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Abstract

The frequency of the D allele of an insertion/deletion (II
D) polymorphism of the angiotensin I-converting enzyme
(ACE) gene has been reported to be elevated in myocardial
infarction and other patients. We therefore hypothesized
that death rate of DDindividuals should be increased in the
population as a whole and this should be evident as a de-
crease in DDfrequency with age. This hypothesis was tested
in 118 Caucasian subjects who were already at high risk of
cardiovascular events by having severe, early onset, familial
hypertension (HT). A group of 196 age-, sex- and body mass
index-matched normotensives (NTs) was used as a control.
In the NT group II, ID, and DDgenotype frequencies were
similar for different age groups. DDfrequency was 0.42 in
NTs, but in HTs was 0.28, 0.26, and 0.10 for the age groups
< 50, 50-59, and 2 60 yr, respectively. Corresponding D
allele frequencies were 0.52, 0.46, and 0.40 in the respective
age groups of HTs, compared with 0.61 in NTs (by x2-analy-
sis, P = 0.1, 0.047, and 0.0006, respectively). In HTs aged
2 60, DDfrequency was only 14% of expected. Plasma ACE
activity tracked similarly with I/D genotype in HTs (P
= 0.027; n = 35) as in NTs (P = 0.0001; n = 94) and Michae-
lis constant was identical for DDand I. Neither blood pres-
sure, body mass index, nor sex bore any relationship with
lID genotype. In conclusion, in a group of severely HT pa-
tients not selected for cardiac pathology, there appeared to
be a marked, selective decrease, in subgroups of increasing
age, in frequency of the ACEDDgenotype. One possibility
suggested by this data might be that DD increases risk of
premature death, at least in HTs who have two HT parents.
(J. Clin. Invest. 1994.94:1085-1089.) Key words: cardiovas-
cular disease * cross-sectional study - survival

Introduction

Angiotensin I-converting enzyme (ACE)' (kininase II, EC
3.4.15.1) is widely distributed in the body. Its major recognized
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1. Abbreviations used in this paper: ACE, angiotensin I-converting
enzyme; BMI, body mass index; D, deletion allele; DBP, diastolic blood
pressure; HT, hypertension/hypertensive; I, insertion allele; MI, myocar-
dial infarction; NT, normotensive; SBP, systolic blood pressure.

functions are the conversion of angiotensin I to the vasoactive,
antinatriuretic octapeptide angiotensin II, and the inactivation
of kinins, which have vasodilator and natriuretic properties (1).
ACE is an ectoenzyme located in the plasma membrane of
various types of cells, including endothelial cells of all vascular
beds, cells of absorptive epithelia such as the renal proximal
tubule, and other epithelia, including those in the brain, with
particularly high concentrations in the choroid plexus, and is
also found in biological fluids such as plasma and cerebrospinal
fluid (2).

Plasma ACEconcentration is stable in a given individual,
but varies between different subjects (3) and displays an intra-
familial correlation that is contributed by a major gene effect
(4). ACEis encoded by a 21-kb, 26 exon gene (5) located on
chromosome 17 at q23 (6). A polymorphism of the ACEgene
has been described and involves the insertion/deletion of a 287-
bp Alu repetitive sequence, in reverse orientation, near the 3'
end of intron 16 (7, 8). Plasma (7) and tissue (9) ACEconcentra-
tion has been found to track with the deletion (D) allele of the
IID polymorphism, such that plasma values are DD> ID > II,
and the polymorphism is itself a neutral marker for a yet-to-be-
identified closely linked variant responsible for level of ACE
activity in plasma (10).

In a recent case-control study, the frequency of the DD
genotype was found to be elevated in geographically separated
populations of French and Irish Caucasian patients who had
had a myocardial infarction (MI) (11). That the DDgenotype
contributes to fatal events, rather than nonfatal events or sur-
vival of MI, was supported by a subsequent report of association
with parental history of fatal MI (12). Since then, other groups
have reported an elevation in DDgenotype frequency in 101
MI patients from Japan (13), as well as in 112 Caucasian pa-
tients with idopathic-dilated cardiomyopathy (14), 102 with
ischemic-dilated cardiomyopathy (14), 25 with hypertrophic
cardiomyopathy who had a strong family history of sudden
cardiac death (15), and 32 Japanese patients with restenosis
after emergency percutaneous transluminal angioplasty (16).

