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Introduction: homeostasis and coronary
artery disease

In the context of a cell (or even an organ
or organism), genes can be considered to
code for the synthesis of proteins which al-
low the maintenance of intracellular home-
ostasis in the face of extracellular or envi-
ronmental changes. Cells require oxygen,
energy and various chemicals, in order to
survive and divide and, in a Darwinian
sense, to pass on their genes to the next
generation. Naturally occurring genetic
variation means that some individuals are
better able to maintain homeostasis than
others given the same environmental chal-
lenge. In the western culture people now
experience many challenges to maintaining
cardiovascular health, such as a high fat di-
et, high levels of smoking and alcohol in-
take, and reduced physical exercise leading
to obesity. Even with all these environmen-

tal “insults”, some individuals maintain
cardiovascular health into old age, while
others, with a different genetic make-up,
fail to maintain homeostasis (e.g. plasma
levels of cholesterol or fibrinogen or car-
diac dimensions and arterial tone within an
optimal range), and thus develop athero-
sclerosis. Identifying the genes involved in
maintaining cardiovascular homeostasis
despite environmental challenge should
thus lead to progress in understanding
pathophysiology and aetiology, as well as
in genetic risk prediction, since mutations
in such genes are likely to be strongly pre-
disposing to or protecting from coronary
artery disease (CAD). 

“Stressing-the-genotype” analyses 

The basic strategy is to genotype a large
number of subjects, for example a group of
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The human angiotensin converting enzyme (ACE) gene contains a length polymorphism consist-
ing of the presence (insertion, I) or absence (deletion, D) of a 287 base pair “Alu” repeat sequence in
intron 16, with the D allele being associated with higher ACE levels than the I allele in plasma and in
tissues. We have carried out several studies to examine the relationship between this polymorphism
and cardiovascular health, and have examined the hypothesis that if renin-angiotensin systems regu-
late left ventricular (LV) growth, individuals of DD genotype might show a greater hypertrophic re-
sponse than those of II genotype. A strategy was used involving screening over 1200 male military re-
cruits to select only subjects homozygous for the I or D allele for the expensive and time-consuming
but extremely accurate method of LV mass determination by magnetic resonance imaging. LV di-
mensions and mass were compared at the start and end of a 10-week physical training period. LV
mass increased with training by 8.4 g overall (p < 0.0001), but with DD men showing roughly 3 fold
greater growth than II men (p < 0.001). When indexed to lean body mass, LV growth in II subjects
was essentially negligible whilst remaining significant in DD subjects (-0.022 vs +0.131 g/kg respec-
tively, p = 0.0009). Although the precise molecular mechanism of this effect remains to be elucidated
it clearly demonstrates the importance of the ACE-renin-angiotensin system in determining LV di-
mensions in situations of high cardiac demand, which may also be important in pathology such as hy-
pertension and heart failure. The use of these “stress-the-genotype” approaches to explore gene-en-
vironment interactions are likely to be the key to understanding the causes determining both coro-
nary artery disease and other multi-factorial disorders.
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healthy men from a population-based sample, and then
recruit for “stress” investigations only those subjects ho-
mozygous for the rare allele matched (for age or other
relevant confounders) with an equal number of common
allele homozygotes. If required, an equal number of het-
erozygote carriers can be included although these may
not give particularly useful mechanistic insight. By def-
inition, the rarest group in a population sample are those
homozygous for the rare allele, and this is usually the
group that will give the greatest mechanistic informa-
tion, while the genotype-and-select strategy gives a bal-
anced design. Also many of these “stress” tests used are
time-consuming for volunteers and investigator, as well
as requiring costly assays for the measures. Obtaining
these measures on a whole population-based sample of
several hundred subjects (in order to include the neces-
sary number of rare homozygotes for adequate power)
may be prohibitively expensive. 

