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A pilot investigation into the effects

of acute normobaric hypoxia, high
altitude exposure and exercise on
serum angiotensin-converting enzyme,
aldosterone and cortisol

Mark Cooke!'”, Richard Cruttenden?, Adrian Mellor'34,
Andrew Lumb?, Stewart Pattman®, Anne Burnett?,
Chris Boot$, Louise Burnipé, Christopher Boos'?7,

John O’Hara'! and David Woods'38

Abstract

Introduction: Aldosterone decreases at high altitude (HA) but the effect of hypoxia on angiotensin-converting enzyme
(ACE), a key step in the renin-angiotensin-aldosterone system, is unclear.

Methods: We investigated the effects of exercise and acute normobaric hypoxia (NH, ~11.0% FiO,) on nine participants
and six controls undertaking the same exercise at sea level (SL). NH exposure lasted 5 hours with 90 minutes of
submaximal treadmill walking. Blood samples for aldosterone, ACE and cortisol were taken throughout exposure and at
rest during a trek to HA (5140 m) in eight separate participants.

Results: There was no difference in cortisol or aldosterone between groups pre-exercise. Aldosterone rose with exercise
to a greater extent at SL than in NH (post-exercise: 700 + 325 versus 335 + 238 pmol/L, mean + SD, p = 0.044). Conversely,
cortisol rose to a greater extent in NH (post-exercise: 734 + 165 versus 344 + 159 nmol/L, mean + SD, p = 0.001). There
were no differences in ACE activity. During the trek to HA, resting aldosterone and cortisol reduced with no change in ACE.
Conclusions: Acute NH subdues the exercise-associated rise in aldosteroe but stimulates cortisol, whereas prolonged
exposure at HA reduces both resting aldosterone and cortisol. As ACE activity was unchanged in both environments,
this is not the mechanism underlying the fall in aldosterone.
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Introduction

Angiotensin-converting enzyme (ACE) is a key compo-

nent of the renin-angiotensin-aldosterone system (RAAS)
that converts angiotensin I to angiotensin II, which has
several actions, including the stimulation of aldosterone
release from the adrenal gland via angiotensin type 1
receptors. Changes in the RAAS and fluid balance are cen-
tral to early acclimatization at high altitude (HA).!2

It is consistently reported in the literature that there is a
reduction in resting aldosterone at HA .38 In addition, a
relatively greater drop in aldosterone than renin occurs
with hypoxia, reflecting a subdued aldosterone response to
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renin.” ! This effect facilitates a beneficial natriuresis and
diuresis, since a less subdued aldosterone at HA has been
associated with acute mountain sickness (AMS) at HA.3

The literature regarding the effects of hypoxia and HA
on ACE are less consistent however. Previous reports that
acute hypoxia reduced ACE activity in dogs,'? the guinea
pig foetal—placental unit'? and in human cultured endothe-
lial cells!* were subsequently retracted in 1985!5-17 when
the authors could not reproduce their findings.

In rats, altered pulmonary and systemic pressor
responses to angiotensin I and II under hypoxic conditions
have suggested an acute reduction in ACE activity.!®
Similarly, chronic hypoxia in isolated rat lungs has shown
reduced transpulmonary angiotensin I conversion!® that
suggests either a reduction in ACE activity or alterations in
contact time with ACE due to changes in pulmonary
haemodynamics. An organ-specific effect was reported
following the exposure of rats to normobaric hypoxia
(NH) (FiO, of 10%) over 14-28 days with a reduction in
ACE activity in lung homogenates, an increase in renal
homogenates, and no change in the homogenates from
brain and testis.?? More recent work has shown that chronic
hypoxia upregulates ACE mRNA expression in the rat
carotid body?! and that, over 7-21 days, ACE activity sig-
nificantly increases.??

In humans, it was initially reported that ACE activity
was reduced while breathing a hypoxic gas mixture,?? but
this article was retracted in 1987.2* Other workers have
shown that reducing inspired oxygen in humans to produce
saturations of 80-90% over 1-2 hours reduces aldosterone
but not ACE,* whereas in six subjects exercising for 1 hour
at 65% VO,,.., a rise in aldosterone occurred under both
normoxic and hypoxic (equivalent to 3000 m) conditions
with no change in ACE.?

