore,  identifies 
elevated LDL levels. In this paradigm, the lipid component 
of a lipoprotein particle is accepted as fully informative of 
the atherogenic risk associated with the lipoprotein particle. 
Accordingly, based on the epidemiological evidence, novel 
therapeutic agents with major effects on triglyceride con-
centrations, but with little effect on LDL-C, are being devel-
oped.  The  operating  assumption  is  that  if  LDL-C  is  not 
affected, clinical risk and benefit must relate to differences 
in plasma triglycerides, not to differences in LDL.

Abstract Triglycerides are the conventional tool to measure 
VLDLs, whereas LDL cholesterol (LDL-C) is the conven-
tional tool to measure LDLs. Multiple epidemiological studies, 
including a series of genetically based analyses, have dem-
onstrated that cardiovascular risk is related to triglycer-
ides independently of LDL-C, and this has led to a series  
of new therapeutic agents designed specifically to reduce 
plasma triglycerides. The triglyceride hypothesis posits that 
increased levels of triglycerides increase cardiovascular risk 
and decreasing plasma triglycerides decreases cardiovascular 
risk. In this work, we will examine the validity of the tri-
glyceride hypothesis by detailing the biological complexities 
associated with hypertriglyceridemia, the genetic epidemio-
logical evidence in favor of hypertriglyceridemia, the evi-
dence from the fibrate randomized clinical trials relating 
triglycerides and clinical outcomes, and the completeness 
of the evidence from the initial studies of novel muta-
tions and the therapeutic agents based on these muta-
tions that lower triglycerides. Because of the multiple 
metabolic links between VLDL and LDL, we will try to dem-
onstrate that measuring triglycerides and LDL-C alone are 
inadequate to document the lipoprotein profile.  We will 
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However,  hypertriglyceridemia  may  reflect  increased 
numbers of  one or more  classes  of  triglyceride-rich  lipo-
protein particles, which have different relations to cardio-
vascular risk. Most VLDL apoB particles are small enough 
to enter the arterial wall. By contrast, most chylomicron 
particles are too large to enter the arterial wall and, there-
fore, the cholesterol and triglyceride they contain are no 
threat to the integrity of the arterial wall. Although VLDL 
particles do, in general, account for most of the mass of 
triglycerides in plasma, the mass of triglyceride per VLDL 
particle is not uniform. Accordingly, hypertriglyceridemia 
due to VLDL may be the consequence of an increased mass 
of triglyceride per VLDL particle, an increase in the num-
ber of VLDL particles, or both. Moreover, VLDL particles 
are the metabolic precursors of LDL particles and the con-
centration of LDL particles in plasma depends upon the 
production rate of VLDL particles and the proportion that 
are converted to LDL particles, as well as the clearance rate 
of LDL particles (4). All of  these can vary  independently 
and substantially. In addition, the composition of VLDL 
and LDL particles can change independently of their pro-
duction  rates:  cholesterol  ester  transfer  protein  (CETP)-
mediated  exchanges  and  transfers  of  triglyceride  and 
cholesterol ester between chylomicrons and VLDL parti-
cles, on the one hand, and LDL and HDL particles, on the 
other, produce VLDL, LDL, and HDL particles of variable 
size  with  variable  masses  of  cholesterol  and  triglyceride. 
Higher  plasma  triglycerides  lead  to  cholesterol-enriched 
VLDL particles and cholesterol-diminished LDL and HDL 
particles (4), whereas lower triglycerides may be associated 
with cholesterol-enriched apoB particles. This variance in 
composition means that VLDL particle concentration can-
not be reliably deduced from the concentration of triglyc-
eride in plasma and LDL particle concentration cannot  
be reliably deduced  from the concentration of LDL-C  in 
plasma (4).

This discordance between lipid composition and particle 
number  is  important because  there  is  considerable  evi-
dence that the atherogenic risk associated with the apoB 
lipoproteins relates more closely to the number of apoB 
particles compared with the mass of cholesterol within 
them (5). Moreover, with the exception of type III hyperli-
poproteinemia, while the proportion of VLDL apoB versus 
LDL apoB particles is greater in patients with hypertriglyceri-
demia than in others, LDL particles continue to account 
for the majority of apoB particles (6). This means that clini-
cal  benefit  from genetic mutations  and pharmacological 
interventions that lower triglycerides might be based, at 
least in part, on their concurrent effects on the number  
of LDL particles,  effects  that might not be obvious  from 
measurement of LDL-C. Furthermore, we posit  that VLDL 
apoB is at least as accurate a marker of the risk due to 
VLDL particles as plasma triglycerides or VLDL cholesterol 
(VLDL-C).