Some of the stress situations that have been used by
us and others in CAD genetic research are shown in
table I1-20, and include a fatty meal or a dietary manip-
ulation or supplements, strenuous exercise to mimic an
injury, or surgical traumas. The example that will be
presented in more detail here is based on work we have
done with the angiotensin converting enzyme (ACE)
gene polymorphism. 

The angiotensin converting enzyme gene.
Exercise, and left ventricular hypertrophy

The human ACE gene is found on chromosome 17
and contains a restriction fragment length polymor-
phism consisting of the presence (insertion, I) or ab-
sence (deletion, D) of a 287 base pair “Alu” repeat se-
quence in intron 1621. These have been based on the da-
ta that the D allele is associated with higher ACE levels
than the I allele in plasma21 and in tissues22. The associ-
ation of the I allele with lower ACE activity in both
serum and tissues has ramifications throughout the
renin-angiotensin system and kallikrein-kinin system
and has stimulated much fascinating work in regard to

various pathological and physiological states. In 1992,
the ACE gene I/D polymorphism was reported to be as-
sociated with risk of myocardial infarction23, and this
effect, though of a considerably smaller size than orig-
inally reported, has been confirmed in a meta-analysis24

and in a recent large study25. Since then, we have car-
ried out several studies to examine the relationship be-
tween this polymorphism and cardiovascular health,
and have examined the hypothesis that if renin-an-
giotensin systems regulate left ventricular (LV) growth,
individuals of DD genotype might show a greater hy-
pertrophic response than those of II genotype.

The theoretical basis for this is shown in figure 1.
The protease renin is released from the cells of the jux-
ta-glomerular apparatus in the kidney under conditions
of salt or volume loss or sympathetic activation. Renin
cleaves angiotensinogen (synthesised in the liver) to
generate the non-pressor decapeptide angiotensin I.
The octapeptide angiotensin II is then derived primari-
ly by the action of the dipeptidyl-carboxypeptidase,
ACE, which is responsible for the hydrolytic cleavage
of dipeptides from the carboxyl terminus his-leu dipep-
tide. ACE also catalyses inactivation of the nonapeptide
bradykinin by two sequential dipeptide hydrolytic steps
and in this context, is known as kininase II. By these
two additive mechanisms ACE thus has a direct effect
on controlling blood pressure. Tissue ACE is released
from the cell membrane by a carboxypeptidase that
cleaves the protein between Arg-663 and Ser-664 to
generate circulating ACE26. However the rate-limiting
step in the production of angiotensin II appears to be
levels of ACE itself, and ACE inhibition, by any of a
number of well-known therapeutic agents, has a pow-
erful effect on lowering blood pressure and reducing
cardiac mortality27. It has however been recognised that
the reduction in mortality associated with ACE in-
hibitor therapy cannot be explained simply by the ob-
served fall in blood pressure, suggesting the ACE inhi-
bition may be having additional beneficial effects.
Demonstration of a reduction in LV hypertrophy by
lowering ACE levels, by the mechanism indicated in
figure 1, would be of great clinical interest. 
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Table I. Examples of coronary artery disease (CAD) risk traits where “stressing-the-genotype” studies have been analysed.

Plasma CAD risk trait Environment stressor Candidate genes Reference

Cholesterol Dietary fat APOE/CETP/LPL 1,2
APOA4 3

Triglyceride High fat meal LPL/APOC3 4,5,6
Fibrinogen Injury/acute exercise FIBB 7
Fibrinogen Surgery FIBB 8,9
Factor VII Dietary triglyceride/meal FVII 10,11,12,13
Interleukin-6 Injury/surgery IL-6 14
Homocysteine Low folate diet MTHFR 15,16,17,18
Left ventricular mass Hypertension/exercise ACE 19,20

ACE = angiotensin converting enzyme; CETP = colesteryl ester transfer protein; FIBB = beta fibrinogen gene; LPL = lipoprotein li-
pase; MTHFR = methylenetetrahydrofolate reductase.



