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Angiotensin-converting enzyme genotype and the ventilatory
response to exertional hypoxia
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ABSTRACT: The "insertion" (I) rather than "deletion" (D) variant of the human
angiotensin-converting enzyme (ACE) gene is associated with both lower tissue ACE
activity and elite performance at high altitude. Three genotypes, II, ID and DD, are
thus represented in the population. The authors examined whether an improved
ventilatory response to hypoxic exercise may contribute to this effect.

Subjects (n=60; 37 male, meantSEM age 23.6+0.6 yrs, 14 II, 30 ID, 16 DD)
underwent incremental cardiopulmonary exercise testing to establish maximal oxygen
uptake and ventilatory threshold (VT). Four hours later, subjects exercised for 6 mins at
50% of the workload at VT. The protocol was repeated 15 mins later while breathing
12.5+0.5% oxygen in nitrogen.

All subject characteristics were independent of genotype, as were data during
normoxic exercise. However, the hypoxia-induced rise in minute ventilation was
significantly greater among those of II genotype (39.6t4.1% versus 27.912.0% versus
28.4+2.2% for II versus ID versus DD, respectively). These data are supported by a
significantly greater decrease in end tidal carbon dioxide (consistent with an increase in
alveolar ventilation) among those homozygous for the I allele (II -18.7+1.3%, ID
-15.7£0.4%, DD -15.1%=1.1).

The ventilatory response to hypoxic exercise is influenced by angiotensin-converting
enzyme genotype. Potential implications concern high altitude performance and the
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Ascent to high altitude requires exertion in a progressively
severe hypobaric hypoxic environment. Although genetic dif-
ferences may contribute greatly to the diversity in perfor-
mance at altitude [1], to date, only one locus of importance
has been identified.

Circulating angiotensin-converting enzyme (ACE) exerts a
tonic regulatory function in circulatory homeostasis, through
the synthesis of vasoconstrictor angiotensin II (AnglI), which
also drives aldosterone synthesis, and the degradation of
vasodilator kinins. Meanwhile, ACE is also expressed in a
variety of human tissue, including myocardium [2], skeletal
muscle [3], brain [4] and lung [5] where it may serve a variety
of different functions. A polymorphic variant of the human
ACE gene has been identified, in which the insertion (I),
rather than deletion (D) variant, is associated with lower
circulating [6] and tissue [2] ACE activity.

An excess frequency of the ACE I allele has been noted
among elite endurance athletes [7-9], which may be partly
explained by a genotype-dependent improvement in skeletal
muscle mechanical efficiency with training [10]. However, an
even greater excess among high-altitude mountaineers sug-
gests that here additional mechanisms are likely to be at work
[11]. A genotype-dependent modulation in respiratory drive at
altitude may be one such mechanism. At altitude, diminished
alveolar oxygen tensions lead to lower arterial oxygen
tensions. However, the fall in oxygen availability with altitude
is sensed by carotid bodies that contain hypoxia-sensitive
AnglI type-1 (AT1) receptors [12, 13], driving an increase in
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minute ventilation (V'E). This compensatory increase in
alveolar ventilation (the hypoxic ventilatory response;
HVR), helps sustain arterial oxygen saturations (Sa,0,) and
tissue oxygen delivery. The marked interindividual variations
in HVR [14] are likely to have a strong genetic component
[15-17], to which polymorphic variation in genes of the renin-
angiotensin system (RAS) may thus substantially contribute.

Therefore, the hypothesis that the ACE I/D polymorphism
is associated with differences in the ventilatory response to
hypoxic exercise was tested.

Methods

The study had local ethics committee approval. All subjects
gave informed consent. Investigators were blinded to geno-
type until all the data had been collected.

Subjects

Caucasian student volunteers (n=60; meantsD age 23.6*
4.7 yrs, height 177.4£8.5 cm, weight 73.5+11.0 kg, maximal
oxygen uptake (VO,max) 51.1+11.7 L-min™") from the Uni-
versity of Glasgow were studied. All had been residing below
2,000 m for >2 months. They were nonsedentary, taking part
in social noncompetitive recreational activities. All were free
of significant cardiorespiratory or musculoskeletal disease,
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were nonsmokers, had normal lung function and were taking
no regular medication.