To date, all the pharmacological agents that lower car-
diovascular event rates (statins, statins plus ezetimibe, statins 
plus PCSK9 inhibitors, and statins plus anacetrapib) lower 
plasma apoB. Moreover, their clinical benefit relates more 
closely to the decrease in apoB than to the decrease in 

LDL-C or non-HDL cholesterol (HDL-C) (7, 8). Indeed, in 
the case of statins plus CETP inhibitors, the evidence from 
Mendelian randomization is that clinical benefit relates to 
the decrease in apoB, not to the increase in HDL-C or the 
decrease in LDL-C (9). This means that changes in apoB 
particle number and their relation to changes in risk need 
to be documented before it can be determined whether 
triglycerides are an independent risk factor for CVD and 
whether pharmacological agents that lower triglycerides 
are likely to succeed clinically and, if they do, why.
Accordingly, this report will review the metabolic inter-

relationships  between  the  triglyceride-  and  cholesterol-
rich  apoB  lipoproteins,  assess  the  evidence  from  the 
genetic mutations and Mendelian randomization analyses 
that triglycerides are an independent risk factor for CVD, 
review  the  evidence  from  randomized  clinical  trials  that 
lowering triglycerides reduces clinical events, and, finally, 
evaluate the adequacy of the evidence from the new series 
of  triglyceride-lowering  agents  as  to  their  total  effect  on 
the apoB lipoprotein profile. Our conclusion will be that 
measurement  of  lipids  alone  does  not  provide  a  com-
plete portrait of lipoprotein status. Measuring apoB is 
also essential.

METABOLIC RELATIONSHIPS BETWEEN THE 
TRIGLYCERIDE- AND CHOLESTEROL-RICH  

apoB LIPOPROTEINS

Trapping of apoB particles within the arterial wall is fun-
damental  to  the  initiation, expansion, and maturation of 
the atherosclerotic process. The relative importance of the 
different apoB lipoproteins to this process is determined 
by their number, their size, and their propensity to bind to 
constituents of the subintimal spaces within the arterial 
wall (10) (Fig. 1).

Chylomicron particles
Chylomicron particles each contain one molecule of 

apoB48 and are present in plasma either as intact or rem-
nant particles (5). Within minutes of entering the systemic 
circulation, a chylomicron particle binds to multiple mol-
ecules of LPL on the capillary endothelium of adipose tis-
sue,  skeletal  muscle,  and  the  heart.  Massive  amounts  of 
triglyceride are hydrolyzed in just moments and the tor-
rents of fatty acids released are taken up by the adjacent 
adipocytes and reformed into triglycerides, a metabolic 
transformation, which would be almost instantaneous if 
cytotoxic levels of fatty acids are to be avoided. Moreover, 
as the chylomicron triglycerides are being hydrolyzed, the 
central core of the particle partially collapses and phospho-
lipid  transfer  protein  (PLTP)  facilitates  the  shedding  of 
excess surface phospholipids from the chylomicrons. The 
combination  of  massive  core  triglyceride  hydrolysis  and 
extensive loss of surface phospholipid generates the smaller 
chylomicron particles, which are released from the surface 
of the endothelium in adipocytes and myocytes. The 
smaller remnant apoB48 particle, which is the normal 
product of  the first  step  in chylomicron metabolism and 
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contains only a fraction of the original triglyceride, but all 
the original cholesterol, is removed by the liver. The pro-
cesses that regulate the removal of LDL particles, the LDL 
pathway,  have  been  worked  out  in  exquisite  detail.  This 
contrasts with the processes responsible for the removal of 
the other apoB lipoproteins, which appear to be much 
more complex and remain incompletely understood.

Intact chylomicron particles are too large to pose any 
significant threat to the arterial wall even when plasma 
triglycerides are massively elevated. By contrast, when they 
lodge within the capillaries of the pancreas, they can pro-
voke an acute inflammatory pancreatitis. Normal remnant 
apoB48 particles are small enough to enter the arterial wall 
and do contain  substantial  amounts of  cholesterol. How-
ever, in normal individuals, even at peak postprandial levels, 
there are at least 10 times more VLDL apoB100 particles 
than apoB48 particles (11–13). Nevertheless, each of these 
particles contains large amounts of cholesterol and con-
tributes to atherogenic risk.

VLDL particles
VLDL particles are triglyceride-rich apoB100 particles that 

transport fatty acids from the liver to myocytes and adipocytes 
(4). With few exceptions, most of the triglycerides in plasma 
are present in VLDL particles, but the mass of triglyceride 
per VLDL particle and, therefore, the size of VLDL particles 
varies substantially within and between individuals. There are 
multiple reasons for this variance in composition. First, com-
position of VLDL particles secreted by the liver can vary, with 
the larger more buoyant VLDL1 particles containing more 
triglyceride than the smaller less buoyant VLDL2 particles 
(14–16). Second, because  the rates at which each of  these 
particles is secreted may vary, the overall rate of triglyceride 
secretion by the liver will vary relative to the rate of secretion 
of VLDL particles. Third, as VLDL particles undergo hydro-
lysis by LPL in the adipose tissue and muscle, their triglyc-
eride content will be diminished and their composition, 
therefore,  will  change.  Fourth,  CETP-mediated  core  lipid 
exchange will tend to increase the cholesterol content while 
lowering the triglyceride content of VLDL particles.
Furthermore,  the  metabolic  fate  of  VLDL  particles  is 

more  complex  than  chylomicron  particles.  The  smaller 
VLDL particles that are produced after hydrolysis and 

removal  of  some  of  their  triglyceride  by  peripheral  cells 
may either be cleared from the plasma compartment by 
the liver or converted to IDL and then LDL particles. Why 
one outcome occurs rather than the other is not under-
stood and represents a critical deficit in our understanding 
of apoB metabolism and atherogenic risk. In most spe-
cies, only a small portion of VLDL particles are converted 
to LDL particles. Only the species in which conversion of 
VLDL to LDL is a major metabolic outcome of VLDL 
metabolism are susceptible to atherogenesis because only 
these species have large numbers of LDL particles. Humans 
belong to this unfortunate minority. Many of the newer 
agents that will be reviewed below appear to act at this step. 
This makes it essential to determine their relative effects on 
VLDL and LDL particle number.

