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Abstract Genetic factors identified from genome-wide asso-
ciation studies have been used to understand causative vari-
ants for complex diseases. Studies conducted on large popu-
lations of individuals from many geographical regions have
provided insights into genetic pathways involved in the causal
pathway for atherosclerotic cardiovascular disease. A single
genetic trait may ineffectively evaluate the pathway of inter-
est, and it may not account for other complementary genetic
pathways that may be activated at various stages of the disease
process or evidence-based therapies that alter the molecular
and cellular milieu.
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Genetic factors identified from genome-wide association stud-
ies (GWAS) have been used to understand causative variants
for complex diseases. Studies conducted on large populations

of individuals from many geographical regions have provided
insights into genetic pathways involved in the causal pathway
for atherosclerotic cardiovascular disease (CVD) inclusive of
lipoprotein metabolism, inflammation and thrombosis.
However, traits identified with genome wide significance
collectively contribute less than 10 % of the genome wide
association risk for coronary artery disease (CAD) [1]. Most
often, the proportion of variance explained by the variant is
small [2]. Thus, a single genetically-determined trait may
ineffectively evaluate the pathway of interest.

Complex pathobiological processes in atherosclerosis in-
volve supernumerary pathways that may have variable effects
on the disease state [3]. Genetic studies consider environmen-
tal factors as completely independent; however, many genetic
factors are dependent on environmental influences [4]. The
contexts of shifting environments are not considered in
GWAS. Context-driven macroenvironmental factors include
lifestyle factors (diet, physical activity, and smoking) and
other major risk factors (obesity, diabetes, hypertension) and
systemic inflammation [5]. Macroenvironmental factors will
influence the cellular microenvironment, which may poten-
tially activate silent inflammatory genes relevant in the late
phase of atherosclerosis. The context-dependency of the mi-
croenvironmental perturbation may be required for activation
of a cotranscription factor that is needed for the regulatory
effect of the DNA variant. Thus, genetic variants identified
by GWAS have not accounted for environmental context that
requires a systems’ genetics approach that identifies disease-
driving networks and their genetic regulation.

Mendelian randomization is the application of instrumental
variables as a tool to infer causality in non-experimental con-
ditions. The instrumental variable is often a GWAS-identified
genetic variant or group of variants that associates with both
the biomarker of interest and the outcome of interest, but not
with other potentially confounding biological pathways [6, 7].
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According to the mendelian randomization paradigm, the nat-
urally randomized distribution of genotype occurs at concep-
tion and exerts itself throughout the lifetime of the individual.
Genetic differences in specific traits are quantified by the pres-
ence of one or two specific single nucleotide polymorphisms
(SNP). Causality for the trait is implied when its absence is
associated with a disease state or clinical event. Most often,
the SNP is related to a gene encoding a known intermediary
biomarker of interest or target of pharmacological
intervention.

Limitations of Mendelian randomization also include con-
founding by linkage disequilibrium, segregation distortion at
the locus of interest, complex genetic architecture, composi-
tion of the study population and parent-of-origin effect [7].
Another concern is the gene of interest influences many traits
(pleiotropy).

Selection of the instrumental variable in large population
based studies and in clinical trials is based on the assumption
that the specimen was collected under optimal conditions with
high reproducibility and negligible degradation of the selected
biomarker during long-term storage. For genetic traits, the
biomarker must accurately encompass the pathway of interest
and not represent an aggregate measure of the activity of
multiple genes that regulate the concentration of different
proteins that individually may have pro-atherosclerotic or
anti-atherosclerotic activities.

Pharmacogenomics investigates the influence of genetic
variants on the response of individuals to a drug. Variants in
the target-encoding gene are used to model the potential
effects of modulating that target pharmacologically. This
approach is intended to define the mechanism-based effects
of pharmacological intervention of that target, and distinguish
the on- ta rge t f rom off - t a rge t e f fec t s [8 ] . Thus
pharmacogenomics may be a highly effective tool for
selection of personalized and targeted treatment.

In this perspective, we discuss the contributions of the
Mendelian randomization paradigm to understanding of bio-
markers and targets of therapy. Our examples will review con-
ventional and emerging pathways, therapies, and discuss ge-
netic studies that did not yield the expected outcome. Omis-
sion of context-dependent macroenvironment and microenvi-
ronmental factors may contribute to overenthusiastic conclu-
sions from GWA traits identified in static environments.