Exercise protocol

All volunteers abstained from alcohol, caffeine or stren-
uous exercise for 12 h prior to exercise testing. Incremental
cardiopulmonary exercise testing established }O,max and
ventilatory threshold (VT). Four hours later, 5 min rest was
followed by a normoxic exercise phase (6 mins) at 50% of the
workload at VT. The protocol was repeated 15 mins later
while breathing 12.5+0.5% O, in nitrogen (N,). Over the last
90 s of each phase, breath-by-breath measurements were
averaged and V'E calculated from tidal volume (VT) and
respiratory rate (RR). Poikilocapnic rather than the isocapnic
ventilatory response to hypoxia was studied because this more
closely mimicked the environmental exposure that would be
experienced at altitude on the mountainside. Subjects
exercised to the point where leg fatigue prevented any further
progression through the ramp protocol, and all surpassed
maximal predicted heart rate. Subjects were deemed to have
exercised maximally when the slope of oxygen uptake (V0,)
plotted against workload was seen to plateau.

Technical methodology

All cardiopulmonary exercise testing was by breath-by-
breath ventilatory gas analysis on a commercially available
metabolic cart (Sensormedics V2900; Sensormedics, Yorba
Linda, CA, USA). Prior to each test the mass flow sensor was
calibrated using a standard 3-L syringe. Two-point gas sensor
calibration (Paramagnetic oxygen sensor and infrared carbon
dioxide (CO,) analyser) was performed according to manu-
facturer’s instructions prior to each test using standard
calibration gases (16% 0,:4% COj:balance N, and 24%
O,:balance N,; Sensormedics). Twelve-lead electrocardio-
gram was recorded before and during all tests (MAX-1;
Marquette electronics, Milwaukee, WI, USA). Subjects were
fitted with noseclips and full-face masks with disposable gel
seals (Universal seal; Hans Rudolph Inc., Kansas city, MO,
USA), and exercised on an electronically braked cycle
ergometer (Ergoline 900; Ergometrics, Bitz, Germany) at a
constant cadence of 60 revolutions'min™!. Sa,0, was measured
using transcutaneous pulse oximetry (Ohmeda Biox 3700;
Ohmeda, Boulder, CO, USA.). VO,, carbon dioxide produc-
tion (V'CO,), end-tidal carbon dioxide (ETCO,), V'T and RR
were also measured. V'E was calculated.

Cylinder air was diluted with N, (Linde Gases Ltd,
Aberdeen, UK) to provide a hypoxic mixture of 12.5+0.5%
0,. Gas mixtures were administered from a 1,000-L Douglas
bag (Hans Rudolph Inc.) via a three-way tap (2700 series;
Hans Rudolph Inc.). This was connected by 35-mm tubing to
a nonrebreathe valve (2100 series; Hans Rudolph Inc.), the
mass flow sensor, and then to the subjects’ face mask.
Ventilatory variables were calculated from measurements of
gas volume flow from this sensor by the software provided
with metabolic cart. The circuit introduced an increased dead
space; this was taken into account by amending the value for
dead space used by the software for ventilatory calculations.
Finally, in order to ensure that individuals had reached steady
state exercise and had not crossed the VT, means of three-
breath measurements were used to generate a line of best fit
for breath-by-breath plot. Steady state was then determined
electronically and confirmed visually (as a "flat line"). The
final 90 s of the test were then examined for increases in VO,
or VCO, and used in data acquisition. Repeatability of the

steady state protocol was validated in five subjects, whose
data on repetitive testing were within a maximum of 10% of
those originally recorded. The median coefficients of variation
for VO, and V'E for these five subjects were 4.4% (range
1.1-7.4%) and 5.3% (range 0.4-5.6%), respectively.

Genotyping

Deoxyribonucleic acid was extracted from mouthwash
samples as described previously [18] with the ACE genotype
determined using a three-primer method [19] yielding
amplification products of 65 base pairs (I allele) and 84 base
pairs (D allele). These were separated by electrophoresis on a
7.5% polyacrylamide gel and visualised using ethidium
bromide. All genotyping was performed by experienced staff
blind to subject data.