In the Cambien study, the prevalence of hypertension (HT)
and the blood pressure (BP) of a control, non-MI group was
similar for each I/D genotype (11). Because many of their MI
patients were receiving drugs likely to affect BP, Cambien et
al. were unable to define a normotensive (NT) low-risk group
and so did not test whether DDfrequency was higher, the same,
or lower with respect to this particular risk factor by itself. In
relation to other risk factors, however, they found DDgenotype
was especially frequent in MI patients regarded as low-risk
according to their BMI and plasma ApoB or total cholesterol,
but for high- and low-risk groups defined according to median
cigarette consumption results were similar. Thus the finding of
higher DDin MI patients formerly considered to be at low risk
according to common criteria was demonstrated for some of
the common risk factors, but BP was not tested. A possible
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Table I. Demographic Characteristics of the Study Groups

HT NT

Total number of subjects 118 196
Male/female 51%/49% 58%/42%
Age (yr) 52±13 46±10
BMI (kg/M2) 25±4 25±4
Proportion with BMI 2 26 kg/M2 32% 36%
SBP (mmHg)* 170±21 115+10t
DBP(mmHg)* 110±16 72±7*
Total cholesterol (mmol/liter) 5.6±1.1 4.7±1.0*
HDL cholesterol (mmollliter) 0.98±0.65 0.77±0.07*
Triglyceride (mmol/liter) 2.7±1.5 2.2±1.4*
LDL cholesterol (mmol/liter) 3.3±1.1 2.9±0.8*

Values shown are mean±SD. * SBP and DBPvalues for HTs were
those prior to treatment. t P < 0.01 by Student's t test, where hyperlip-
idemia is a common feature of HT (39).

interpretation of their data is lower post-MI survival of individu-
als at high risk by the criteria they used, when compared with
post-MI survivors who were at low risk by these criteria, since
this might leave a higher residue of post-MI patients having the
single putative risk factor of DDgenotype in the study group
employed. Interestingly, in a study of Japanese MI patients,
significantly elevated DDfrequency was seen in both low and,
to a lesser extent, high-risk groups, defined by similar criteria
(13). Moreover, in a Norwegian study, not only was DDhigher
in MI patients with a family history of MI (17), but in male
high-risk patients, defined as in the Cambien study, DDwas
decreased, with the suggestion that this could have reflected
preferential loss from the high-risk group (18).

If the DD genotype is a significant risk factor for MI or
other causes of premature death, then one would expect the
frequency of the DD genotype to decrease with age in the
general population. In contrast, polymorphisms at genetic loci
that carry no selective advantage or disadvantage should exhibit
frequencies that remain constant throughout life. However,
given that the death rate from heart attack is 0.1% in 20-69
yr-old Caucasians in our region (19), demonstration of a de-
crease in DDgenotype frequency in a general population would
require a study group of considerable size. The effect of BP on
the DDgenotype is, moreover, not known. Wetherefore decided
to test the hypothesis using a specially selected group who
were at high risk of cardiovascular events by being the affected
offspring of parents who both had essential HT and who them-
selves had an early onset, severe form of this disease.

Methods

Subjects. These were 118 Caucasian HTs who had two HT parents and
a control group of 196 NT subjects whose parents were NT past the
age of 50 yr. Virtually all were volunteers. Further details of ascertain-
ment and other information have been described previously (20-29).
Table I shows demographic parameters for each group. Diastolic blood
pressures (DBPs) of all HTs were . 100 mmHgand of all NTs were
< 90 mmHg.Age distribution of HTs (22-82 yr: male, 22-69; female,
26-82) and NTs (30-71 yr) was similar: For the age groups < 50,
50-59 and 2 60 yr, proportions of subjects were 46, 19, and 35%,
respectively, for HTs, and were 65, 26, and 15% for NTs. In the HT
group there were no males older than 69, whereas there were 7 females.