Lipids, Lipoproteins and Lipoprotein Altering
Therapies

In this section, genetic targets that regulate Low Density
Lipoproteins (LDL), High Density Lipoproteins (HDL) and
triglyceride-rich lipoproteins (TGRLs) and pharmacological
approaches to these targets will be discussed (Table 1).

LDL Receptor (LDLR)

Rare LDL receptor mutations have been shown to contribute
to increased risk of myocardial infarction, while more com-
mon variants at nearly 50 loci have been associated with myo-
cardial risk in the general population [9–13]. LDLRmutations
have been detected in 2 % of individuals with early-onset MI
(≤50 years in males and ≤60 years in females) [13]. More
severe LDLR mutations were associated with higher MI risk
in the US National Heart Lung, and Blood Institute’s exome
sequencing project. Carriers of rare non-synonymous
mutations had a 4.2-fold increased risk for MI versus
non-MI controls, and carriers of null alleles had a higher
13-fold risk for MI.

LDLR sequence non-coding variants have been shown to
be protective against coronary artery disease (CAD) in an
Icelandic population [14]. A splice variant in LDLR
(rs72658867-A, c.2140 + 5G>A) and an intronic variant
(rs17248748-T) are associated with lower non-HDL-C levels
and lower coronary artery disease risk. The splice variant al-
ters the LDLR reading frame after amino acid position 713,
and increases mRNA expression of LDLR that was unrelated
to increased expression in wild type LDLR.

HMG-CoA Reductase and Pharmacological
Inhibition

Statins reduce LDL cholesterol levels by inhibiting 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR),
the rate limiting step in cholesterol biosynthesis, and increas-
ing LDL receptor synthesis, the primary receptor for clearance
of LDL and other apoB-containing atherogenic lipoproteins.
Themagnitude of HMG-CoA reduction results in a correlative
reduction in cardiovascular events [15]. An analysis of four
randomized trials of statin therapy for primary prevention Jus-
tification for the Use of Statins in Prevention: An Intervention
Trial Evaluating Rosuvastatin (JUPITER) and Anglo-
Scandanavian Cardiovascular Outcomes Trial (ASCOT) and
secondary prevention Cholesterol And Recurrent Events
(CARE) and Pravastatin or Atorvastatin Evaluation and Infec-
tion Therapy (PROVE-IT) that included 48,421 participants
who had 3477 events were used to investigate whether a ge-
netic risk score based on 27 genetic variants could ascertain
the risk of both incident and recurrent coronary heart disease
events [16]. The genetic risk score was selected from traits
identified at a genome-wide level in a different analysis [17].
The benefit of statin therapy on incident and recurrent coro-
nary events increased across the low (13 %), intermediate
(29 %) and high (48 %) genetic risk categories. The high
genetic risk participants had larger absolute risk reduction
resulting in a threefold decrease in the number needed to treat
to prevent one CHD event in primary prevention trials. In the
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primary prevention trials, the number needed to treat to pre-
vent one event in 10 years was 25 in those at high genetic risk,
42 in those with intermediate risk and 66 in those at low risk in
JUPITER, and 20, 47 and 57 in ASCOT. This approach de-
lineates the expanding role of genetics to provide improved
precision for predictors of risk and responses to therapy [18].

Statin therapy is associated with increased risk of type 2
diabetes mellitus [19], that is more pronounced among non-
diabetes patients treated with high-intensity compared with
low to moderate intensity statin therapy [20]. In the JUPITER
trial, treatment with rosuvastatin 20 mg daily increased inci-
dent type 2 diabetes by 1.25 [21]. The Mendelian randomiza-
tion principle was used to investigate the mechanism underly-
ing the glucose-raising effect of statins. Single SNPs in the
HMGCR gene, rs17238484 and rs12916, were used to explore
the association of incident and prevalent type 2 diabetes [22].
The genetic analysis included 195,444 individuals who par-
ticipated in 43 studies. The rs172348484G allele was associ-
ated with higher plasma insulin concentration (1.62 %, 95 %
CI 0.53–2.72; p=0.04), high plasma glucose concentration
(0.23 % 0.02–0.44; p=0.03) and higher body weight (95 %
CI 0.18–0.43; p=3.15×10−6) in 26,236 cases and 164,842
controls from 35 population studies. However, the HMGCR
rs1723848-G allele was not associated with increased risk of
type 2 diabetes (OR per allele: 1.02, 95 % CI 10.00-1.05;
p=0.09) in 16 studies that included 14,976 cases and 74,395
controls. In contrast, the association between HMGCR
rs12916 and incident type 2 diabetes was significant in 16
studies that included 14,976 cases and 74,395 controls). The
OR per rs12916-T allele was 1.06 (95 % CI 1.03–1.09;
p=9.58×10−5) in 129,170 individuals in randomized trials
at a mean 4.2 years follow-up, and increased the odds of
new-onset type 2 diabetes (OR 1.12, 95 % CI 1.06–1.18 in
all trials). Despite the association of statin therapy and incident
type 2 diabetes was reported in the JUPITER trial, the
rs17234848 allele was 0.86 (0.70–1.04) rs12916 allele was
protective against type 2 diabetes (OR 0.83 [0.70–0.98]) in