Statistical analysis

Differences in measured variables under hypoxic conditions
were expressed as a percentage of those under normoxic
conditions. Responses in each variable were tested for
normality for each genetic group. Data for homozygote
groups were compared by analysis of variance and data across
genotypes by Chi-squared analysis for linear trend. Data are
expressed as meantSEM.

Results

V0, at rest, for a given work rate and during exercise were
similar under normoxic and hypoxic conditions (change at
rest -0.41+2.1%, p=0.8; exercise 0.7£1.0%, p=0.9), in keeping
with Haldane's criteria.

Subject characteristics (table 1) were independent of
genotype (14 II, 30 ID, 16 DD, consistent with Hardy-
Weinberg equilibrium?, as were data during normoxic exercise
(V'E 34.910.9 L-min™"). However, the hypoxia-induced rise in
V'E was strongly related to genotype (39.614.1% versus
27.9£2.0% versus 28.4%x2.2%, for II versus 1D versus DD,
respectively; p=0.008 for linear trend, p<0.02 for II versus
DD, p<0.002 for II versus presence of D allele (D+;
28.412.2%); fig. 1). These data are supported by a signifi-
cantly greater decrease in ETCO, (consistent with an increase
in alveolar ventilation) among those homozygous for the I
allele (fig. 2a shows II -18.7£1.3%, ID -15.71£0.4%, DD
-15.1£1.1%, p<0.05 for II versus DD; fig. 2b shows II versus
D+ -15.2%0.6%, p<0.02). However, there were no significant
differences in Sa,0, during exercise between genotypes (fig. 3

Table 1.—Genotype and physical characteristics of subject
groups

11 1D DD
Subjects n 14 30 16
Age yrs 23.6+4.7 23.2+4.3 24.716.1
Height cm 178.318.3 177.118.14 178.5£7.9
Weight kg 71.918.3 73.4%+11.7 75.9+10.4
V0,max mL-kg! 55.9+13.2 49.3+11.0 52.8+11.6
V0, at VT mL-kg! 33.917.6 29.3+9.1 32.1+10.4

Data are presented as meantSD unless otherwise stated. VO,, max:
maximal oxygen uptake; V’O,: oxygen uptake; V'T: ventilatory thresh-
old. Groups were physically similar and there was no demonstrable
statistically significant difference between homozygote groups.
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Fig. 1.—a) Demonstrates the mean+SEM per cent increases in minute
ventilation (V”E) during exercise from the three angiotensin-converting
enzyme (ACE) genotype groups (insertion homozygote (II), hetero-
zygote (ID), deletion homozygote (DD)) as the subjects progressed
from normoxia to hypoxia. ”: p<0.02 versus II. b) compares the
meantSEM per cent increases in V'E during exercise between II and
deletion allele (ID and DD). ¥: p=0.002 versus II.

shows II -24.5+2.1%, ID -26.3£1.0%, DD -25.91+2.1%). Data
are presented fully in tables 2 and 3.

Discussion

The authors have demonstrated that the ventilatory
response to hypoxic exercise is greater amongst those of
ACE 1II genotype.

Low ACE activity, as marked by the ACE I allele, is
associated with elite performance at high altitude [10]. An
enhanced respiratory response to hypoxic exercise may
contribute to this phenomenon through the associated
minimisation of pulmonary vasoconstriction and maximisa-
tion of alveolar-capillary diffusion gradient.
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Fig. 2.—Demonstrates the mean+SEM per cent decreases in end-tidal
carbon dioxide (ETCO,) during exercise from the three angiotensin-
converting enzyme (ACE) genotype groups (insertion homozygote
(I1), heterozygote (ID), deletion homozygote (DD)) as the subjects
progressed from normoxia to hypoxia. *: p<0.05 versus II. b)
compares the per cent decreases in ETCO, during exercise between 11
and deletion allele (ID and DD). *: p<0.02 versus 11.
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Fig. 3.—Mean®*SEM per cent decreases in transcutaneous oxygen
saturation (Sp,0,) during exercise from the three angiotensin-converting
enzyme (ACE) genotype groups (insertion homozygote (II), hetero-
zygote (ID), deletion homozygote (DD)) as the subjects progressed
from normoxia to hypoxia. There was no significant difference
between the two homozygote groups.