More recently, it has been shown that ACE activity
did not change in humans on exposure to 3800 m?® over
2 weeks. However, in 2016, it was reported that follow-
ing rapid ascent (by car) to 3450 m no significant rise in
ACE was seen, while ACE levels rose significantly in
those given placebo or dexamethasone (regardless of the
presence or absence of AMS) in those treated with
budesonide.?’

In summary, while the literature has consistently dem-
onstrated a reduction in resting aldosterone at HA, the data
regarding ACE activity are inconsistent and confusing.
Therefore, we measured ACE activity, cortisol (as another
marker of adrenal function) and aldosterone during acute
NH, in a sea level (SL) control group and during a trek to
HA. We hypothesized that ACE activity would not change
but that aldosterone would be suppressed.

Materials and methods

This work was undertaken with ethical approval from the
Ministry of Defence Research Ethics Committee (protocol

586). Written informed consent was provided by each par-
ticipant prior to their inclusion in the study.

Experimental design

There were two parts to this study. The first was a labora-
tory study incorporating two groups (NH and SL) to evalu-
ate the acute effects of a single 5-hour exposure to a
simulated normobaric altitude of 4800 m against a seal
level control condition. The second was an evaluation of a
separate sample of volunteers undertaking a trek to HA.
Subjects for the NH and SL groups were originally bal-
anced for age, group size (n = 9), gender (three females
and six males) and baseline VO, . at a simulated altitude
of 4800 m. Due to technical difficulties with blood sam-
pling, three subjects were lost from the SL group (two
females and one male), leaving six in the SL group com-
pared with nine in the NH group. Subjects in the NH and
SL groups underwent all sessions in an environmental
chamber and were blinded to conditions in the chamber
throughout all sessions. Subjects studied on the trek to HA
were a sample of volunteers already involved in the expe-
dition. All subjects included in both aspects of the study
were non-smoking lowlanders who had not been to alti-
tudes > 1500 m in the 3 months prior to baseline testing.

Procedure

Laboratory study. Testing included four separate visits to
the laboratory over a period of 2 weeks. Visit one included
consent and screening. Visit two involved a preliminary
NH testing session that was used to balance the subjects
for the NH and SL groups, as previously outlined. Visit
three was a repeat of visit two but under sea level condi-
tions. The final visit was the 5-hour NH exposure or sea
level control trial.

Preliminary NH session (visit 2)

All 15 subjects completed 1-hour NH exposure at a simu-
lated altitude of 4800 m (~11.0% FiO,/ 77.3 mmHg PiO,,
at 18°C and 45% relative humidity) in an environmental
chamber (TISS, Alton, UK and Sporting Edge, Sherfield
on Loddon, UK). The hour consisted of 15 minutes rest
followed by an incremental 12-minute submaximal walk
test on a treadmill (Woodway, Cranlea, Birmingham, UK)
carrying a 10 kg rucksack walking at 1.5, 2.5, 3.5 and 4.5
km.h! for 3 minutes. Following 10 minutes rest, subjects
completed a VO,, ., test at a self-selected running speed
starting at 1% gradient, which increased by 1% each min-
ute until volitional exhaustion. Throughout the submaxi-
mal walk and VO, test, expired air was measured using
an online gas analyser (MetaLyzer® 3B, Cortex, Leipzig,
Germany), which had been calibrated prior to each trial in
accordance with the manufacturer’s instructions. Visit
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Table I. Submaximal walk protocol in preliminary testing for visits 2 and 3.