In 1997 we reported results of a study of changes in
LV mass upon exercise training19. Echocardiographi-
cally determined LV dimensions and mass, and fre-
quency of LV hypertrophy were compared at the start
and end of a 10-week physical training period in 156
male military recruits. Overall, LV mass increased by
18% (p < 0.0001), but response magnitude was strong-
ly associated with ACE genotype: mean LV mass al-
tered by +2.0, +38.5 and +42.3 g in II, ID and DD re-
spectively (p < 0.0001). 

We have now replicated this observation in a second
independent study of army recruits20. Here a strategy
was used involving screening over 1200 recruits to se-
lect only subjects homozygous for the I or D allele for
the expensive and time-consuming (but considerably
more accurate) method of LV mass determination by
magnetic resonance imaging. Since the LV hyper-
trophic responses may be mediated through either in-
creased activity of the cellular growth factor an-
giotensin II on the angiotensin type 1 receptor (AT1), or

increased degradation of growth-inhibiting kinins (Fig.
1), the study was also designed to clarify the role of the
AT1 receptor in this association. The recruits were ran-
domised to receive placebo or a well-known and well-
tolerated antihypertensive drug, losartan, throughout
their 10-week physical training programme. Subjects
received a subhypotensive dose (25 mg/day), sufficient
to inhibit tissue AT1 receptors, and thus if LV growth
occurs in the presence of the drug it would implicate the
other pathways in the ACE gene effect. As before19, LV
mass was not different by genotype at baseline in either
group, showing that in healthy non-trained subjects
ACE genotype is not “rate-limiting” for cardiac size.
LV mass increased with training by 8.4 g overall (p
< 0.0001), but with a highly significant difference in
men with different ACE genotypes. As shown in figure
2 the increase in the placebo limb was 12.1 vs 4.8 g for
DD vs II genotype (p = 0.022). Interestingly, LV growth
was similar in the losartan arm, being 11.0 vs 3.7 g for
DD vs II genotypes (p = 0.034). When indexed to lean
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Figure 1. Biochemical pathways by which angiotensin converting enzyme (ACE) affects blood pressure and left ventricular hypertrophy – the renin-an-
giotensin/kallikrein-kinin system. Because it is the rate-limiting step in the pathway, higher plasma ACE, as is found in individuals lacking the Alu in-
sertion (i.e. the DD genotype), leads to a higher conversion of vaso-inactive precursor to the vasoconstrictor product (angiotensin II), and higher break-
down of the vasodilatory kinins to inactive metabolites. Both of these contribute to a rapid fall of blood pressure by action on vascular motor tone. In
addition, angiotensin II stimulates angiotensin type 1 receptors on cardiac tissue which leads to growth stimulation, while the lower levels of kinins leads
to less stimulation of the bradykinin 2 receptor (BK2R) and less growth inhibition. Overall this leads to greater cardiac muscle growth in the presence
of high ACE (i.e. the DD genotype) compared to those with low ACE (i.e. II genotype).

Figure 2. Baseline and change in left ventricular (LV) mass by angiotensin converting enzyme genotype and treatment group in army recruits. Data ad-
justed for height, age, systolic blood pressure (and for change also for pre-training LV mass). Number of subjects in each group were DD placebo 41,
losartan 38, II placebo 34, losartan 28. Data from Myerson et al.20.



body mass, LV growth in II subjects was abolished
whilst remaining in DD subjects (-0.022 vs +0.131 g/kg
respectively, p = 0.0009). 