The observed genotype dependency of the rise in V'E (Il
39.614.1% versus DD 28.4%2.2%, p<0.02) is perhaps more
reliant upon a genotype-related rise in RR (20.9%5.6%,
13.612.7% and 12.6£2.4%, II, ID and DD, respectively) than
VT (15.0+3.1%, 12.9£2.1% and 13.7+2.4%, 11, ID and DD,
respectively). However, neither were individually genotype-
dependent (p=0.2 and 0.7, respectively).

Hypoxic ventilatory responses are mediated via the carotid
body peripherally and medullary nuclei centrally, and either
may play a role. Within the carotid body itself, responses to
hypoxia are mediated by glomus type-I cells [20], which are
known to express AT1 receptors [13]. The expression of these
receptors is increased as part of the adaptive process to
chronic hypoxia [12], consistent with the suggestion that local
chemoreceptor RAS may play a role in mediating hypoxic
ventilatory responses. However, the role of such glomus AT1
receptors in the transduction of responses to acute hypoxic
exercise remain to be elucidated. The finding that putative
lower RAS activity (the ACE II genotype) is associated with
enhanced ventilatory response to acute hypoxic exercise
suggest that, perhaps, local RAS activity is differentially
regulated in acute and chronic hypoxic exposure. This
concept is supported by a finding of better-preserved Sa,0,
amongst those of II than DD genotype during rapid ascent to
altitude, and the absence of such a finding when ascent is
more gradual [21]. Such observations require further experi-
mental evaluation. Alternatively, genotype-dependent altera-
tions in central medullary-mediated signal transduction or
hypoxic ventilatory responses may be important, given that
AnglI applied to the nuclei tractus solitarii of rats decreases
phrenic nerve discharge frequency and amplitude [22].
Finally, a hypocapnoeic exercise model was used. The
ventilatory response to hypoxia (acting at peripheral chemor-
eceptors) can be diminished by the associated hypocapnia. It
is thus possible that the genotype is exerting its effect through
alterations in hypocapnoeic receptor inhibition. Further
studies are required to explore this hypothesis.

It should be noted that a significant genotype-dependent
rise in ventilation with exposure to hypoxia in the absence of
exercise was not identified. There may be several reasons for
this. Firstly, the rise in 7’E with exposure to hypoxia though
reasonable is small when compared with the degree of
variability within the subject group (meantsp 24.171+24.2).
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Table 2. —Absolute values for metabolic variables at rest and exercise during normoxia and hypoxia

ID DD p-value
F:M 14:8 30:18 16:10
Resting V0, L-min™' BTPS Normoxic 0.431£0.03 0.400.02 0.4210.02
Hypoxic 0.41£0.03 0.421+0.02 0.40%0.01
Change -0.02%0.01 -0.01£0.01 -0.017£0.01
Change % -4.812.0 6.05+3.4 -2.713.1 0.8
Exercise V0, L-min! BTPS Normoxic 1.62£0.13 1.64%0.08 1.66%+0.09
Hypoxic 1.60+0.13 1.6410.07 1.63£0.08
Change -0.2£0.02 0.006£0.02 -0.03%0.05
Change % -0.58+1.9 1.4£1.5 -0.8t1.1 1.0
Resting VCO, L-min™! BTPS Normoxic 0.36£0.03 0.33+0.02 0.35£0.02
Hypoxic 0.43£0.04 0.40%0.02 0.40£0.02
Change 0.07£0.02 0.07%0.01 0.05%0.01
Change % 16.0+4.4 24.914.0 16.1+3.5 1.0
Exercise ¥CO, L-min"' BTPS Normoxic 1.37£1.0 1.4140.06 1.44%0.06
Hypoxic 1.5440.1 1.57£0.07 1.5740.07
Change -0.16£0.005 0.16+0.02 0.13£0.04
Change % 12.1%%0.5 11.5£1.5 9.4+2.8 0.5
Resting Sp,0, % Normoxic 95.8£0.3 92.7£3.0 96.3+0.4
Hypoxic 85.3+0.04 84.41+0.4 83.9%1.0
Change -10.8£0.8 -11.5£0.4 -11.7£0.7
Change % -11.3%£0.8 -12.0%0.4 -12.2%0.7 0.4
Exercise Sp,0, % Normoxic 94.240.3 92.312.1 95.31£0.3
Hypoxic 71.1+2.0 69.1+1.0 70.1+1.8
Change -23.0%£2.0 -24.84+0.9 -24.8%2.2
Change % -24.5+2.1 -26.3%£1.0 -259+2.1 0.6
Resting ETCO, kPa Normoxic 4.79%0.1 4.91%0.06 5.08+0.09
Hypoxic 4.3810.1 4.59£0.06 4.74£0.08
Change -0.41%0.09 -0.32%0.05 -0.32%0.05
Change % -8.71£2.0 -6.3%1.1 -6.3£1.0 0.3
Exercise ETCO, kPa Normoxic 5.80%0.1 5.80£0.07 5.89+0.1
Hypoxic 4.7014.7 4.92+0.08 5.0010.1
Change -1.08£0.1 -0.89£0.05 -0.89£0.07
Change % -18.7%£1.3 -15.3%1.1 -15.1£1.1 0.05