Time (minutes) Visit 2: 4800 m Visit 3: sea level

Speed (km.h') Gradient (%) Speed (km.h')

Gradient (%)

0-3 1.5 10 3 10
3-6 2.5 10 4 10
69 3.5 10 4 15
9-12 45 10 5 15
Ti: T2: 105 minutes / T3: 240 minutes / Post T4: Post
Baseline Pre Exercise Exercise Shrs

| m—

100 120 140 160 180 200 220 240 260

Time (minutes)

0 20 40 60 80 280 300

Figure 1. Five-hour schematic of acute normobaric hypoxic exposure and sea level trial.

three, which was a minimum of 48 hours after visit two,
was a repeat of the preliminary hypoxic testing session but
under sea level conditions, with a small modification to the
speed and gradient used throughout the submaximal walk
test (Table 1). Relative exercise intensities for the acute
normobaric or sea level trials were interpolated using VO,
data from the submaximal walk and the VO,,,,, (greatest
30s mean) score.

Acute NH

Nine subjects underwent an NH exposure at a simulated
altitude of 4800 m (~11.0% FiO,/77.3 mmHg PiO,, at
18°C and 45% relative humidity) in the environmental
chamber a minimum of 72 hours after visit three. The
exposure lasted 5 hours and consisted of 150 minutes of
rest followed by 90 minutes of graded submaximal exer-
cise walking on a treadmill at 10-15% incline carrying a
10 kg rucksack (10 mins at 40%, 60 mins at 50%, 10 mins
at 60% and 10 mins at 70% of altitude-specific VO,,,,,),
followed by a final 60-minute rest period. Venous blood
samples (serum separator tube for ACE, potassium, osmo-
lality, cortisol and ethylenediaminetetraacetic acid (EDTA)
tube for plasma aldosterone) were taken from a cannulated
forearm vein. Samples were taken at rest at baseline, prior
to hypoxic exposure (T1), after 105 minutes hypoxic expo-
sure (T2), immediately following exercise (T3) and at the
end of the 5-hour exposure (T4) (Figure 1). Samples were
centrifuged, separated and stored at —80°C until subse-
quent analysis for serum ACE activity, osmolality, potas-
sium, cortisol and plasma aldosterone.

Six control subjects underwent the same protocol under
sea level (normobaric normoxia, SL) conditions.

Terrestrial HA

A separate sample of eight subjects were subsequently
studied at baseline and on an expedition to Nepal. These
participants were part of a trekking team on the British
Services Dhaulagiri Medical Research Expedition 2016.
The trek started from Beni (899 m) and followed the
Dhaulagiri circuit through to Marpha (2660 m). This took
14 days and reached a maximum altitude of 5360 m over
the French Pass. Resting blood samples were taken by
venepuncture in the morning the day after arrival at
Dhaulagiri lower base camp (4600 m) on day 10 (average
rate of ascent 376 m/day) and Hidden valley (5140 m) on
day 12 (average rate of ascent 353 m/day). Samples were
centrifuged, separated and stored in liquid nitrogen until
return to the UK, where they were kept at —80°C until sub-
sequent analysis.

Hormone assay

ACE (U/L) was assayed according to the manufacturer’s
instructions using a photometric enzymatic assay
(Biihlmann Laboratories, Schénenbuch, Switzerland).
This assay gives a direct and quantitative determination of
serum ACE activity with an intra-assay precision of 2.7%
and an inter-assay precision of 8.1%. It uses the catalysis
of hydrolysis of the synthetic substrate N-[3-(2-furyl)
acryloyl]-L-phenylalanylglycine by ACE and the resulting
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Table 2. Baseline characteristics for the sea level group, normobaric hypoxic group and the terrestrial high altitude team.

Height (cm) Mass (kg) Age (years) HR (bpm) Sp0, (%) SBP DBP Male (n) Female VOZmax at 4800 m
(mmHg) (mmHg) (n) (ml.kg.min"")
SL 178 £ 10 7910 24+£2 64+8 97+1 1286 766 5 | 35
NH 17710 76 12 25+4 66+5 98+1 1304 74+10 6 3 36
THA 177 + 4 76 £ 9 359 597 98+1 1305 805 7 | N/A

All participants were non-smoking lowlanders and had not been to altitudes > 1500 m in the previous 3 months. No significant differences were

detected between groups.