17,802 participants (8901 rosuvastatin, 8901 placebo). How-
ever, larger studies that included greater numbers of type 2
diabetes patients (WGHS, deCODE) showed estimates that
suggested higher risk of type 2 diabetes. Overall, the attribut-
able risk for type 2 diabetes with theses alleles ranged from 2
to 6 %.

PCSK9 and Pharmacological Inhibition

The genetics of proprotein convertase subtilisin kinexin
9 (PCSK9) has identified missense and nonsense loss of
function variants that are associated with reduced levels of
low density lipoprotein (LDL) cholesterol and lower rates of
myocardial infarction [23, 24]. In the pooled cohorts, PCSK9
variants were associated with 35 mg/dL (95 % confidence
interval [CI]: 32, 39) lower LDL-C in AAs and 13 mg/dL
(95 % CI: 11, 16) lower LDL-C in whites. PCSK9 variants
were associated with a pooled OR for CHD of 0.51 (95 % CI:
0.28, 0.92) in AAs and 0.82 (95 % CI: 0.63, 1.06) in whites.
These associations support the concept that lifelong lower
levels of LDL-C are accompanied by lower risk of CHD.
Successful pharmacological approaches to PCSK9 inhibition
include the use of monoclonal antibodies directed at circulat-
ing levels of PCSK9. In pooled analyses, the completely
human monoclonal anti-PCSK9 antibodies (alirocumab,
evolocumab) reduces LDL cholesterol levels by 55 to 72 %;
and in post hoc analysis of phase II trials, cardiovascular
events were reduced by 53 and 54 % respectively [25, 26].

NPC1L1 and Pharmacological Inhibition

Niemann-Pick C1-like1 is expressed in the small intestine and
liver, where it functions as a transporter of dietary cholesterol
from the intestinal lumen to the enterocytes [27, 28].

Table 1 Lipid and lipoprotein polymorphisms with clinical trials of pharmacological inhibitors

Gene Chromosome Effect of variant on
protein function

Effect of mutation
on enzyme activity/
protein level

Lipid Phenotype
Association

CHD risk Pharmacological Inhibitor

HMGR 5q13 Loss Decrease ↓LDL-C Lower Statins

LDLR 19p13.2 Loss Decrease ↑LDL-C Increase Statins, PCSK9 inhibitors

NP1C1 7p13 Decease ↓LDL-C Lower Ezetimibe

PCSK9 1p32 Loss Decrease Ongoing trials PCSK9 Inhibitors

APOC3 R19X Gain Decrease ↓TGRL Undetermined ApoC3 miRNA inhibitors

CETP 16q13 Loss Decrease ↑HDL-C
↓LDL-C

None, Ongoing trials CETP inhibitors

HMGR hydroxymethyl coenzyme A reductase, LDLR low density lipoprotein receptor,NP1C1Niemann-Pick-C1-Like 1,PCSK9 proprotein convertase
subtilixin kinase, APOC3 Apolipoprotein C3, CETP cholesteryl ester transfer protein
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Ezetimibe, a pharmacological agent that inhibits the function
of NPC1L1, reduced LDL cholesterol levels by 15 to 20 %.
The Myocardial Infarction Genetics Consortium Investigators
identified 15 naturally occurring inactivating mutations that
were associated with an average LDL cholesterol level that
was 12 mg/dL lower than in noncarriers [29]. Carriers’ status
for an inactivating mutation was associated with a 53 %
relative reduction in the risk of coronary heart disease
(carrier frequency 0.04 % vs. 0.09 % in controls). Mendelian
randomization was used to explore the effects of inhibiting
NPC1L1, HMGCR or both on CHD events from 14 prospec-
tive and case-control studies that included 108,376 individuals
(10.464 CHD events) [30]. NPC1L1 polymorphisms were
associated with a 2.4 mg/dL lower LDL-C and 4.8 % lower
risk of CHD, while the group with HMRCR polymorphisms
had a 2.9 mg/dL lower LDL-C and 5.3 % lower risk of CHD.
Among individuals with NPC1L1 and HMGCR polymor-
phisms had an additive 5.8 mg/dL lower LDL-C and larger
10.8 % lower risk of CHD. This 2 × 2 genetic analysis
provides support for NPC1LI as a valid target for pharmaco-
logical intervention in combination with statin therapy, which
was recently supported by the IMProved Reduction of Out-
comes: Vytorin Efficacy International Trial (IMPROVE-IT)
trial [31]. IMPROVE-IT randomized post acute coronary syn-
drome patients with LDL cholesterol levels between 50 to
125 mg/dL, to simvastatin 40 mg nightly or simvastatin
40 mg daily and ezetimibe 10 mg daily. After an average of
7 years, treatment with simvastatin and ezetimibe was accom-
panied by a 6.4 % reduction in major adverse cardiovascular
events. Variants in NPC1L1 contribute to the inter-individual
variation in LDL cholesterol lowering with ezetimibe; [32]
however, the association between the magnitude of LDL
cholesterol reduction and cardiovascular events with
ezetimibe is uncertain.