Abnormal remnant particles
Abnormal apoB48 and apoB100 remnant lipoprotein 

particles may also be present. A dramatic delay in clear-
ance of partially hydrolyzed VLDL and chylomicron parti-
cles by the liver exaggerates core lipid exchanges, which 
result in increased numbers of cholesterol-enriched rem-
nant  particles  (17,  18).  In  classical  type  III  hyperlipo-
proteinemia, abnormal apoB48 remnant particles plus 
abnormal VLDL apoB100 remnant particles are present in 
concentrations 30–50 times or more the concentration of 
normal remnant particles (11, 12, 19). This disorder pro-
duces high risk of CVD in those who are affected and can 
be diagnosed based on total cholesterol, triglyceride, and 
apoB (20).

LDL particles
Classically, apoB particles with a density of 1.006–1.019 

g/l were labeled as IDL particles, whereas those with a den-
sity of 1.019–1.063 g/l were labeled as LDL particles. How-
ever,  this  distinction  is  not made  clinically  and  all  apoB 
particles with  a  density  between  1.006  and  1.063  g/l  are 
considered  LDL  particles.  Thus  LDL-C  includes  all  the 
cholesterol within what was considered IDL as well as all 
the  cholesterol  within  what  was  considered  LDL.  The  evi-
dence to date indicates that the mass of cholesterol within 
the LDL particle does not significantly change the atherogenic 

Fig. 1. apoB lipoprotein particles.
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potential of the particle: smaller cholesterol-poor particles 
are  as  atherogenic  as  larger  more  cholesterol-rich  LDL 
particles  (21).  However,  for  any  given  total  cholesterol 
concentration, a higher concentration of smaller cholesterol-
poor LDL particles requires more LDL particles to trans-
port the cholesterol in the circulation; this, in turn, leads to 
higher CVD risk than would be evident from the LDL-C. 
Interestingly, while the core lipid content of LDL particles 
does not appear to alter their atherogenic risk, the addi-
tion of apoCIII to the particle may increase its atherogenic 
potential (22), although concurrent presence of apoE may 
diminish this risk (23).

Lipoprotein (a)
Lipoprotein  (a) particles  are LDL particles  to which a 

molecule of apo(a) has been attached. There is strong evi-
dence that the risk of CVD relates, in part, to the level of 
lipoprotein (a), a relation that is independent of LDL-C or 
apoB (24, 25).

VARIABILITY OF THE COMPOSITION  
OF VLDL PARTICLES AND OF THE RATIO  

OF VLDL apoB TO LDL apoB

That the relation of VLDL apoB to LDL apoB in patients 
with  hypertriglyceridemia  and  others  is  variable  is  not 
widely appreciated. With normal triglyceride levels, VLDL 
particles average 10 ± 0.04% of  total apoB particles; with 
mild hypertriglyceridemia (triglycerides 1.5–3.0 mmol/l), 
they average 16 ± 0.06% of  total apoB particles; but with 
moderate to marked hypertriglyceridemia (>3.00 mmol/l), 
they average 26 ± 0.09% of  total apoB (6). These  results 
agree with those reported by others (14–16). Thus, the pro-
portion of total apoB particles that are VLDL particles var-
ies importantly as triglyceride levels increase. Nevertheless, 
the number of LDL particles always exceeds the number of 
VLDL particles. That said, as VLDL particle number in-
creases, so also does atherogenic risk.

Nevertheless, because the triglyceride content of VLDL 
apoB particles is so variable, plasma apoB cannot be inferred 
from  plasma  triglycerides.  This  is  evident  from  Fig. 2A, 
which plots triglycerides against apoB in 1,635 subjects, of 
whom 407 were normal,  33 were  type  IIa,  and  735 were 
hypertriglyceridemic (26). There is no significant correla-
tion between  the  two markers. Figure 2B demonstrates a 
reasonable correlation between VLDL apoB and plasma 
triglycerides.  Nevertheless,  total  apoB  cannot  be  reliably 
inferred from plasma triglycerides. This is relevant because 
multiple cross-sectional studies have shown that cardiovas-
cular risk was greater in patients who were hypertriglyceri-
demic, but with elevated apoB, than in patients who were 
hypertriglyceridemic, but with normal apoB (27–32). This 
feature was also evident in the Quebec Heart Study, which 
was a prospective epidemiological study (33). Finally, the 
difference in LDL particle number and, therefore, total 
apoB also largely explains why cardiovascular risk is greater 
in hypertriglyceridemic subjects with familial combined 
hyperlipidemia than in hypertriglyceridemic subjects with 
familial hypertriglyceridemia (34). By contrast, as evident 
in Fig. 2C, there is a relatively strong correlation between 
plasma triglycerides and VLDL-C. This means that the rela-
tive cardiovascular risk associated with these  two markers 
would  be  difficult,  if  not  impossible,  to  distinguish  one 
from the other.

