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Research goals - Understanding
pathology and genetic testing

In common with all genetic analyses of
human disease, genetic research into coro-
nary artery disease (CAD) has been based
on the premises that the identification of
disease-causing mutations would both help
in understanding the underlying disease
pathology and would lead to the develop-
ment of DNA-based tests to identify those
at risk. These issues will be dealt with in
turn.

Understanding pathology - Mutations
identify rate-limiting steps in
biochemical pathways

The detection of association between a
mutation in a particular enzyme and plasma

levels of an “intermediate phenotype” for
CAD risk (e.g. plasma levels of lipids, clot-
ting factors or homocysteine) identifies the
enzyme (and the pathway that the enzyme
is involved in) as a pharmacological target.
The model for how association studies al-
low rate-limiting steps in a biochemical
pathway to be explored is shown in figure
1. In this simplified pathway, a dietary
component is absorbed from the gut and is
metabolised, for example in the liver, by a
series of enzymes coded for by genes A-C.
The end product is secreted from the liver
and can be measured in plasma, and high
levels are noted in epidemiological studies
of CAD to be associated with increased
risk. From a therapeutic point of view it
may be most efficient to target the rate-lim-
iting step in the pathway for lowering drug
therapy. The question is which of the en-
zymes is rate-limiting in the pathway?
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Figure 1. Model showing how genetic variation studies can help identify rate-limiting steps in biochemical pathways.
Variants in gene B that result in about for example 30% difference in levels are likely to affect plasma trait levels and
therefore risk of coronary artery disease (CAD), while similar effects in genes A or C will not have significant effects on
plasma trait level since they are not rate-limiting.



Common variants in all of the genes have been iden-
tified using standard molecular screening techniques,
and some of these may be directly of functional conse-
quence while others could be in allelic association with
functional variants that have yet to be found. An initial
frequency comparison in subjects with high versus low
plasma levels of the trait, or better an association study
determining trait levels in population-based subjects
with different genotypes at all loci, would reveal largest
differences with the gene coding for the rate-limiting
step – in this case gene B whose level in the cell is the
lowest. Complete knock-outs of gene A or C would al-
so have major effects on trait level, but would be rare
(probably pediatric) metabolic defects and would not be
likely to be common in the general population (because
of negative selection pressure). As well as identifying
gene B as a pharmacological target, it may also be the
basis for a CAD predisposition genetic test, especially
(and maybe only) in the presence of an environment
containing high levels of the dietary component. 

Genetic tests and gene-environment interaction

To date there has been little progress in developing a
“battery” of genetic tests for CAD, but a detailed under-
standing of the way common genetic variations of mod-
est effect interact with environmental factors, suggests
that this goal was always going to be difficult and techni-
cally challenging to achieve. Since we predict that the
impact of single common mutations on CAD develop-
ment will be modest, increasing relative risk (RR) by 20-
40% at most (e.g. the well known variants of apolipopro-
tein E1), the main issue of clinical relevance is whether
the conferred risk of such a mutation is very much high-
er in some population subgroups. To be clinically useful
in any risk algorithm, we might require for any factor to
have a RR of 2 or greater; which is, for example, the RR
estimated to be associated with smoking habit in middle-
aged men2. Such subgroups might be those carrying a
second important mutation in another gene (i.e. those
with a gene-gene interaction), and such individuals might
be identified using conventional genetic strategies. Alter-
natively, one might identify individuals exposed to a giv-
en environment which amplifies the risk associated with
that gene (i.e. gene-environment interaction). This mini-
series focuses on common genetic variants (at polymor-
phic frequency i.e. > 1% carrier frequency) which are as-
sociated with significant excess risk only when the indi-
vidual is exposed to a “high-risk” environment. The ex-
amples given show the way forward in developing po-
tentially useful DNA tests over the next few years.

Environmental stratification and “stress-the-
genotype” approaches

The classical way to search for gene:environment
interaction is to carry out an association study with

stratification by the presence of an environmental risk
factor (e.g. smoking, diet, obesity, non-insulin-depen-
dent diabetes mellitus, hypertension, or CAD itself),
and with analysis comparing the impact on the trait of
interest in carriers and non-carriers of a gene variant.
The review by Talmud et al. discusses this approach
and gives examples of where it has been successfully
applied. A complementary and potentially more power-
ful approach is by a “genotype-stress” study, which has
already been shown by us and other groups to be an ex-
cellent way of magnifying modest genotype effects on
traits. The reviews by Montgomery et al. and by Kluft
discuss this approach and give examples. Finally the re-
view by Vischetti et al. summarizes both approaches
discussing the role of environmental factors in modu-
lating cardiovascular risk associated with variants in
the promoter region of the beta-fibrinogen gene.