CETP and Pharmacological Inhibition

HDL cholesterol has been considered as a biomarker for the
efficiency of reverse cholesterol transport, which is the pro-
cess that results in removal of cholesterol from tissues and
disposition in the feces [33]. This concept was based on the
lecithin cholesterol acyltransferase pathway promulgated
by Glomset nearly 60 years ago [34]. Of the multiple path-
ways involved in cholesterol transport, the quintessential
pathway for removal of cholesterol from lipid-laden mac-
rophage in the arterial wall involves the ABCA1 transport-
er. However, less than 5 % of the cholesterol transported in
HDL particles is derived from the arterial wall. Evaluations
of the gene LIPG Asn396Ser that regulates the cholesterol
content of high density lipoprotein (HDL) without altering
LDL cholesterol, has shown that the cholesterol cargo
transported by HDL, e.g., HDL cholesterol concentration,

is not involved in the causal pathway for myocardial infarc-
tion [35–37]. Consistent with the metabolic interactions
with triglyceride-rich lipoproteins, HDL cholesterol risk is
related to elevated concentrations of triglyceride-rich lipo-
proteins, as supported in Mendelian randomization studies
[38]. Other HDL protein and lipid components participate
in multifarious HDL functions; however, there are no re-
ports from Mendelian randomization studies that have in-
vestigated the genetic basis of these components on HDL
function and myocardial infarction [37].

Cholesteryl ester transfer protein (CETP) is an important
regulator of HDL cholesterol and LDL cholesterol [39]. CETP
variants located near or in the CETP gene at 16q13 were
associated with higher levels of HDL cholesterol and lower
risk of incident myocardial infarction. SNP rs708272 in the
CETP gene was associated with a per-allele increase in HDL
cholesterol levels of 3.1 mg/dL, and a corresponding 24 %
lower risk of future myocardial infarction (age-adjusted HR
0.76, 95 %CI 0.62–0.94). Concordant effects on HDL choles-
terol and incident myocardial infarction were also observed at
the CETP locus for rs4329913 and rs7202364 [40, 41]. In a
meta-analysis, the CETP polymorphism was associated with a
decrease in LDL cholesterol levels of 1.2 mg/dL. However,
the use of small molecules directed at CETP inhibition has not
yet established this target as a viable candidate for CVD pre-
vention [42–44] Despite the failure of clinical trials with cer-
tain CETP inhibitors (torcetrapib, dalcetrapib, evacetrapib), it
remains to be determined whether other CETP inhibitors do
not have hazardous off-target toxicity of torcetrapib or may be
more effective than dalcetrapib and evacetrapib agents for
lowering LDL cholesterol, triglyceride-rich lipoproteins and
increasing HDL cholesterol (anacetrapib, TA-8995) reduce
cardiovascular events [45, 46]. However, CETP inhibition
with three agents has not been accompanied by a reduction
in cardiovascular events suggesting other pathways may inter-
fere with HDL functionality in statin-treated patients [47].