MENDELIAN RANDOMIZATION ANALYSES OF 
TRIGLYCERIDE AS A RISK FACTOR FOR CVD

Many conventional epidemiological analyses have dem-
onstrated a positive relation between plasma triglycerides 
and  coronary  heart  disease  (CHD)  risk. However,  when 
adjusted  for HDL-C or non-HDL-C,  these  relations were 
no longer significant. This should not be surprising given 
the high intercorrelations among the variables. Nevertheless, 
it creates uncomfortable uncertainty as to which relation 

Fig. 2.  Correlations between total apoB levels (A), VLDL apoB levels (B), VLDL-C levels (C), and plasma triglyceride levels in 2,023 
patients (736 with IIa phenotype, 371 with IIb phenotype, 509 with IV phenotype, and 407 with normal lipid profile). The dashed lines indicate 
the 90% confidence intervals for the regression lines.
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may be causal and which may not. Mendelian randomiza-
tion has been applied to resolve this uncertainty. Mende-
lian randomization tests to determine whether genetic 
variants  that modify plasma  levels of  factors  that may be 
related to a disease of interest modify the frequency of that 
disease. The core strength of such analyses is that the 
genetic assortment of alleles for the trait of interest is ran-
dom and, therefore, should be independent of all other 
genetic and environmental factors. Inferring a causal rela-
tion by Mendelian randomization is reasonably straight-
forward  if  the  genetic  variant  is  related  to  only  a  single 
product. Any change in risk is presumed to be due only to 
a change in exposure to that factor. However, if a genetic 
variant were to affect multiple traits in different pathways 
(so-called  horizontal  pleiotropy),  attributing  causality  to 
any one of these differences in exposure would be prob-
lematic.  Alternatively,  a  genetic  variant  might  result  in 
multiple changes in factors within the same pathway (so-
called vertical pleiotropy). Thus, causality can be assigned 
only to the pathway, but, without further information, 
not to any of the specific participants (35). This restriction 
applies to Mendelian randomization of the relation of 
triglycerides to cardiovascular risk.

Exome sequencing identifies rare LDLR and apoAV alleles 
conferring risk for myocardial infarction (36)
This study used exome sequencing to compare early on-

set myocardial infarction cases with older individuals with-
out a history of myocardial infarction. Two genes associated 
with higher risk were identified, which were more frequent 
in  cases  than  controls.  As  expected,  rare  loss-of-function 
variants  in  the  LDLR  that  were  associated  with  elevated 
LDL-C were more  frequent  in  cases  than  controls. More 
novel was the observation that rare loss-of-function variants 
in apoAV associated with higher triglycerides were also 
more frequent in cases than controls. These apoAV mutants 
were associated with higher HDL-C and lower LDL-C. How-
ever, no data on apoB were reported in this study.

Triglyceride-mediated pathways and coronary disease: 
collaborative analysis of 101 studies (37)
apoAV  is  a  366  amino  acid  peptide,  which  associates 

with VLDL particles and has multiple effects on triglyc-
eride metabolism,  including  an  increase  in  LPL-driven 
triglyceride lipolysis and a reduction in triglyceride se-
cretion without an effect on apoB secretion. The level of 
LDL-C was not affected by the 1131T>C (rs662799) pro-
moter polymorphism of the C allele. The higher triglyceride 
(16%) per C allele was greater than the decrease in HDL-C  
(3.5%)  and  the  increase  in  apoB  (3.2%). However,  the 
polymorphisms of the C allele were associated with an in-
crease in VLDL particle size as well as VLDL particle num-
ber,  and  the  relative  importance  of  triglyceride  versus 
VLDL particle number on risk was not assessed. Moreover, 
the positive effect of triglyceride on risk was lost after ad-
justment for non-HDL-C and HDL-C. The authors noted 
that these results are consistent with those of the Emerg-
ing Risk  Factor  Collaboration,  which  demonstrated  that 

the relation between triglycerides and cardiovascular risk 
was positive in a univariate analysis, but not in a multivari-
ate  analysis  (38). They  concluded  that  their findings do 
not demonstrate that triglycerides per se increase cardio-
vascular risk, but rather that risk is increased by triglycer-
ide-mediated pathways.

Mendelian randomization of blood lipids for coronary 
heart disease (39)
This  study  identified  multiple  independent  SNPs  for 

LDL-C, triglycerides, and HDL-C. These were incorporated 
into two allelic scores: an unrestricted score, which in-
cluded all  the  independent SNPs, and a  restricted  score, 
which included only those alleles associated with one trait 
but not the other two. The unrestricted allele score is bio-
logically more  inclusive  and,  therefore,  potentially more 
powerful. The restricted score is biologically more specific, 
but potentially less powerful. Combining prevalent and in-
cident CHD, the odds ratio (OR) for LDL-C was significant 
in both restricted and unrestricted analyses, 1.92 (1.68, 
2.19; P = 4.8 × 1022) and 1.76 (1.58, 2.01; P = 2.0 × 1021), 
respectively. The OR  for  triglyceride was  significant  in 
the unrestricted analysis, 1.62 (1.24, 2.11; P = 3.7 × 104) 
and unchanged numerically, but just significant in the re-
stricted  analysis,  1.61  (1.00–2.59; P  =  0.05).  The OR  for 
HDL-C was significant in the unrestricted, but not the re-
stricted, analysis. Multiple other analyses demonstrate the 
same relative relations to cardiovascular risk. The authors 
concluded  that LDL-C was  causal  for  cardiovascular  risk; 
triglycerides were also likely causal, but HDL-C was unlikely 
to be causal. Once again, the conclusions regarding triglyc-
erides and cardiovascular risk were provisional. Moreover, 
apoB was not included in the analysis.