All of the HTs had been diagnosed with HT prior to age 54, the mean
being 32±7 SDyr and was similar for each age group and IID genotype.
Among NTs, death from heart attack would be less than the rate of
0. 1% for the population as a whole in the age range of our control group
(19), since the risk factor of "hypertension" was absent. Given that
death from heart attack in Australians aged 60-70, far exceeds that in
younger age groups (19), < 1% of a NT group aged < 71 yr would
have been expected to have died of heart attack, which for a group of
196 subjects would represent < 2 individuals, i.e., would be undetect-
able. Wenoticed, moreover, that < 10% of HTs had two HT parents,
as would be expected for a disease that affects 1 in 5 adults, since the
chance of any person having two HT parents would be 1/5 x 1/5 x 1/
2 = 1 in 50, i.e., 2% of adults, or 10% of HTs. Thus our HT study
population was a select subset.

Materials and experimental protocols. Genotypes for the I/D poly-
morphism were determined as described previously (8, 22). Plasma
ACEactivity and ACEkinetic measurements were made using an ACE
activity radioassay kit (Hycor Biomed. Inc., Portland, ME), with sub-
strate concentrations for the kinetic assays being set at 1.6, 3.2, 4.8, 6.4,
and 8.0 ,mol/ml.

Statistical analyses. Genotype data were assigned to each age group
and values for each age category in the NT group were then tested for
deviation from those for the NT group as a whole by x2 analysis. Once
it was established that no significant difference existed, the values for
the whole of the NT group were then compared, in the same way, with
values for each age category of the HT group.

Results

Allele frequencies in different age groups. In the NT group, D
allele frequency was similar for each age group, viz. 0.59, 0.68,
and 0.64 in subjects aged < 50, 50-59 and 2 60 yr, respec-
tively (X2 < 0.5, P > 0.5, when I/D values for the respective
age groups were compared with values for the whole of the NT
group). Moreover, the frequencies observed in the NT group
closely resembled those reported in the literature for the I/D
polymorphism in other healthy Caucasian populations (7, 8, 10,
30-32), and NT genotype frequencies did not differ signifi-
cantly from values of 30 II, 93 ID, and 73 DDpredicted from
the Hardy-Weinberg equation.

In sharp contrast to results for the NT group, I/D allele, and
genotype frequencies of each age group of HTs showed either
no significant difference (< 50 yr-old age group), a small statis-
tical difference (50-59 yr-old age group), or a highly significant
difference (2 60 yr-old age group) when compared by x2 analy-
sis to values for the whole of the NT group (Table II). Further-
more, x2 analysis of DDfrequency of each age group between
the HT and NT groups also showed a significant difference (X2
2 d.f. = 15.5, P = 0.03).

Allele frequencies for polymorphisms at 12 other loci stud-
ied previously (20, 21, 23-29) showed no change with age in
either the NT or HT group (data not shown). In addition, geno-
type frequencies for these variants obeyed Hardy-Weinberg
equilibrium in both the NT and HT groups, with the exception
of one which has been shown previously to be associated with
HT (21, 26, 29).

The different results for each of the HT age groups can
most logically be interpreted as reflecting a marked, progressive
decrease in frequency of the DDgenotype with age. Such an
apparent loss of the DDgenotype would occur if DD carried
an increased risk of premature death. Indeed, we can think of
no other reason besides this which would explain these results.
Based on NT allele frequencies, the Hardy-Weinberg formula
predicts genotype frequencies of 15.2% II, 47.6% ID, and 37.2%
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Table II. Genotype and Allele Frequencies of the IID
Polymorphism of the ACEGene in 196 NTSubjects and in 118
Patients with Severe, Familial HT, Categorized by Age

Genotype frequencies Allele frequencies

11 ID DD X2 P I D X P

Normotensives 37 77 82 - - 0.39 0.61 - -

(19%) (39%) (42%)
HTs by age-group

<50 yr 13 26 15 3.3 0.20 0.48 0.52 3.0 0.10
(54 patients) (24%) (48%) (28%)
50-59 yr 8 9 6 3.1 0.21 0.54 0.46 4.1 0.047
(23 patients) (35%) (39%) (26%)

t60yr 12 25 4 15.4 0.0005 0.60 0.40 11.8 0.0006
(41 patients) (29%) (61%) (10%)

All HTs 33 60 25 14.5 0.0008 0.53 0.47 13.3 0.0002

The x2 and P values shown were obtained by comparing data for each
category of HTs with values for the entire NT group used as control.
X2 analysis involved 2 d.f. for genotypes and 1 d.f. for alleles. Percentage
values in brackets show the proportion of subjects having a particular
genotype for that particular group.