A pharmacogenomics approach has been proposed for the
identification of individuals who derive benefit versus harm
from CETP inhibition. In the dal-Outcomes trial, polymor-
phisms in the ADCY9 gene on chromosome 16 were associ-
ated with reductions in cardiovascular events [48]. Among
patients with genotype AA at rs1967309, there was a 39 %
reduction in the composite cardiovascular endpoint with
dalcetrapib compared with placebo (hazard ratio, 0.61; 95 %
confidence interval, 0.41–0.92). In contrast, patients with ge-
notype GG had a 27 % increase in events with dalcetrapib
versus placebo. These data have been replicated in
dalPLAQUE with carotid intima-medial thickness. This
pharmacogenomic approach to CETP inhibition has been sug-
gested as strategy to investigate whether dalcetrapib may
prove an effective target for the prevention of atherosclerotic
cardiovascular events among individuals with the certain var-
iants in ADCY9.
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ApoCIII and Pharmacological Inhibition

Elevated triglyceride levels have been associated with in-
creased risk of cardiovascular events; however, the causality
of triglyceride-rich lipoproteins has been challenging due to
the associations with other major cardiovascular risk markers
[38]. Two studies have established a central role for apoC3 in
triglyceride-rich lipoproteins and CHD risk. In the TG and
HDL Working Group of the Exome Sequencing Project, the
protein-coding regions (exome) of 18,666 genes were se-
quenced in 3734 individuals from the United States, and rare
mutations in each gene were tested for association with plas-
ma TG [49]. The strongest association was observed for
APOC3. Approximately 1 in 150 individuals carried any of
4 protein-altering or splice-site variants of APOC3. Heterozy-
gous carriers of any of these 4 APOC3 mutations had 39 %
lower plasma triglyceride levels, 46 % lower circulating plas-
ma APOC3 and 40 % lower risk for CHD. In two general
populations studies from Denmark that included data from
75,725 participants, participants with nonfasting TG levels
<90 mg/dL had a significantly lower incidence of cardiovas-
cular disease than those with levels ≥350 mg/dL (hazard ratio
[HR] for ischemic vascular disease, 0.43; 95 % CI, 0.35 to
0.54; HR for ischemic heart disease, 0.40; 95 % CI, 0.31 to
0.52) [50]. Sequencing of APOC3 in 10,797 participants iden-
tified 3 of the 4 loss-of-function mutations from the Exome
Sequencing Project. Those heterozygous for loss-of-function
mutations in APOC3 had lower triglyceride levels and lower
ischemic vascular disease risk that were similar to the first
study (44 % nonfasting triglycerides and 41 % for ischemic
vascular disease).

In phase 2 studies, an antisense approach to apoCIII, ISIS-
APOCIIIRx, was highly effective in lowering apoC3, fasting
plasma triglycerides, and non-HDL-C in patients with elevat-
ed VLDL-triglyceride or chylomicron-triglyceride due to a
variety of conditions, including familial chylomicronemia
due to LPL deficiency (LPDL). These data suggest that apoC3
might play a key role in a non-LPL-dependent TGRL meta-
bolic pathway [51, 52].

Inflammatory Pathways and Anti-Inflammatory
Therapies

Circulating levels of hepatic-derived inflammatory markers
have been associated with increased risk of coronary heart
disease in observational epidemiological studies and clinical
trials of statins; however, DNA variations associated with C-
reactive protein and fibrinogen, have not been linked to CHD
in genetic studies [53–55].

Clinical investigations of proximate mediators of inflam-
matory cascades are challenging due to the large variability in
these circulating mediators that are influenced by a multitude

of epigenetic changes in gene expression and environmental
factors that include the acute phase response. Subsequently,
genetic variants of specific inflammatory pathways have been
used to assess the causal relationship to CHD. The complexity
of mendelian randomization to imply causality in a dynamic
environment of atherosclerosis, risk factors and therapies is
described for secretory phospholipase A2 (Table 2).

Inflammatory pathways include polymorphisms in
lipopolysaccharide-induced inflammatory response; [56]
however, genetic associations of the pattern-recognition re-
ceptor for LPS (TLR4) are associated with cardiac events
[57, 58], but not consistently with atherosclerosis [59, 60].
TLR2 is another recognition receptor for pathogen-
associated molecular patterns (PAMPs), and the TLR2 gene
Arg753Gln polymorphism was associated with reduced risk
of coronary artery disease in Turkish patients [60, 61]. Osteo-
protegerin (TNFRSF11B), a secretory glycoprotein member
of the tumor necrosis factor receptor (TNFR) superfamily,
inhibits differentiation of macrophages into osteoclasts tumor
necrosis factor soluble factor 11B [62]. In peripheral arterial
disease patients with diabetes, three variant genotypes of the
OPG gene (rs3134069, rs2073617, rs2073618) were indepen-
dently associated with increased risk of peripheral arterial oc-
clusive disease, but these three traits act synergistically with
different levels of risk. This study suggests that the suscepti-
bility profile results from functional interactions between a
number of genes.