Genetically elevated nonfasting triglycerides and 
calculated remnant cholesterol as causal risk factors  
for myocardial infarction (1)
Two genetic variants  in the core promotor and coding 

regions of apoAV  in individuals with the lowest (1%) and 
highest triglycerides (2%) were identified in the Copenha-
gen City Heart Study (CCHS) and their effect on risk deter-
mined in the Copenhagen General Population Study 
(CGPS), the CHHS, and the Copenhagen Ischemic Heart 
Disease Study  (CIHDS). The hazard  ratio  (HR)  for dou-
bling of triglycerides was 1.57 (1.32–2.68) and was similar 
to a genetic OR of 1.94 (1.40–1.85). The absolute allele-
related differences in triglycerides were greater than for 
apoB or HDL-C and correcting  for apoB did not  reduce 
the risk associated with triglycerides. Accordingly, they 
argue that the observed differences in risk should relate to 
triglycerides and not to HDL-C or apoB. This is not certain 
however.  If  cardiovascular  risk  is more  closely  related  to 
apoB than triglycerides, any unit change in risk will be 
associated with a smaller change in apoB than in triglycer-
ides. Moreover, apoB was higher in cases than controls in 
the CIHS, equal in CGPS, but substantially lower in cases 
than controls  in  the CIHS. The  inconsistencies  are dis-
turbing given the mass of evidence that apoB is higher in 
those with CVD compared with those without CVD.
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DOES LOWERING PLASMA TRIGLYCERIDES WITH 
FIBRATES REDUCE CARDIOVASCULAR RISK? 
EVIDENCE FROM THE FIBRATE RANDOMIZED 

CLINICAL TRIALS

We will now briefly review the seven fibrate random-
ized clinical trials and contrast the consistency of the 
triglyceride-lowering  effect  with  the  inconsistency  of  the 
clinical results.
The  World  Health  Organization  (WHO)  trial  tested 

whether clofibrate would reduce coronary events (40). Isch-
emic events were reduced significantly, but total mortality 
was increased. Triglycerides were not measured at baseline 
and were measured in only one of three sites during follow 
up. Therefore, this trial presents no evidence with regard to 
triglyceride. Cardiovascular benefit was reported to parallel 
the absolute reduction in total cholesterol.
The Coronary Drug Project tested whether clofibrate re-

duced coronary risk (41). Total cholesterol was reduced by 
6.5%, while triglycerides were reduced by 22.3%. Cardio-
vascular risk was reduced by 9%, which was not significant. 
The outcome corresponds reasonably well to that pre-
dicted by the Cholesterol Treatment Trialists (CTT) (42).
The Helsinki Heart  Study  trial  was  designed  to  test  the 

clinical benefit of elevating HDL-C and reducing non-HDL-C 
using gemfibrozil in markedly hypercholesterolemic patients 
(non-HDL-C 200 mg/dl) (43). CHD events were reduced 
by 34%; HDL-C was increased by 14%, although this dimin-
ished to about 10% over the study period. Total cholesterol 
was reduced by 10%, non-HDL-C by 14%, and triglycerides 
by 43%. The decrease in non-HDL-C would have been ap-
proximately 34 mg/dl, which would predict a 20% benefit, as 
estimated from the results of the REVEAL trial (44).
The Bezafibrate Infarction Prevention (BIP) study was a 

secondary prevention designed to reduce CVD risk by rais-
ing  HDL-C  and  reducing  triglycerides  with  bezafibrate 
therapy  (45).  Based  on  changes  in  statistical  design  that 
were made during the trial (switching from a one-sided to 
a two-sided t-test), this trial was underpowered with only a 
60–85%  chance  of  detecting  a  20–25%  event  reduction. 
There was a 7.3% nonsignificant decrease in the primary 
endpoint. This was associated with a 21% decrease in tri-
glycerides and an 18% increase  in HDL-C, but only a 10 
mg/dl decrease in LDL-C and a 16 mg/dl decrease in non-
HDL-C. Based on the CTT results, neither the decrease in 
LDL-C (42) nor the decrease in non-HDL-C (44) would be 
predicted to produce a larger outcome than was observed.
The Veteran Affairs High-Density Lipoprotein Cholesterol 

Intervention (VA-HIT) trial was a secondary prevention trial 
designed to treat those with low HDL-C, but with a normal 
LDL-C (46). At 1 year, HDL-C was 6% higher and triglycerides 
31% lower; total cholesterol was 4% less with no change in 
LDL-C. VLDL-C would have decreased from 32 to 23 mg/dl, 
a  decrease  of  9  mg/dl.  Non-HDL-C  would  also  have  de-
creased  by  9 mg/dl.  The  clinical  improvement  that  was 
recorded was much greater than predicted by CTT (44). In-
terestingly, the benefit was the same in those with triglycer-
ides above and below 151 mg/dl, whereas it was greater in 
those with HDL-C <31.5 versus those with HDL-C 31.5.