Data are presented as mean+SEM unless otherwise stated. F: female; M: male; BTPS: at body temperature and ambient pressure, and saturated with
water vapour; VO,: oxygen uptake; V'CO,: carbon dioxide production; Sp,0,: transcutaneous oxygen saturation; ETCO,: end-tidal carbon dioxide.
Absolute changes and percentage changes for each angiotensin-converting enzyme genotype group (insertion homozygote (II), heterozygote (ID),
deletion homozygote (DD)) are shown. p-values are for analysis of variance comparisons made on percentage changes between homozygote groups.

As such, the study is underpowered to detect such a
difference. This may be due to the degree of variability in
resting ventilation in some subjects when connected to the
circuit, despite a familiarisation period. Such variations were
considerably reduced during exercise (V'E 30.81%12.5).
Meanwhile, the substantial elevation in ventilatory response
with exercise amplifies the power to detect between-group
differences. As such, it may be that there is a real (but
unidentified) association of genotype with basal HVR.
Alternatively, it may be that the influence of genotype is
only apparent during exercise; modulation of respiratory
drive by CO, is itself altered by exercise [23], and expiratory
neurones (normally quiescent) may be active in projecting to
the ventral medullary respiratory neurone group during
exercise. Finally, ventilatory drive during exercise is closely
related to CO, burden. The presence of peripheral and central
chemoreceptor RAS, the interaction between CO, load and
hypoxia in determining ventilator drive, and the role of both
chemoreceptor locations in regulation of these responses, may
account for an amplified response to hypoxia during exercise
that is not seen at rest. The putative association of ACE
genotype with resting hypoxic drive should be the subject of
an appropriately powered prospective study.

It is unlikely that such ventilatory changes are the sole
means through which high-altitude performance is enhanced,
given the (albeit smaller) I allele excess identified among elite
endurance athletes performing under normoxic conditions.

The substantial catabolic response seen with high-altitude
exposure is associated with a reduction in muscle efficiency
[24]. Mechanical efficiency improves more with training
among II homozygotes [10], whilst the I allele is associated
with training-related anabolism [25]. Such effects may
improve hypoxic performance [27].

The fact that no evidence of allele codominance was
detected also supports the presence of other mechanisms
influencing altitude performance. Such exclusivity of associ-
ation with homozygocity is not without precident, with the
allele-specific dependence varying in different tissues. Thus,
ACE activity is raised in monocytes only amongst those
homozygous for the D allele [27].

Such genotype-dependent differences in hypoxic ventilatory
drive may be expected to be associated with differences in
Sa,0,. Indeed, IT genotype is associated with better-preserved
oxygen saturation during rapid ascent to high altitude [21],
while a similar preservation is noted amongst elite mountai-
neers [28], among whom the I-allele is over-represented [10].
Interestingly, however, such an effect was not observed in this
study. This cannot be explained by there having been only a
rise in dead-space ventilation, given that the fall in ETCO,
(reflecting alveolar ventilation) is genotype-dependent. It
would seem similarly unlikely that acute increases in
ventilation are being offset by an acute deterioration in
ventilation/perfusion mismatch in association with the I allele,
but this would appear to be the only explanation for a