DD. If II frequency is set at 100%, and expected DD values
then calculated on the basis of the latter values, the DD fre-
quency that was observed in HTs aged < 50 is 52%, in HTs
aged 50-59 is 34%, and for HTs aged 2 60 yr is only 15%
of the expected frequency. A similar comparison with actual
frequencies obtained for the NTs, gave values of 47, 31, and
14% for the three respective age groups of HTs. In contrast, HT
ID frequencies showed little difference from expected values.

Relationship of LID genotype with plasma ACE activity.
Consistent with reports from studies by others of healthy Cauca-
sian populations (7, 10, 11, 31) we found a highly significant
difference in plasma ACEacross each of the lID genotypes in
our NTgroup (Fig. 1). In the case of Caucasian HTs the relation-
ship of plasma ACEwith lID genotype has not previously been
examined by others. Our results showed that there was an almost
identical pattern of tracking in the HTs examined as was ob-
served in our NT group (Fig. 1). Moreover, mean plasma ACE
was similar between the HT and NT groups and showed no
correlation with BP (data not shown), whereas SBP and DBP

100

so_ ~~~~~NTFf
90 NTir

80 -

70-

60 -

50 lI l
I1 ID DD

ACEgenotype

Figure 1. Plasma ACEactivity vs genotype of the IID polymorphism
in 35 HTs (e) and 94 NTs (o). Results for one-way ANOVAwere: HT,
F = 4.0, P = 0.027; NT, F = 11, P = 0.0001.

/ /°DD Figure 2. Lineweaver-
30 - Burk plot used to deter-

/V mine Km of plasma ACE.
This plot was produced

20 - from values for initial ve-
locity (v) of plasma ACE
activity (ymol min-'

10 n1ml- ') for different con-
centrations of Hip-Gly-
Gly substrate (S) (ttmolI

, ml) for a representative
-0.2 0° 0.2 0.4 0.6 0.8 plasma sample from an II

- 1/Km 1 /[S] subject and one from am ~~~~~~~DDsubject.

for the combined groups showed a significant correlation with
plasma angiotensinogen (C.L. Bennett and B.J. Morris, unpub-
lished observations), so that if a relationship had existed be-
tween plasma ACEand BP it should have been detected.

Michaelis constant of plasma ACE encoded by I and D
alleles. An example of Lineweaver-Burk plots for plasma ACE
activity of representative II and DD subjects is shown in Fig.
2. The coefficient of correlation for such lines of best fit for the
19 subject samples analyzed was close to unity (0.995±0.001
SE, range 0.981-1.000). From such plots, Km of plasma ACE
for DDsubjects was 10.6±1.6 SE ,Imol/ml (n = 9) and for II
subjects was 11.1+2.3 (n = 10) (P = 0.9 by t test).

Relationship of I/D genotype with other parameters. By one-
way ANOVA, values for SBP, DBP, BMI, and plasma lipids
in each age group were similar across the three lID genotypes of
HTs. Two-way ANOVAshowed an absence of any relationship
between sex and SBP or DBP for the different genotypes for
the whole of the HT group, nor for any of the various age
groups. Moreover, multiple regression analysis indicated no re-
lationship of BP or BMI with age in any of the genotypes.
There was, moreover, no apparent sex difference with respect
to the decrease with age in DD frequency seen in the HTs,
although the numbers of DDpatients were small. Finally, BPs
were similarly high in each age group and genotype of HTs.

Discussion

A population in Hardy-Weinberg equilibrium for a particular
polymorphism should display genotype frequencies that remain
stable throughout life. Any decrease observed for a particular
genotype may suggest that alleles for that genotype carry an
increased risk of mortality past the age of reproduction. The
present cross-sectional study found an apparent age-dependent
decrease in DD frequency in a group of patients with severe,
familial HT. It would be interesting if this apparent effect could
be demonstrated by using the alternative approach of longitudi-
nal analysis. However, this would take many years and could
raise ethical concerns in view of the availability of ACEinhibi-
tors that might offset any deleterious consequences arising in
HTs as a consequence of having a DDgenotype.