The  Fenofibrate  Intervention  and  Event  Lowering  in 
Diabetes (FIELD) study was a trial in patients with type 2 
diabetes mellitus that were tested to determine whether fe-
nofibrate reduced cardiovascular risk (47). Overall, there 
was a nonsignificant trend to benefit with an 11% reduc-
tion [HR 0.89 (0.75–1.05)] in the combined primary end-
point.  Total  cholesterol  was  reduced  by  11%,  LDL-C  by 
12%,  triglycerides by 29%, and HDL-C  increased by 5%. 
apoB was reduced by 13.6% at 4 months, 7.5% overall at 
close,  and  15.7%  in  those  not  taking  any  other  lipid-
lowering agent. Women made up 37.3% of the cohort and 
had higher levels of total cholesterol, non-HDL-C, LDL-C, 
and apoB, but not triglycerides. LDL-C and apoB were more 
substantially reduced in women than in men, although dif-
ferences attenuated over the course of the study. apoB was 
reduced  from  0.99  at  onset  in  women  to  about  0.8.  For 
women, the HR on Rx was 0.80 (P < 0.04), whereas it was 
0.92 (P = NS) for men. Notably there was no sex interac-
tion. The benefit in the women and the overall benefit are 
consistent with the changes in apoB (7).
The Action to Control Cardiovascular Risk  in Diabetes 

(ACCORD)-Lipid  trial  was  designed  to  test  whether  the 
combination of simvastatin-fenofibrate was more effective 
than statin alone in patients with type 2 diabetes mellitus 
(48). Triglycerides were reduced by 21% and HDL-C was 
increased by 6.5%, whereas LDL-C did not differ between 
the two treatment groups. The primary outcome was not 
significantly  reduced  in  the  statin-fenofibrate  compared 
with the fenofibrate group (HR 0.92, 0.79–1.08; P = 0.32).
In  summary,  the clinical benefit of fibrate  therapy was 

variable; ischemic events were reduced significantly in only 
three of the seven trials. However, in the six fibrate trials in 
which they were measured, there was a robust lowering of 
triglycerides. Thus, the triglyceride response to fibrates was 
consistent, whereas the clinical response was not. More-
over, with the exception of the VA-HIT trial, the degree of 
benefit  was  consistent  with  the  benefit  that  would  be 
predicted from the absolute reductions in LDL-C or non-
HDL-C or apoB. These results argue against the triglycer-
ide hypothesis: namely that when triglycerides are elevated, 
cardiovascular risk is elevated and that lowering triglycer-
ides will,  in  itself and by  itself, reduce cardiovascular risk 
and produce clinical benefit. On the other hand, this fail-
ure  of  the  triglyceride  hypothesis  suggests  an  alternative 
one: namely, the apoB hypothesis, which states that the 
benefit of fibrate  therapy  is primarily due  to  lowering of 
the  apoB  atherogenic  lipoproteins,  which  is  reflected  in 
lowering of plasma apoB. Figure 3 compares the overall ef-
fects  of  statins  and fibrates  on  total  plasma  apoB, VLDL 
apoB,  and  LDL  apoB  (14–16,  49).  Statins  substantially 
lower both VLDL and LDL apoB. Hence, they substantially 
lower plasma total apoB. By contrast, fibrates substantially 
lower VLDL apoB, but only modestly reduce LDL apoB. 
The effect of statins and fibrates on VLDL apoB is similar, 
but their effects on LDL apoB are not. Fibrates are used in 
hypertriglyceridemic  patients  in  whom  absolute  levels  of 
VLDL apoB tend to be higher than normal. The net effect, 
therefore, is a modest to moderate lowering of total plasma 
apoB. The apoB hypothesis would account for why benefit 
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from statin therapy is robust, whereas benefit from fibrate 
therapy is marginal and inconsistent because only if VLDL 
apoB accounts  for  a  significant proportion of  total  apoB 
will there be a sufficient reduction in apoB to translate into 
clinical benefit.