Interleukin-6 Receptor Pathways

The interleukin-6 (IL6) signaling pathway involves soluble
IL-6 activation of hepatic, leukocyte and endothelial
membrane-bound receptors (IL6R) that result in activation

Table 2 Complexity of DNA Sequence Variants for Inflammatory
Pathways: Secretory Phospholipase A2 Conundrum

Multiple polymorphisms

Proatherogenic vs. Antiatherogenic Properties

Biomarkers – non-selective for specific isoforms

sPLA2 activity as a surrogate for sPLA2-IIA, V and X

Variable expression of traits with state of disease

Asymptomatic coronary atherosclerosis vs. acute coronary syndromes

Disease state modifying genes

Systemic inflammation –promoters that upregulate sPLA2-IIA

Protein oxidation and glycoxidation – upregulation of sPLA2-IIA vs.
sPLA2-V and X

Pharmacological therapy impact on gene expression and protein
concentration

Statin therapy reduces oxidized LDL, cytokine production and
systemic and arterial inflammation plus effects on disease state

Cellular receptor expression and activity for ligand
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of downstream inflammatory cascades that increase produc-
tion of hepatically-synthesized C-reactive protein, fibrinogen,
and other acute phase reactants [63, 64]. The Asp358Ala var-
iant, rs2228145, in IL6R impairs IL6R signaling by reducing
membrane bound IL6R levels, and not by changing produc-
tion of IL6R or IL-6 [65, 66].

Two Mendelian randomization meta-analyses have inves-
tigated IL-6R and CHD [67, 68]. In a meta-analysis of human
genetic and biomarker data from 46 genetic epidemiological
studies involving 204,930 participants, carriers of 358Ala had
higher concentrations of soluble IL6R and interleukin 6 (both
p<10−13) and dose-dependent lower concentrations of the
downstream inflammatory markers CRP and fibrinogen, com-
pared to non-carriers [67]. The risk of CHD was lower in
carriers of 358Ala compared with non-carriers. Carriers had
a 3.4 % (1.8–5.0) per allele lower risk of CHD. In another
mendelian randomization study that included 133,449 partic-
ipants from 40 studies, the IRLR SNP rs7529229 marking a
IL6 variant rs8192284 (p.Asp358Ala) was associated with an
increased circulating concentration of IL-6 (log increase in
concentration 9.45 % per allele) and reduced concentrations
of CRP (8.35 % [95 % CI: 8.34–10.57] per allele) and fibrin-
ogen (0.85 % [95 % CI: 0.60–1.10] per allele) [68]. The IL6R
rs7529229 SNP was associated with reduced odds of CHD
events (0.95: 95 % CI: 0.93, p=1.53×10−5).

In an example of pharmacogenomics, the genetic findings
of IL6R polymorphism rs7529229 were compared with the
aggregated data from rheumatoid arthritis patients who were
enrolled in six short-term randomized or controlled trials (12–
52 week duration) with the IL-6R monoclonal antibody
blocker tocilizumab [68]. Treatment with toclizumab (8 kg/
mg dose) reduced IL-6, IL-6R, CRP and fibrinogen, but in-
creased LDL cholesterol and HDL cholesterol. The IL6R
rs7529229 SNP showed no association with LDL cholesterol
and HDL cholesterol. The effects of tolizumab may be mech-
anism based due to reduced inflammation and alleviation of
acute phase lipoprotein changes or result from differences in
classic signaling through membrane IL6R versus trans-
signaling via the soluble receptor. Tolizumbab inhibits classi-
cal and trans pathways, whereas the functional polymorphism
tagged by rs7529229 (rs8192284) increases soluble ILR6R
only through proteolytic cleavage of the membrane-bound
receptor [64, 69, 70].

Secretory Phospholipase A2

Secretory phospholipase A2 encompasses a family of calcium-
dependent phospholipase that include members with pro-
atherogenic (sPLA2-IIA, sPLA2-III and sPLA2-V) and anti-
atherogenic properties (sPLA2-X) [70–74]. The sPLA2 isoen-
zymes, GII, V ad X, participate in intracellular arachidonic
acid release and as a consequence influence intracellular

inflammatory signaling and production of bioactive lipid me-
diators by different pathways [71, 73]. Each isoform functions
both as an enzyme and ligand for receptors (both soluble and
membrane-bound) that control and transduce their biological
effects or modulate their enzymatic action [70–72]. Among
the sPLA2 binding proteins, the M-type receptor (PLA2R1) is
the best-characterized sPLA2 receptor [75, 76]. PLA2R1 is a
type I membrane glycoprotein of 180 kDa that belongs to the
superfamily of C-type lectins. Currently, the biological func-
tions of PLA2R1, its endogenous ligands, other than mamma-
lian sPLA2 isoenzymes, and associated signaling pathways
remain largely unknown. In an experimental model, lack of
PLA2R1 increased the risk of cardiac rupture after myocardial
infarction [77].