Thus the ACE genotype-dependence of exercise-in-
duced LV hypertrophy seen in the earlier study was
strongly confirmed. These effects were not influenced
by AT1-receptor antagonism using losartan, suggesting
that the 2.4-fold greater LV growth in DD men may be
due either to angiotensin II effects on other receptors
(e.g. AT4), or lower degradation of growth-inhibitory
kinins. It is of relevance that in both of these studies
with regard both to LV mass and skeletal muscle effi-
ciency, there was no significant effect associated with
ACE genotype in “unstressed” subjects at recruitment
but only after the 10-week “stress” of the training peri-
od. This is clearly an example of gene-environment in-
teraction, suggesting ACE genotype (and ACE levels)
will not be a predictor of LV hypertrophy in unstressed
subjects. These results also point to a potential novel
mechanism of the ACE gene effect on CAD seen in pre-
vious studies, but indicate that risk of disease may be
confined to those where LV hypertrophy may have
been induced (e.g. by hypertension). 

Mechanism of the gene-environment effect

The precise mechanism by which the ACE genotype
may be having its effect is under investigation and may
be through both or either the pathway although which
ACE influences circulatory homeostasis through the
degradation of vasodilator kinins or the formation of
vasopressor angiotensin II. However, local tissue-based
renin-angiotensin system also exists in human my-
ocardium28 and it is likely that ACE levels expressed in
the myocardium would be high in DD and low in II sub-
jects. In support of both pathways, increased ACE gene
expression and ACE activity in the myocardium29 sig-
nificantly increase the rate of local conversion of an-
giotensin I to angiotensin II. Furthermore, the ACE DD
genotype itself tends to show increased conversion of
infused angiotensin I to angiotensin II in humans30.
This study also revealed a significant inverse relation-
ship between the half-life of bradykinin and both serum
ACE activity and the conversion of angiotensin I to an-
giotensin II, confirming that the ACE genotype influ-
ences bradykinin degradation. The role of bradykinin in
tissue metabolism and vasodilatation is now recognised
as being endothelium-dependent. Data from studies on
isolated perfused rat hearts (that still have an intact en-
dothelium) provide strong evidence of an improvement
in myocardial metabolic efficiency mediated by
bradykinin31. Despite this evidence it remains possible
that the ACE gene mediates its observed effects on en-
durance independent of the renin-angiotensin system or
indeed that the ACE gene is not directly responsible but
other gene or genes in linkage disequilibrium with the
ACE locus.

Conclusions and future avenues of research

These controlled stress-induced gene-environment
interactions are likely to be the key to understanding the
“causes” determining both CAD and other multi-facto-
rial disorders. Many associations have proved to be ro-
bust, and for example the stress-induced greater fib-
rinogen-raising effect associated with the �-fibrinogen
-455 A-allele (Table I) has now been replicated and
therefore is very unlikely to have been observed by
chance alone, although the precise molecular mecha-
nism of these effects remains to be elucidated. One area
where environmental manipulation may be available to
confirm gene-environment interaction observed in an
association study would be to remove the environment
(or the individual from the environment) and observe
the decay of the induced phenotype effect over a period
of time. Although this could not easily be done for the
phenotype of atherosclerosis, requiring invasive serial
coronary angiography for example, it would be possi-
ble for some environments such as smoking on plasma
traits such as fibrinogen, or on the consequence of hy-
pertension on LV hypertrophy after antihypertensive
therapy. The potential for this area of research has yet
to be examined in detail.

Once the effect has been confirmed by replication,
such genetic-environment information would be useful
for inclusion into a CAD-risk algorithm, such has been
prepared by Framingham32 using essentially non-ge-
netic factors. This will enable us to give genotype-spe-
cific life-style advice, or to tailor clinical and thera-
peutic decisions to an individual’s genotype. Finally,
once the mechanism of such gene-environment inter-
actions has been understood at the molecular level it
may also point to novel therapeutic possibilities, for
example to block inflammatory processes during stress
situations, or the novel use of available drugs such as
ACE-inhibitors, to prevent disease in a molecularly ra-
tional manner. Since there are many widely used and
well tolerated drugs which alter ACE activity, this rais-
es the exciting possibility of the use of these drugs in
order to maintain human health in hitherto unexplored
ways.
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