NOVEL THERAPEUTIC AGENTS TO REDUCE 
CARDIOVASCULAR RISK

A series of novel and potentially important therapeutic 
agents, whose primary impact is to lower triglycerides, are 
in the process of clinical evaluation. These include inhibitors 
of  apoCIII  and  angiopoietin-like  3  protein  (ANGPTL3). 
The  potential  utility  of  such  agents  is  buttressed  by  evi-
dence  that genetic  inactivating variants have been associ-
ated with positive impacts on plasma triglycerides and, in 
some cases, cardiovascular risk. Their design and analysis 
has been based primarily on the simple triglyceride hy-
pothesis. We will focus on the available information as to 
their impact on VLDL apoB, LDL apoB, and total apoB.

apoCIII
apoCIII is a 79 amino acid glycoprotein, which is synthe-

sized in the liver and is associated with chylomicrons and 
VLDL, LDL, and HDL particles. apoCIII may influence the 
metabolism of apoB particles at multiple steps. apoCIII is a 
potent  inhibitor of LPL activity,  but may  also  inhibit he-
patic  lipase  activity  and hepatic  uptake  and  clearance  of 
triglyceride-rich remnant lipoprotein particles (50). Addi-
tionally, apoCIII may stimulate VLDL synthesis and secre-
tion (51). Furthermore, a positive relation between plasma 
apoCIII and coronary risk has been demonstrated (22, 52), 
as well  as  between LDL-apoCIII  and HDL-CIII  and CVD 
risk (22). Indeed, LDL-apoCIII may account for much of 
the excess CVD risk associated with apoCIII and CVD (22). 
Further extending the complexity associated with apoCIII 

is  the  observation  that  the  atherogenic  risk  of  a  VLDL 
apoB-CIII particle or a LDL apoB-CIII particle is inversely 
related to the apoE content of the particle (23). The evi-
dence suggesting that reduction of apoCIII levels in plasma 
may reduce cardiovascular risk is based on the associated 
effects of spontaneous apoCIII mutations that produce 
apoCIII  deficiency  and  the  effects  of  pharmacological 
inhibitors of apoCIII.

apoCIII mutations producing apoCIII deficiency
Exome sequencing of 3,734 people by the TG and HDL 

Working Group of the Exome Sequencing Project of the 
National Heart, Lung, and Blood Institute identified rare 
reduction-in-function apoCIII mutations, which were asso-
ciated with lower levels of triglyceride and lower levels of 
cardiovascular risk (53). apoCIII carriers also had lower levels 
of LDL-C than noncarriers. The correlation between apo-
CIII and plasma triglycerides was the strongest, by far, of 
any lipid marker, stronger than the correlation between 
apoCIII and VLDL particle number. There were, however, 
positive correlations between apoCIII and large VLDL par-
ticles, small LDL particles, and apoB with negative correla-
tions  to  large LDL particles  and  large HDL particles,  all 
pointing to the impact of apoCIII on LDL and HDL lipo-
protein particles, perhaps secondarily, as well as its primary 
impact on VLDL particles. The impact on the apoB lipo-
protein profile, therefore, was broad, not limited.

This interpretation is consistent with the results of the 
companion report by Jørgensen et al. (54) in the same is-
sue of the New England Journal of Medicine, which demon-
strated that loss of function mutations in apoCIII were 
associated with lower levels of triglycerides and cardiovas-
cular risk in 75,725 subjects in two Danish population studies. 
Triglycerides in heterozygotes were reduced by 44%. apoB, 
however, was also reduced by 16%. Given that these were 
life-long exposures, the decrease in apoB could account for 

Fig. 3.  Decreases in total apoB are illustrated from statin and fibrate arms of Study 1 (14), Study 2 (15), and Study 3 (16), and the fibrate 
treatment arm of Study 4 (49). The proportion of the decrease in total apoB due to the decrease in VLDL apoB is indicated in black, whereas 
the decrease in total apoB due to the decrease in LDL apoB is indicated in white. S, statin; F, fibrate.
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much  of  the  reduction  in  cardiovascular  risk.  Taken  to-
gether, these results indicate that reduction in risk with the 
apoCIII mutations could be due to reduction of apoB par-
ticle number as well as triglyceride. VLDL- and LDL-apoB 
were not measured directly.
Further evidence that apoCIII affects LDL as well as tri-

glyceride levels comes from the observations of Pollin et al. 
(55) that a null mutation of apoCIII  in Old Order Amish 
individuals was associated with lower levels of LDL-C, lower 
levels  of  fasting  and  postprandial  triglycerides,  higher 
HDL-C, and a lower prevalence of coronary calcification in 
carriers compared with noncarriers. apoB was not mea-
sured. By contrast, four homoygotes with a loss-of-function 
mutation of apoCIII in a population of Pakistani individuals 
had lower plasma triglyceride, higher HDL-C, but similar 
LDL-C (56).

apoCIII inhibitor studies
ISIS 30481 (Volanesorsen)  is a second-generation anti-

sense inhibitor of apoCIII synthesis. Administration of this 
agent to three patients with familial hyperchylomicrone-
mia syndrome resulted in major decreases in plasma tri-
glycerides, which were associated with substantial decreases 
in plasma apoCIII and plasma apoE and increases in plasma 
HDL-C  (57).  That  the  agent  was  effective  in  individuals 
who lack LPL argues for yet another major mechanism of 
action affecting triglyceride-rich lipoprotein particles. Data 
on apoB100 were not reported.
A larger exploratory study of the effects of ISIS 30481 in 