Analytical problems for gene-environment
interaction studies

Although the failure of a second study to reproduce
an association found may cast doubt on the validity of
the first report, it may also reflect the presence of a po-
tentially interesting gene:environment interaction that
requires further exploration. If, as with the example of
the lipoprotein lipase gene variants, smoking is the key
environmental stress that amplifies or diminishes the
genotype effect3, then the different proportion of smok-
ers in the samples being studied (and possibly the num-
ber of cigarettes being smoked), will have a major ef-
fect on the power of the sample to detect the associa-
tion. Similarly for the ACE gene, if hypertension or ex-
tent of exercise is the key environmental stress that am-
plifies or diminishes the genotype effect4, then the dif-
ferent proportion of hypertensives or athletes in the
samples studied (and probably medication use and fre-
quency of exercise) will be critical. Power calculations
must be carried out knowing the prevalence of the par-
ticular environmental factor in the sample under study,
and the size of the sample to be studied can be in-
creased accordingly. From a practical point of view this
means that large samples are required for interactions
to be statistically significant and that the characteristics
of the sample being studied must be carefully recorded
and compared between samples. 

The second problem in this field is that some re-
ported associations (e.g. between a genotype and plas-
ma levels of some CAD risk factors) may have occurred
by chance alone (i.e. a type I error). The probability of
an association having been observed by chance is great-
ly increased by the “data-dredging” approach used by
some workers in the field, whereby many different
genotypes and many different traits are examined; for a
study using 10 polymorphisms and 10 traits (i.e. 100
contrasts), 5 would be expected to show p < 0.05 by
chance alone, and if 8 contrasts are observed significant
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at p > 0.05 there is no way of knowing which reflect a
biological reality and which a statistical artifact. There
are several ways of reducing the probability of reporting
such spurious associations. One is to use the “Bonfer-
roni” correction where essentially each p value is multi-
plied by the number of contrasts used, and only those
still p < 0.05 are reported (in the example used here p
< 0.0005/100 would be reported as significant but p
> 0.0006 would not). For many studies this is probably
too conservative approach, in part because polymor-
phisms in the same gene may not be wholly independent
(i.e. if they show allelic association) and many CAD
traits also are correlated and thus cannot be viewed as
statistically independent (e.g. total and LDL cholesterol
levels). A better strategy is to set up a few a priori hy-
potheses (based on biochemical pathways where the
coded protein is centrally involved) that will be tested
first, and to distinguish clearly these from secondary, hy-
pothesis-generating analyses5. For example, a polymor-
phism in the gene coding for apolipoprotein B (the ma-
jor protein component of LDL particles) is most likely to
affect plasma apolipoprotein B or LDL cholesterol lev-
els, and only after reporting these contrasts (uncorrected
for multiple testing) are the results of contrasts reported
between apolipoprotein B genotype and traits such as
weight, or fat mass, or plasma levels of HDL cholesterol,
triglycerides, VLDL or free fatty acids.

Ultimately the best way to reduce the possibility of
spurious associations is to replicate the finding in a sec-
ond independent study, confining the study to only
those genotypes, traits and interactions found initially
with statistical significance. Although this replication is
a criterion which many top journals are now insisting
upon6 this again may be too restrictive for some work-
ers where potentially interesting interactions may be
unpublishable for the unavailability of a replication
sample, but where publication will stimulate others in
the field to repeat the genotyping in stored material and
confirm or refute the finding. 

Conclusions and future avenues of research

The identification of the relationship between ge-
netic variants and CAD points to the rate-limiting and
thus key role in the pathological processes of these pro-
teins. It also reveals potential novel therapeutic possi-
bilities to prevent disease in a molecularly rational
manner. Many associations have proved to be robust,
and for example the triglyceride-raising effect associat-
ed with the lipoprotein lipase variants (see Talmud et
al.), the stress-induced greater fibrinogen-raising effect
associated with the A-455 allele (see Vischetti et al.)
and the left ventricular hypertrophy-raising effect asso-
ciated with the ACE DD genotype upon exercise (see
Montgomery et al.) have now been replicated and
therefore are very unlikely to have been observed by
chance alone, although the precise molecular mecha-

nism of all of these effects remains to be elucidated.
However before contemplating the use of any genetic
factor (or gene-environment interaction) in clinical risk
assessment7, it would be reasonable as a minimum to
propose that a statistically significant finding should be
reproduced in three independent samples (preferably
from different laboratories).

Once the effect has been confirmed by replication,
and the estimates of risk made more precise and ro-
bust in larger samples, such genetic-environment in-
formation would be useful for inclusion into a CAD-
risk algorithm, such has been prepared by Framing-
ham8 using essentially non-genetic factors. This will
enable us to give genotype-specific life-style advice,
or to tailor clinical and therapeutic decisions to an in-
dividual’s genotype9. Finally, once the mechanisms of
such gene-environment interactions have been under-
stood at the molecular level it may also point to novel
therapeutic possibilities, for example to block inflam-
matory processes during stress situations, or the nov-
el use of available drugs such as ACE-inhibitors, to
prevent disease in a molecularly rational manner.
Since there are many widely used and well tolerated
drugs which alter ACE activity, this raises the exciting
possibility of the use of these drugs in order to main-
tain human health in hitherto unexplored ways. 
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