DBP: diastolic blood pressure; HR: heart rate; NH: normobaric hypoxia; SBP: systolic blood pressure; SL: sea level; THA: terrestrial high altitude.

decrease in absorbance at 340 nm to measure serum ACE
activity.

Cortisol was assayed using the Roche Elecsys Cortisol
I assay on serum samples. The test is a competitive chemi-
luminescence immunoassay (CLIA) and is fully auto-
mated, run on the Roche modular E unit (Roche
Diagnostics, Burgess Hill, UK). The analytical range of
the assay is 0.5-1750 nmol/L. Low levels are reported as
‘< 20 nmol/L’. The lower detection limit of 0.5 nmol/L
represents the lowest measurable analyte level that can be
distinguished from 0. There is an intra-assay coefficient of
variation (CV) of 9.3—11.7%.

Aldosterone (pmol/L) was assayed using the IDS iSYS
assay on plasma samples collected using EDTA vacutain-
ers. The assay is a CLIA and is fully automated, run on the
IDS iSYS immunoassay analyser (IDS PLC, Boldon, UK).
It has an analytical range of 103-3656 pmol/L, with low
levels being reported as ‘< 103 pmol/L’. The lower limit of
quantification represents the lowest concentration of ana-
lyte that can be measured with acceptable precision. There
is an intra-assay CV of 5.8—12.1%.

Aldosterone synthase was measured using the Cloud-
Clone enzyme-linked immunosorbent assay (ELISA) for
human aldosterone synthase (Cloud-Clone Corporation,
Katy, TX, USA). Analysis was performed according to the
manufacturer’s instructions. Briefly, the ELISA uses a
microplate pre-coated with antibody against aldosterone
synthase. Standards and samples are added to microplate
wells along with a second, biotin-conjugated antibody
against aldosterone synthase and avidin-conjugated horse-
radish peroxidase. After incubation and plate-washing, a
tetramethylbenzidine (TMB) substrate is added and the
enzyme/substrate reaction is measured spectrophotometri-
cally. Aldosterone synthase concentrations were calculated
in ng/mL. The manufacturer-quoted limit of detection is
0.054 ng/mL with an inter-assay CV of < 12% and intra-
assay CV < 10%.

Osmolality was measured by micro-osmometer (Advanced
Model 3320, Advanced Instruments, Norwood, MA, USA)
using a suppression of freezing point method. Serum potas-
sium was assayed using an automated Olympus AU 2700
system (Olympus Diagnostics, Hamburg, Germany). Assays
were performed in the clinical biochemistry departments of

the Royal Victoria Infirmary, Newcastle and Wansbeck
General Hospital, Northumberland.

Statistical analysis

Statistical analysis was performed using SPSS 22. Data
were tested for normality using a Shapiro—Wilk test and
were shown to approximate to a normal distribution. A
threshold of p < 0.05 was used as the level with which to
decide statistical significance. Separate repeated measures
analyses of variance were used for the SL versus NH
groups (time (4) x group (2)) and the terrestrial HA (THA)
group (time (3)). An independent Student’s #-test was used
to compare the area under the curve for the four time points
for aldosterone for the SL and NH groups. Paired and inde-
pendent Student’s #-tests were used to make comparisons
within and between groups. A Pearson product-moment
correlation coefficient was used to assess if there was any
association between ACE and oxygen saturation.

Results

Baseline characteristics

Atotal of 23 subjects took part in the study (nine in the NH
chamber, six SL controls and eight on the trek to THA).
There were no differences in baseline characteristics (p >
0.05) between groups (Table 2).

Acute NH and SL controls

There was no significant difference in aldosterone at T1 or
T2 between SL controls and NH (p = 0.600). Immediately
post-exercise (T3), aldosterone levels were significantly
greater in the SL than the NH group (700 + 325 versus 335
+ 238 pmol/L, mean = SD, p = 0.044). At the end of the
S5-hour protocol, aldosterone remained greater in the SL
controls than in the NH group (382 + 196 versus 174 +
105, pmol/L, mean £ SD, p =0.049). Aldosterone increased
following exercise in both the SL (p = 0.049) and NH (p =
0.010) groups (Figure 2), which was confirmed by the sig-
nificant main effect of time on aldosterone (p = 0.000).
Overall, using area under the curve across the 5-hour expo-
sure, there was a significantly lower aldosterone response



Cooke et al.