patients with moderate to marked, but not severe, hypertri-
glyceridemia, some of whom were on fibrate therapy, was 
undertaken by the same group (49). apoCIII levels dropped 
substantially in a dose-dependent manner in both groups 
and this was associated with a concordant drop in plasma 
triglycerides, but an increase in HDL-C. As well, LDL-C in-
creased  in  a  dose-dependent  fashion.  There  was  a  dose- 
dependent decrease in apoB48. Data on apoB were reported 
in the supplement and separated based on whether ISIS 
304801 was administered as monotherapy or with fibrate 
therapy. With monotherapy, there were generally increases 
in LDL-C. With combination therapy, LDL-C increased at  
the higher dose, but not at the lower dose. There were de-
creases in VLDL-C and VLDL apoCIII with both monother-
apy and combination therapy. Total apoB was not reduced 
with monotherapy. With  fibrate monotherapy,  apoB  was 
reduced by approximately 8%, but this change was not sig-
nificant. Combination therapy did not produce a significant 
reduction in total apoB. apoB48 was reduced significantly 
by  20–60% with monotherapy  and  combination  therapy. 
The absolute reduction in apoB48 particle number varied 
between 0.2 and 0.6 mg/dl. With monotherapy, there  
was  a  dose-dependent  reduction  of  VLDL  apoB,  which  
was maximal at approximately 60%, representing an abso-
lute decrease of approximately 12 mg/dl. By contrast with 
the  decrease  in  VLDL  apoB,  there  was  a  progressive  in-
crease  in  LDL  apoB  from  just  over  20% with  the  lowest 
dose to just over 45% with the highest monotherapy dose. 
The  results  with  combination  therapy  with  fibrates  were 
inconsistent.

A study of ISIS 30481 in patients with type 2 diabetes and 
hypertriglyceridemia  confirmed marked  decreases  in  tri-
glycerides and VLDL-C, as well as increases in HDL-C, but 
no  change  in LDL-C. Plasma  apoB was  lowered, but not 
significantly  (58).  Based  on  total  apoB,  the net  effect  of 
ISIS  30481  on  cardiovascular  risk  appears  to  be  neutral. 
Further work is necessary to clarify the extent to which the 
changes in lipid composition are independent of any 
changes in particle number, particularly in VLDL apoB. 
Given that apoB was reduced in subjects with mutations of 
apoCIII (54), the possibility that pharmacological interven-
tions do not fully recapitulate all the biological mecha-
nisms needs to be considered.

ANGPTL3
ANGPTL3 is an endogenous inhibitor of LPL. The Dis-

covEHR  study  examined  the  associations  between  loss- 
of-function variants and coronary artery risk in a large sam-
pling of Americans (59). Carriers of  loss-of-function vari-
ants  had  27%  lower  triglyceride  levels,  9%  lower  LDL-C 
levels, and 4% lower HDL-C levels. Carriers also had a 41% 
lower OR of coronary artery disease. A monoclonal anti-
body to ANGPTL3 reduced atherosclerotic lesion size in 
mice; while in human volunteers, triglycerides were re-
duced 76% at day 4 and directly measured LDL-C was re-
duced by 23.3% at day 15 and HDL-C by 18.4% at day 15. 
No data on apoB were presented. Graham et al. (60) dem-
onstrated that antisense oligonucleotides that target Angptl3 
mRNA produced dose-dependent decreases in ANGPTL3 
protein, plasma triglycerides, LDL-C, non-HDL-C, and apoB, 
as  well  as  reducing  atherosclerosis  in  a  mouse  experi-
mental model. Furthermore, in nine patients with homozy-
gous familial hypercholesterolemia and, therefore, without 
functional  LDL  receptors,  Gaudet  et  al.  (61)  confirmed 
that ANGPTL3 could produce a  substantial  reduction  in 
LDL and apoB, an effect that in these patients must be me-
diated by a mechanism other than enhanced LDL receptor 
clearance. In this regard, the observations by Xu et al. (62), 
that RNAi-mediated silencing of ANGPTL3 in mouse livers 
resulted in reduced apoB secretion as well as increased 
uptake are of particular  interest. Finally,  familial com-
bined hypolipidemia, which is characterized by profound 
reductions in plasma triglycerides and LDL-C, has been 
associated with nonsense mutations in ANGPTL3 (56, 63). 
From the data available, it seems likely that impairment of 
ANGPTL3 function affects LDL as well as VLDL levels and, 
therefore,  benefit  is  unlikely  to  be mediated  entirely  by 
changes in triglycerides and could relate more closely to 
concurrent reduction in apoB.

SUMMARY

In summary, multiple metabolic links intricately inter-
connect VLDL and LDL metabolism, but neither plasma 
triglycerides nor LDL-C directly reflect VLDL and LDL 
particle  number.  Thus,  changes  in  cardiovascular  risk 
associated with changes in plasma triglycerides in the 
absence of changes in LDL-C are not interpretable without 
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simultaneous measures of apoB particle number. The com-
monly made assumption that if LDL-C is not affected, clini-
cal benefit must relate to differences in plasma triglycerides 
is not valid. Even if LDL-C is altered, this may not reflect 
the  full  quantitative  impact  of  the  intervention  on  LDL 
apoB. Indeed, there is no evidence yet that the benefits of 
lipid-lowering in general cannot be adequately accounted 
for by lowering of total apoB. It is unfortunate that apoB 
was not measured in so many of these studies. However, 
the absence of apoB data does not mean that apoB does 
not matter. As this review demonstrates, without apoB, the 
clinical significance of changes in lipids cannot be reliably 
determined.
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