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Purpose of review

Mendelian randomization studies have the potential to transform our understanding of cardiovascular
medicine by generating naturally randomized data that can fill evidence gaps when a randomized trial
would be either impossible or impractical to conduct. Here, we review recent Mendelian randomization
studies evaluating the effect of low-density lipoprotein cholesterol (LDL-C) on the risk of coronary heart
disease (CHD).

Recent findings

Mendelian randomization studies consistently demonstrate that LDL-C is causally associated with the risk of
CHD. Furthermore, exposure to genetically mediated lower LDL-C appears to be associated with a much
greater than expected reduction in CHD risk, thus suggesting that LDL-C has a cumulative effect on the risk
of CHD. In addition, genetically mediated lower LDL-C is log-linearly associated with the risk of CHD and
the effect of polymorphisms in multiple different genes on the risk of CHD is remarkably consistent when
measured per unit lower LDL-C.

Summary

The naturally randomized genetic evidence suggests that LDL-C has a causal and cumulative effect on the
risk of CHD, and that the clinical benefit of exposure to lower LDL-C is determined by the absolute
magnitude of exposure to lower LDL-C independent of the mechanism by which LDL-C is lowered.
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INTRODUCTION

It is well established that low-density lipoprotein
cholesterol (LDL-C) is causally associated with the
initiation and progression of atherosclerosis. Per-
haps, the most compelling evidence supporting
the causal role of LDL-C in the pathogenesis of
atherosclerosis is the fact that in meta-analyses of
randomized trials, lowering LDL-C with a statin
reduces the risk of major atherosclerotic cardiovas-
cular events by approximately 20% for each mmol/l
reduction in LDL-C [1,2]. However, persons being
treated with a statin continue to experience a high
residual risk of events. The cause of this residual risk
is unclear. The prevailing conventional wisdom is
that perhaps there are other risk factors that are
causally related to the risk of atherosclerotic
cardiovascular disease and treating these other risk
factors may reduce the residual risk. Unfortunately,
with the exception of lowering blood pressure,
several large randomized trials have failed to dem-
onstrate that raising high-density lipoprotein
cholesterol, lowering triglycerides, lowering serum
© 2015 Wolters Kluwer 
glucose among persons with diabetes or reducing
markers of inflammation further reduce the risk of
coronary heart disease (CHD) when added to treat-
ment with a statin [3–8].

An alternative, but complementary, hypothesis
to explain residual risk is that we may initiate LDL-C
lowering therapy too late in the atherosclerotic dis-
ease process to achieve the maximum potential
clinical benefit of lowering LDL-C. It is well known
from autopsy and other studies that atherosclerosis
is a chronic progressive disease that begins early in
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KEY POINTS

� Mendelian randomization studies can provide naturally
randomized evidence to fill evidence gaps when a
randomized trial would be impossible or impractical
to conduct.

� LDL-C has both a causal and cumulative effect on the
risk of cardiovascular disease.

� The clinical benefit of exposure to lower LDL-C appears
to be independent of the mechanism by which LDL-C
is lowered.
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life and progresses slowly over several decades before
becoming clinically manifest [9]. This finding has
led to the hypothesis that lowering LDL-C begin-
ning earlier in life (and therefore earlier in the
atherosclerotic disease process) may prevent or sub-
stantially slow the progression of atherosclerotic
lesions and thereby substantially improve the
clinical efficacy of therapies that lower LDL-C
(and thus reduce the corresponding residual risk)
[10].

Ideally, this hypothesis would be tested in a
long-term randomized trial. However, the cost
and logistical complexity of randomizing a very
large number of young asymptomatic persons to
an LDL-C lowering therapy or to placebo and then
following them forward for several decades would
likely be prohibitive. As a result, such a trial is
unlikely to ever be conducted.

Genetic studies can potentially help to fill this
evidence gap. In the absence of a long-term random-
ized trial, it may be possible to evaluate the effect of
lifelong exposure to lower LDL-C on the risk of
cardiovascular disease, and to address other unre-
solved issues in cardiovascular medicine and lipidol-
ogy, by appealing to the principle of Mendelian
randomization.
MENDELIAN RANDOMIZATION: NATURE’S
RANDOMIZED TRIALS

Numerous polymorphisms in multiple different
genes have been reported to be associated with small
differences in circulating LDL-C levels at genome-
wide level of significance [11,12

&

]. Each of these
polymorphisms is allocated approximately rando-
mly at the time of conception in a process some-
times referred to as Mendelian randomization
[13,14]. Therefore, inheriting an allele associated
with lower LDL-C is analogous to being randomly
allocated to an LDL-C lowering therapy at birth
while inheriting the other allele is analogous to
being randomly allocated to usual care. Comparing
 Copyright © 2015 Wolters Kluwe
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the rate of cardiovascular events among persons
with and without such an LDL-C lowering poly-
morphism should, therefore, provide an uncon-
founded causal estimate of the effect of long-term
exposure to lower LDL-C on the risk of CHD in a
manner analogous to a long-term randomized trial.