During an acute coronary syndrome, the plasma concen-
tration of sPLA2-IIA rises, and this biomarker has been
shown useful to discriminate between suspected ACS pa-
tients who develop a myocardial infarction versus those
patients who do not [71–73]. The localization pattern of
sPLA2-IIA in infarcted myocardium and its temporal
course in plasma, in relation to those of CRP, are in line
with a supposed pro-inflammatory role during acute myo-
cardial infarct ion for sPLA2-IIA, as a source of
lysophospholipids that serve as ligands for CRP [78]. This
example with sPLA2-IIA underscores the importance of
context dependency [5]. (Bjorkman).

Varespladib methyl is a pan-sPLA2 inhibitor that has near
equal efficacy in lowering production of sPLA2-IIA, sPLA2-V
and sPLA2-X [79]. Thus, this compound reduces the concen-
tration of both proatherosclerotic and anti-atherosclerotic
sPLA2 isoforms. In a biomarker analysis of ACS patients,
varespladib methyl reduced LDL cholesterol and high-
sensitivity C-reactive protein; [80] two biomarkers that were
consistent predictors of benefit with multiple pharmacological
therapies [81]. In a subgroup analysis of the Fewer Recurrent
Acute coronary events with Near-term Cardiovascular Inflam-
mation Suppression (FRANCIS) trial, the anti-inflammatory
effect of varespladib methyl was confined to patients with
diabetes [82], thereby providing another example of context-
dependent macroevironmental influences and most certainly
microenvironmental influences. VISTA-16 (Vascular Inflam-
mation Suppression to Treat Acute coronary syndromes for
16 weeks) investigated the short-term efficacy of varespladib
methyl therapy (500 mg daily) on cardiovascular morbidity
and mortality when added to standard of care and atorvastatin
[83, 84]. The trial was terminated due to possible harm as
demonstrated by the 1.66 hazard ratio for myocardial
infarction.

The association between secretory phospholipase A2 iso-
forms as potential therapeutic targets for cardiovascular dis-
ease preventionwas subsequently evaluated inMendelian ran-
domization studies. Various SNPs of PLA2GA (rs1774131,
rs11573156, rs3753827, rs2236771; rs876018; rs3767221)
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influence sPLA2-IIA concentration in patients with stable
CHD; however, only linkage to rs11573156 was associated
with sPLA2-IIA level in multivariate analysis [85]. None of
the PLA2GA SNPs were associated with total sPLA2 activity.
Due to the lack of available assays to directly quantify sPLA2-
V levels, the sPLA2-VMendelian randomization used expres-
sion data to select the SNP most strongly associated with
PLA2G5 gene expression [86]. The association of the genetic
variant was investigated in a pooled analysis of 27,230 CHD
events and 70,500 controls. There was no evidence to support
the role of sPLA2-V in CHD. A smaller genetic analysis of
sPLA2-X suggested no evidence of association of the sPLA2-
X isoform with risk of CHD [87].

These Mendel ian randomizat ion studies have
questioned whether sPLA2 isoforms have a causal effect
on CHD. Several assumptions related to the biology of
sPLA2 isoforms and pharmacological effects of
varespladib methyl require further consideration regarding
interpretation of Mendelian randomization studies as illus-
trated in (1) absolute values for sPLA2-IIA levels and
activity were not reported [88], which is important due
to variable results with different analytical methods; (2)
wide differences in baseline sPLA2-IIA levels in different
cohorts, and marked differences in sPLA2 levels that re-
sults from the acute phase reaction in ACS patients versus
stable CHD patients; (3) use of total sPLA2 activity as a
surrogate for sPLA2-IIA activity does not account for the
anti-atherogenic and pro-atherogenic contributions of oth-
er sPLA2 isoforms such as groups III, V and X sPLA2; (4)
marginally significant correlation between PLA2G2A
rs11573156 variant and sPLA2 activity despite the higher
correlations between sPLA2-IIA mass and sPLA2 activity;
(5) biomarker effects were reported FRANCIS where the
protocol mandated that all patients have their statin ther-
apy changed to atorvastatin 80 mg daily regardless of
their prior statin regimen. However, the use of Mendelian
randomization studies to deduce pharmacological effects
does not account for the properties of the specific inhibi-
tor. Specifically, varespladib methyl is: (1) hydrophilic
and may not penetrate into vascular tissues with sufficient
potency to reduce intracellular effects versus the consis-
tent effects on plasma biomarkers; (2) a pan sPLA2 inhib-
itor with similar efficacy in lowering groups IIA, and X
sPLA2 with somehow lower potency against group V;
thus, varespladib methyl inhibits sPLA2-X, an athe-
roprotective isoform; (3) genetic studies do not account
for intracellular effects of sPLA2 inhibition on eicosa-
noid production that may have net prothrombotic or
antithrombotic effects; and (4) VISTA-16 reported an
increase in myocardial infarctions in varespladib methyl
treated patients, and this harmful effect of loss-of-
function variants was not observed in the mendelian
randomization studies.