1200+ X
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Figure 2. Serum aldosterone pre- and post-exercise in the
normobaric hypoxia (n = 9) and sea leve (n = 6) groups (* =
sea level significantly (p < 0.05) higher than the normobaric
hypoxia group).

907 -~ Normobaric Hyp oxia
s0- -8 Sea Level Control T

Serum Ace (Ul 1)
n
(=]

0 T T T T T 1
0 S0 100 150 200 250 300

Time (minutes)

Figure 3. Angiotensin-converting enzyme pre- and post-
exercise in the normobaric hypoxia (n = 9) and sea level (n =
6) groups.

in the NH group compared to the SL group (p = 0.022,
Figure 2).

ACE activity did not change in response to exercise in
the NH or at SL groups (Figure 3). There was no difference
in ACE at any time point between NH and SL. There was
no significant correlation between ACE and oxygen satu-
ration across all three groups (SL, NH and THA) (r =
—0.296,p=0.171; r=-0.033, p=0.85; and »=0.171, p =
0.434, respectively). Data for aldosterone and ACE are
shown in Table 3. Potassium, serum osmolality and aldos-
terone synthase values are also shown in Table 3. Results
revealed no significant differences for the main effects of
group or time for all three variables within laboratory-
based testing (Table 3).

Assessing the cortisol results (Table 3) revealed a sig-
nificant main effect of group (p = 0.012), but the main
effect of time over the 5-hour exposure was not signifcant
(p = 0.168). However, there was a signficant interaction

between time and group (p = 0.000), indicating that both
groups responded differently throughout the 5-hour expo-
sure. There was no signifcant difference in cortisol concen-
tration at T1 or T2 between SL controls and NH (p = 0.125
and p = 0.236) (Figure 4). As a result of the significant
increase in cortisol in NH at T3 (p = 0.001), immediately
post-exercise cortisol was significantly greater in NH than
in SL (734 + 165 versus 344 + 159 nmol/L, mean + SD, p =
0.001) (Figure 4). Although within the 1-hour recovery
post-exercise to the end of exposure (T4) there was a sig-
nificant decrease in cortisol in the NH group (p = 0.009), at
the end of the 5-hour protocol cortisol remained greater in
the NH group than in SL controls (632 + 207 versus 363 +
117, nmol/L, mean + SD, p = 0.007).

THA

On the expedition, baseline aldosterone at SL. was 190 + 66
pmol/L and dropped below the limit of detection at 4600 m
and 5140 m. There was a significant main effect of time on
aldosterone (p = 0.007). ACE activity (U/L, mean + SD)
was 43 + 20 at SL and did not change at 4600 m (37 = 19)
or 5140 m (41 £ 17). The cortisol response throughout the
expedition showed a significant main effect of time (p =
0.011). However, pairwise comparisons revealed that cor-
tisol concentrations at 4600 m were significantly reduced
in comparisons to baseline (p = 0.021), but that an increase
in altitude to 5140 m resulted in no further significant
change in cortisol concentration (p = 1.00) (Figure 5).
Although the expedition aldosterone synthase response
showed a significant main effect of time (p = 0.001), pair-
wise comparisons revealed that although there was a sig-
nificant increase between baseline and 4600 m, aldosterone
synthase had returned to baseline at 5140 m. There were
no significant differences over time for either potassium or
serum osmolality at THA (Table 4).