Several Mendelian randomization studies have
reported that polymorphisms that are associated
with lower LDL-C are also associated with a corre-
spondingly lower risk of CHD [15–17]. This finding
provides strong confirmation that LDL-C is causally
related to the risk of CHD. Furthermore, when the
effect of polymorphisms associated with lower
LDL-C, but not with other lipid or nonlipid pleio-
tropic effects, is plotted against their effect on CHD,
there appears to be a log-linear association between
the absolute magnitude of the exposure to lower
LDL-C and the risk of CHD [17]. This log-linear
relationship between genetically mediated LDL-C
and the risk of CHD is very similar to the log-linear
relationship observed between LDL-C levels and the
risk of cardiovascular events in both observational
epidemiologic studies and in randomized statin
trials [1,18], and thus provides strong naturally
randomized genetic evidence to support the notion
that with regard to LDL-C ‘lower is better’ (Fig. 1).

If we think of Mendelian randomization studies
evaluating polymorphisms in different genes, each
of which presumably lowers LDL-C by a different
mechanism or pathway, as distinct ‘naturally
randomized trials’, we can extend the analogy to
a portfolio of naturally randomized trials each eval-
uating a different method of lowering LDL-C. If we
first adjust the observed effect of each polymor-
phism on the risk of CHD for a given unit change
in LDL-C, we can then combine the results of these
studies in a meta-analysis to produce a summary
estimate of the effect of long-term exposure to each
unit lower LDL-C on the risk of CHD [17]. Interest-
ingly, this method is numerically and computation-
ally equivalent to calculating a genetic LDL-C score
using summary level data [19

&

]. Importantly, this
method is also exactly the same method used by the
Cholesterol Treatment Trialists’ Collaborators who
first adjusted the effect of each statin trial per
mmol/l lower LDL-C and then meta-analyzed the
adjusted effect sizes to estimate the effect of each
mmol/l lower LDL-C during treatment with a statin
on the risk of CHD [1,2]. When the Mendelian
randomization studies are meta-analyzed in this
way, or equivalently the combined effect of these
polymorphisms is evaluated as a genetic LDL-C
score, we see that long-term exposure to each
mmol/l lower LDL-C is associated with a substantial
50–60% reduction in the risk of CHD (with a robust
P value of 10�45) [17,20,21].
r Health, Inc. All rights reserved.
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FIGURE 1. (a) Boxes represent proportional CHD risk reduction (1 – OR) for each exposure allele plotted against the absolute
magnitude of lower LDL-C associated with that allele (top line), or the proportional CHD risk reduction (1 – RR) for each trial
plotted against the mean absolute difference in LDL-C between treatment arms at 1-year follow-up for that trial (bottom line).
Vertical lines represent one SE above and below point estimate of proportional risk reduction. SNPs and trials are plotted in order
of increasing absolute magnitude of exposure to lower LDL-C. The lines (which are forced to pass through the origin) represent the
increase in proportional risk reduction of CHD per unit exposure to lower LDL-C. (b) Boxes represent the OR for the association
between the exposure allele (defined as the allele associated with lower LDL-C) and risk of CHD for each polymorphism or
genetic LDL-C score. Bars represent 95% CI. Effect estimates and standard errors are adjusted for a standard decrement of
10mg/dl (0.25 mmol/l) lower LDL-C using the usual ratio of effect estimates method. CHD, coronary heart disease; CI,
confidence interval; LDL-C, low-density lipoprotein cholesterol; OR, odds ratio; RR, Relative Risk; SE, Standard Error.
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COMPARATIVE EFFECTIVENESS OF
EARLIER AS COMPARED WITH LATER
LOW-DENSITY LIPOPROTEIN
CHOLESTEROL LOWERING
We are now in a position to use the naturally
randomized genetic evidence to test the hypothesis
that long-term exposure to lower LDL-C is associ-
ated with a greater reduction in the risk of CHD as
compared with short-term reduction started later in
life. We can do this by comparing the results of the
meta-analysis of Mendelian randomization studies
with the meta-analysis of statin trials.

In these analyses, long-term exposure to each
mmol/l lower LDL-C appears to be associated with a
substantially greater reduction in the risk of CHD
events than the 20% relative reduction in risk
observed during treatment with a statin started later
in life (P value of 10�19) [17]. Indeed, long-term
exposure to lower LDL-C appears to be associated
with a three-fold greater reduction in the risk of
CHD per unit lower LDL-C (on the log scale) as
compared with treatment with a statin started later
in life. For example, if long-term exposure to each
mmol/l lower LDL-C is associated with a 55%
reduction in the risk of CHD, then to achieve this
same relative risk reduction starting later in life
would require lowering LDL-C by 3 mmol/l (relative
risk¼0.8�0.8�0.8 � 0.5) [17].