Lipoprotein Associated Phospholipase A2

and Pharmacological Inhibition

Lipoprotein associated phospholipase A2 (Lp-PLA2) provides
an example where genetic studies were inconsistent and lim-
ited to certain regions of the world. Although meta-analyses
including more than 13,000 subjects from 5 population-based
studies variants at two loci (PLA2G7, CETP) were associated
with Lp-PLA2 mass and 4 out of 6 top SNP were associated
with Lp-PLA2 activity (ZNF259, APOC1,CELSR2 SCARB1),
the two SNPs in the PLA2G7 gene most significantly associ-
ated with mass, did not show a significant association with
CHD/CAD in the large CARDIoGRAM consortium [89]. In
the two pivotal trials, STABILITY (Stabilization of Athero-
sclerotic Plaque by Initiation of Darapladib Therapy) [90] and
SOLID (Stabilization of Plaque Using Darapladib-
Thrombolysis in Myocardial Infarction 52) [91], selective in-
hibition of Lp-PLA2 inhibition with darapladib had no effect
on CVD outcomes. High-intensity statin therapy may have
reduced the chances of efficacy through reduction in substrate
(apoB-containing lipoproteins, oxidatively modified LDL par-
ticles), indirect effects on Lp-PLA2 mass and activity, and
anti-inflammatory properties independent of Lp-PLA2 [92].

Conclusions

Mendelian randomization studies have identified traits in-
volved in lipoprotein metabolism and inflammation that serve
as targets for therapeutic intervention. The LDL receptor reg-
ulating genetic traits, HMGCR and NPC1L1, are examples
where Mendelian randomization and clinical trials are congru-
ent. Although clinical trials with PCSK9 inhibitors are ongo-
ing, two post hoc analyses provide support for targeting pro-
teins that regulate LDL receptor activity. In contrast, CETP
variants associated with lower LDL-C and higher HDL-C
levels have not been proven effective in several clinical trials
with CETP inhibitors. Pharmacogenomic analyses of adverse
events has produced inconsistent results as illustrated in the
GWAS study of HMGR and incident type 2 diabetes where x
trait was positively associated with type 2 diabetes in many
trials but negatively associated in JUPITER.

Identification of inflammatory targets may be more com-
plex as pro-inflammatory and anti-inflammatory pathways are
redundant, and inflammatory responses involve cellular re-
ceptors and intracellular signaling pathways. Mendelian ran-
domization with secretory phospholipase A2 variants provides
an example where genetic analyses were congruent with the
pro-atherosclerotic properties of sPLA2-IIA and sPLA2-V, but
not with the anti-atherosclerotic properties of sPLA2-X. Clin-
ical trials of phospholipase A2 inhibitors provide an example
for the need of system genetics to study inflammatory inhib-
itors at various stages of the disease process and accounts for
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the effect of background secondary preventive therapy, such
as high-intensity statin therapy on the substrate, enzyme ac-
tivity and effectors that is the target of the selective inhibitor.

Selection of major polymorphisms associated with certain
lipoprotein and inflammatory biomarkers cannot account for
the multitude of variables that regulate gene expression or
post-translational modification of gene product. The use of
pharmacogenomics for selection of inhibitors that target a
causal pathway may minimize risk of pharmaceutical devel-
opment, but other considerations may impact the success of a
therapeutic target including concomitant therapy that reduces
substrate availability and enzyme activity; vascular effects that
have a direct or indirect impact on the disease process, tissue
penetration, and off-target toxicity of the selective inhibitor.
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