ACE GENOTYPE AND HYPOXIC VENTILATORY DRIVE 759

Table 3.—Absolute values for ventilatory variables at rest and exercise during normoxia and hypoxia

11 ID DD p-value
F:-M 14:8 30:18 16:10
Resting V'E L-min’! Normoxic 11.9240.60 11.15£0.50 11.4240.50
Hypoxic 15.52+1.90 13.8410.60 13.2840.59
Change 3.6%1.5 2.710.5 1.871+0.4
Change % 27.019.2 26.5+4.3 17.413.8 0.3
Exercise V’E L-min™' Normoxic 33.8712.3 35.53%1.2 36.06+1.40
Hypoxic 47.35%3.6 45.40%1.7 46.57%2.40
Change 13.48+1.7 9.8710.8 10.51%1.10
Change % 39.61+4.1 27.912.0 28.412.2 0.02
Resting V'T L Normoxic 0.90%0.10 0.79%0.05 0.87%0.07
Hypoxic 1.07£0.20 0.95+0.05 1.00£0.08
Change 0.17£0.10 0.15%0.30 0.14%0.06
Change % 15.8+3.2 23.0%3.8 18.2+6.4 0.8
Exercise V'T L Normoxic 1.77£0.10 1.78+0.09 1.80£0.10
Hypoxic 2.04%0.20 2.01%0.10 2.03%0.10
Change 0.27£0.07 0.23+0.04 0.24+0.04
Change % 15.0%3.1 12.9%2.1 13.7+2.4 0.7
Resting RR breaths min' Normoxic 14.75%0.9 15.26+0.60 14.7940.80
Hyposxic 16.05+0.8 15.77+0.60 14.54+1.00
Change 1.2940.9 0.51+0.6 -0.2540.50
Change % 11.0£5.7 4.8+3.7 -1.7£3.6 0.06
Exercise RR breaths-min™ Normoxic 19.84+0.80 21.14£0.80 21.52%1.20
Hypoxic 23.74%1.00 23.8910.90 24.10£1.30
Change 3.8910.90 2.74%0.50 2.57%0.50
Change % 20.9%5.6 13.6+2.7 12.6+2.4 0.2

Data are presented as mean+SEM unless otherwise stated. F: female; M: male; V’E: minute ventilation; V'T: tidal volume; RR: respiratory rate.
Absolute changes and percentage changes for each genotype group (insertion homozygote (II), heterozygote (ID), deletion homozygote (DD)).
p-values are for analysis of variance comparisons made on percentage changes between homozygote groups.

deterioration in gas exchange in the face of an increase in
alveolar oxygen tension. Hypoxia increases pulmonary
vascular ACE expression [29, 30], and both ACE inhibitors
[31] and ATl-receptor antagonists [32] attenuate the hypoxic
pulmonary vasoconstrictor response [33]. It is therefore
possible that the I allele is associated with a deterioration in
ventilation/perfusion matching in the face of hypoxia, via
reduced regional vasoconstriction.

It should be noted that this study applied only brief
normobaric hypoxia. Different levels of hypoxaemia at
different barometric pressures, and overacclimatisation per-
iods to chronic hypoxaemia should be studied to simulate the
"field effect" of progressive ascent. In addition, although
poikilocapnic ventilatory responses are indeed closer to real
life situations, the use of isocapnoeic protocols may better
help dissect the mechanism.

In addition, only healthy White subjects were studied, and
the study should be repeated among different racial groups
and those of different ages. The sample size was insufficient to
prove conclusively whether respiratory rate or tidal volume
were predominantly dependent upon genotype, and this
should be addressed in larger studies. Finally, mechanistic
studies are required in order to determine the role of central
versus peripheral chemoreceptor responses. Such studies
should include assessment of isocapnoeic hypoxic ventilation.
Nonetheless, these data demonstrate an association of
angiotensin-converting enzyme genotype with differences in
the exertional hypoxic ventilatory response. Such data have
implications not only for mountaineers, but also for patients
suffering a wide variety of heart and lung disease that are
associated with hypoxemia. Further study is warranted, given
the potential therapeutic roles for the widely available
antagonists of the renin-angiotensin system.
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