The substantially greater effect of long-term
exposure to each unit lower LDL-C on the risk of
CHD, as compared with short-term LDL-C lowering
during treatment with a statin, strongly implies that
LDL-C has both a causal and a cumulative effect on
the risk of atherosclerotic cardiovascular disease. As
a result, the naturally randomized genetic evidence
strongly supports the hypothesis that lowering
LDL-C beginning earlier in life (and therefore earlier
in the atherosclerotic disease process) would
substantially improve the apparent clinical efficacy
of lowering LDL-C. Thus, with regard to lowering
LDL-C, the naturally randomized genetic evidence
suggests that both ‘lower is better’ and ‘earlier is
better’. Indeed, the apparently reduced efficacy of
lowering LDL-C beginning later in life may explain
much of the residual risk associated with treatment
with a statin.
DOES THE MECHANISM OF LOW-DENSITY
LIPOPROTEIN CHOLESTEROL LOWERING
MATTER?

Although randomized trials of statins have consist-
ently demonstrated that lowering LDL-C reduces
the risk of CHD, several randomized trials have
failed to demonstrate that further lowering LDL-C
by adding niacin, a fibrate or a cholesterol-ester
 Copyright © 2015 Wolters Kluwe
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transfer protein inhibitor to a statin further reduces
the risk of cardiovascular events [4–7]. The results of
these trials have created uncertainty about whether
the mechanism of lowering LDL-C influences the
expected clinical benefit of exposure to lower
LDL-C. Mendelian randomization studies can help
to resolve this uncertainty.

Adjusting the effect of LDL-C lowering polymor-
phisms on the risk of CHD for a standard increment
in LDL-C to create a genetic LDL-C score, or equiv-
alently meta-analyze the Mendelian randomization
studies to generate a summary estimate of the effect
of genetically mediated exposure to lower LDL-C on
the risk of CHD, also permits us to make inferences
about whether the mechanism of lowering LDL-C
influences the corresponding risk of CHD. Mende-
lian randomization studies have reported that poly-
morphisms in multiple different genes, each of
which presumably acts to lower LDL-C by a different
mechanism or pathway, have a remarkably similar
effect on the risk of CHD when measured per unit
lower LDL-C [17]. Similarly, other Mendelian
randomization studies have compared polymor-
phisms in multiple different genes that each acts
to lower LDL-C through the same common final
pathway involving upregulation of the LDL-C recep-
tor [22

&&

]. These analyses included polymorphisms
in the genes that encode for the targets of several
commonly available LDL-C lowering medications
including the statins, ezetimibe and the new mono-
clonal antibodies directed against PCSK9. Once
again, polymorphisms in each of these genes had
a remarkably similar effect on the risk of CHD when
measured per unit change in LDL-C.

Taken together, the Mendelian randomization
studies strongly suggest that the clinical benefit of
lower LDL-C appears to be independent of the
mechanism by which LDL-C is lowered. Instead,
the clinical benefit of lower LDL-C appears to be
determined by the absolute magnitude of exposure
to lower LDL-C regardless of how LDL-C is lowered.
This finding may also explain the failure of trials
evaluating niacin, fibrates and dalcetrapib [4–7]. In
these trials, the absolute achieved reductions in
LDL-C were too small and the number of events
accrued too few to translate into statistically signifi-
cant effects on CHD risk.
ANTICIPATING THE RESULTS OF
RANDOMIZED TRIALS

The question of whether the mechanism of lowering
LDL-C influences the expected clinical benefit was
directly tested in the recently reported IMProved
Reduction of Outcomes: Vytorin Efficacy Inter-
national Trial (IMPROVE-IT) [23

&&

]. That study
r Health, Inc. All rights reserved.
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found that adding ezetimibe, a cholesterol absorp-
tion inhibitor, to treatment with a statin was associ-
ated with a 16 mg/dl absolute reduction in LDL-C
and a significant 10% reduction in the composite
end point of cardiovascular death, nonfatal myo-
cardial infarction or nonfatal stroke (P¼0.003). The
magnitude of this event reduction was consistent
with the expected effect for a similar reduction in
LDL-C during treatment with a statin, thus support-
ing the notion that the benefit of lower LDL-C is
independent of the mechanism by which LDL-C is
lowered. Despite this finding, however, consider-
able uncertainty persists as to whether lowering
LDL-C by inhibiting cholesterol absorption with
ezetimibe is as effective at reducing the risk of
CHD as is treatment with a statin. Once again,
naturally randomized genetic evidence can help
resolve this uncertainty.