It is unlikely that the results were a consequence of older
HTs having a different form of HT, such as late-onset HT.
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Indeed, as described earlier, HT in all patients was in fact of
early onset. This also argues against II being associated with a
late-onset form of HT. In fact, no evidence has been produced
by others for linkage (30) or association (11, 31, 32) of the
ACEgene with HT and in the present study BP was similar for
each lID genotype, whereas in the case of an unrelated gene in
the present group, patients homozygous for a HT-associated
variant had higher BP (29).

The present study did not address the question of cause of
death of patients carrying the DDgenotype, nor could it, since
we only studied living individuals. However, since HT was
equally severe for patients of each genotype, on average BP by
itself should have presented a similar cardiovascular risk to
each genotypic subcategory. It is, however, impossible to say
whether or not BP and/or plasma ACEwere even higher in DD
HTs who were not included in the study because of their pro-
posed early death.

Although plasma ACEcorrelates with BP in children (10),
in whomit is claimed genetic effects may be easier to discern
because of their higher rate of ACEsynthesis (4, 9), we could
find no such correlation in the adult subjects used in our study.
The present findings for HTs thus extend earlier observations
of a lack of correlation of BP with ACEgenotype in NT adults
(10). The implication is that DDgenotype is either not associ-
ated with higher circulating angiotensin II, or the pressor effects
of raised angiotensin II in DDpatients may have been amelio-
rated by counterregulatory vasodilator and/or natriuretic mecha-
nisms. Effects on parameters other than BP could, however, be
occurring at a more localized level, in regional vascular beds
of DD/high ACEpatients.

Wealso found that Kmof the ACEencoded by each allelic
form of the gene was similar, so that variations in plasma ACE
activity for the different genotypes are more likely to reflect
differences in the concentration of ACEprotein in plasma, as
would result from differences in rate of synthesis or release by
its cellular source.

If it is correct that the present results reflect an increased
death rate amongst DDHTs, then coronary heart disease must
be considered as a possible candidate, as it accounts for 26%
of all deaths in Australia (19). This possibility is, moreover,
supported by findings of higher DD frequency in MI patients
(11, 13), those with a family history of fatal MI (12, 17), and in
patients with related cardiac pathologies (14-16). The possible
association of the DD genotype with other potentially fatal
events, such as stroke (10% of fatalities) (19), other cardiovas-
cular events (9%) (19), or noncardiovascular diseases, remains
to be explored. It is of interest that a pathological role of DD
in diabetic nephropathy (33) and hemodialysis (34) patients has
also been proposed, so whether DD is associated with renal
disease in HTs remains to be explored.

The present results are consistent with expectations arising
from findings by Cambien and others (11-18), but, in apparent
contradiction, a recent study has reported the unexpected finding
of elevated DD frequency in centenarians (35). In an attempt
to reconcile the latter finding with emerging knowledge, these
authors suggested that, in spite of being a risk factor for a
leading cause of mortality, the DDgenotype might confer some
early selective advantage, and the association with longevity
may indicate a late reversal of its purported negative survival
value. It has also been suggested that effects of higher ACEon
myocardial cell growth could increase the incidence of MI and
yet allow the left ventricle of a select few to carry them into

advanced age (36). It was also suggested that involvement of
ACE in a wide range of cellular functions may produce, in
noncardiac tissues, beneficial effects that would have survival
value should the person not succumb to a cardiac event. For
example, higher ACEmight improve repair of damaged tissues
or increase resistance to neoplasia or infection via metabolism
of peptides involved in the inflammatory response or antigen
recognition (37). A further proposal is that the DDvariant may
have a beneficial effect in neurones of the aged or could be
serving as a marker for a hypothetical variant at the linked
growth hormone gene locus that could perhaps have relevance
to senescence (38). Another possibility is that DD/high ACE
might have interactions with variants at other genetic loci that
are also needed for an effect on overall death rate. Thus ACE
may have both beneficial and deleterious functions, and the
balance between each may change during the human lifetime.

In conclusion, this study has found a markedly reduced
number of DDgenotypes among older HTs, possibly suggesting
that homozygosity for the D allele of the ACEgene might be
associated with increased risk of premature death, at least in
patients with severe, familial HT living in Sydney, who were
not selected for cardiac pathology.
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