To compare the biological effect of lower LDL-C
mediated by inhibition of the Niemann-Pick
C1-Like 1 (NPC1L1) protein with ezetimibe and
inhibition of 3-hydroxy-3-methyl-glutaryl-CoA
reductase (HMGCR) with a statin, we conducted a
2�2 factorial Mendelian randomization study to
approximate a ‘naturally randomized IMPROVE-IT
trial’ [22

&&

]. We found that polymorphisms that
mimic the effect of ezetimibe and polymorphisms
that mimic the effect of statins, respectively, had
approximately the same effect on the risk of CHD
per unit lower LDL-C, and that when present
together they had a linearly additive effect on
LDL-C and a log-linearly additive effect on the risk
of CHD. The results of this naturally randomized
IMPROVE-IT trial thus predicted that adding ezeti-
mibe to a statin should reduce the risk of CHD
proportional to the absolute achieved reduction in
LDL-C, because the effect of each unit lower LDL-C
mediated by inhibition of HMGCR and NPC1L1
has essentially the same effect on the risk of CHD.
Indeed, this is precisely what the IMPROVE-IT trial
reported [23

&&

]. This Mendelian randomization
study, both provides strong biological support for
the results of IMPROVE-IT, and importantly it
suggests that naturally randomized genetic evidence
can closely anticipate the results of randomized
trials.
FILLING EVIDENCE GAPS WITH
NATURALLY RANDOMIZED GENETIC DATA

Even after publication of IMPROVE-IT, an important
unresolved issue is whether the combination of low-
dose statin and ezetimibe will be as effective at
reducing the risk of CHD as treatment with high-
dose statins. The naturally randomized genetic data
strongly suggest that treatment with combination
 Copyright © 2015 Wolters Kluwer 
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low-dose statin and ezetimibe should be as effective
as high-dose statin therapy at reducing the risk of
CHD because polymorphisms that mimic the effect
of statins, polymorphisms that mimic the effect of
ezetimibe and the combined effect of these poly-
morphisms each has the same effect on the risk of
CHD when measured per unit change in LDL-C
[22

&&

,20,24
&

].
This issue is particularly relevant given the con-

cern about apparent dose-dependent statin-induced
side-effects. In a recent meta-analysis of statin trials,
treatment with a statin was associated with a dose-
dependent increase in the risk of new-onset diabetes
[25,26

&&

]. In addition, a Mendelian randomization
study reported that polymorphisms in the HMGCR
gene that mimic the effect of statins were also
associated with a slightly higher lifetime risk of
diabetes, suggesting that at least some of the
increased risk of diabetes may be an ‘on-target’ effect
of statins [26

&&

].
By contrast, analyses of data from the ‘naturally

randomized IMPROVE-IT’ study found that poly-
morphisms that mimic the effect of ezetimibe,
unlike polymorphisms that mimic the effect of sta-
tins, are not associated with an increased risk of
diabetes (Ference B.A., unpublished data). These
genetic data once again accurately predicted the
results of the IMPROVE-IT trial. In IMPROVE-IT,
adding ezetimibe to treatment with a statin did
not increase the risk of new-onset diabetes [27

&&

].
Therefore, the naturally randomized genetic evi-
dence, combined with evidence from IMPROVE-
IT, suggests that the combination of low-dose statin
and ezetimibe may actually be preferred to treat-
ment with high-dose statins because it will maxi-
mize LDL-C lowering (and thus maximize the
corresponding reduction in CHD risk), while at
the same time minimize the potential for dose-
dependent statin-induced side-effects, including
new-onset diabetes.
CONCLUSION

Mendelian randomization studies have the poten-
tial to reshape cardiovascular medicine by generat-
ing robust naturally randomized evidence that can
help to fill evidence gaps when an actual random-
ized trial would be either impossible or impractical
to conduct. Indeed, recent Mendelian randomiz-
ation studies have begun to challenge current para-
digms in lipidology by demonstrating that LDL-C
has both a causal and a cumulative effect on the risk
of CHD, and that the clinical benefit lower LDL-C
appears to be independent of the mechanism by
which LDL-C is lowered. These naturally random-
ized genetic data suggest that with regard to LDL-C,
Health, Inc. All rights reserved.

Volume 26 � Number 6 � December 2015



Mendelian randomization studies Ference
it may be time to consider changing the notion of
‘lower is better’ to ‘lower is better, and earlier is
better’ to maximize the potential lifetime benefit
of exposure to lower LDL-C; and to reconsider the
focus on ‘high intensity statins’ and instead focus on
‘high intensity LDL-C lowering’ as the preferred
strategy to reduce the risk of cardiovascular events,
while at the same time minimize the potential for
dose-dependent statin-induced side-effects.
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