Discussion

Our data demonstrate that while exercise at SL and under
NH conditions both induce a rise in aldosterone, this effect
is suppressed under NH conditions compared to SL. This
effect appears to occur independently of any differences in
ACE activity. Trekking to HA is associated with a reduced
resting aldosterone, also independent of any change in
ACE activity. Taken together, our data suggest a dynamic
response in aldosterone as a result of hypoxic exposure
(normobaric, in the chamber, or hypobaric at THA) that
occurs through a non-ACE-dependent mechanism. The
subdued aldosterone under hypoxic conditions is probably
a beneficial factor that prevents salt and water retention
that may otherwise occur with exertion at HA, since a
greater increase in exercise-associated aldosterone at HA
has been associated with subsequent development of
AMS.3
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Table 3. Aldosterone, angiotensin-converting enzyme, aldosterone synthase, cortisol, potassium and serum osmolality (mean +
SD) pre- and post-exercise in the normobaric hypoxia and sea level groups.

Tl T2 T3 T4
Aldosterone (pmol/L) NH 224 £ 176 127 + 67 335 + 238%** 174 + 105*
SL 271 £ 149 241 + 204 700 + 325%* 382 + 196
ACE (U/L) NH 42 +£23 42 £20 44 £22 43 +£24
SL 47 £ 26 49 £ 24 53 +27 47 £27
Aldosterone synthase (ng/mL) NH 2.88 + 0.59 3.04 £ 0.52 3.05 +0.63 2.99 + 0.60
SL 2.39 + 041 2.52 + 043 2,63 +0.37 2.58 + 0.41
Cortisol (nmol/L) NH 467 £ 117 477 + 166 734 + |65%*+* 632 + 207*
SL 562 + 98 397 £ 80 344 + 159 363117
K (mmol/L) NH 4.1 £0.2 43+03 40+04 35217
SL 4.1 £0.1 4604 45+07 50+0.5
Serum osmolality (mOsm/kg) NH 288 £ 4.6 289 £ 3.5 290 £ 3.5 289 + 3.7
SL 288 + 3.8 289 £ 4.0 290 £ 3.5 289 + 3.7
"= NH significantly different to SL, ** = significantly higher at T3 (post-exercise) compared with T2.
ACE: angiotensin-conerting enzyme; NH: normobaric hypoxia; SL: sea level; T: time point.
1231 -~ Normobaric Hypoxia  * ® 600+
= 300 - Sea Level Control ~ 5001
3 7] -
£ 60 S 00+ *
= 50 g
2 4004 = 300+
= z‘"" Z 200
U 2004 =
1004 O 100 -
c I ¥ ) ' L] L}
0 S0 100 150 200 250 300 0 . . .
Time (minutes) Baseline 4600m 5140m

Figure 4. Cortisol pre- and post-exercise in the normobaric
hypoxia (n = 9) and sea level (n = 6) groups (* = normobaric
hypoxia significantly (p < 0.05) higher than sea level).

An increase in aldosterone with exercise is well estab-
lished and is consistent with the fact that an exercise-asso-
ciated rise in angiotensin II has been reported, at least in
normoxic conditions.?® The subdued response of aldoster-
one to exercise under hypoxic conditions? and the reduction
in aldosterone at HA*373 are also consistently reported.
However, we have clearly demonstrated in both acute NH
and at THA that this effect is not dependent on a reduction
in ACE activity, and that it therefore must occur through a
non-ACE-dependent mechanism.

The fact that we demonstrated no change in osmolality
in any of the environments makes this an unlikely cause of
the reduction in aldosterone. Although there was no statis-
tically significant change in potassium at SL or under NH,
there does appear to be a possible numerical change and so
we are more circumspect about this, though we note that
this occurs at the end of the exposure and would seem
unlikely to account for the differences seen in aldosterone

Figure 5. Resting cortisol (nmol/L) concentration at sea level
baseline (n = 8) and on expedition, collected the morning of
the day after arrival at Dhaulagiri lower base camp (4600 m) on
day 10 (n = 8) and at Hidden valley (5140 m) on day 12 (n = 8)
(* = significantly (p < 0.05) different to previous altitude).

immediately post-exercise. Other mechanisms must there-
fore be considered. In rats, severe hypoxia specifically
inhibits (in vitro) adrenal aldosterone synthesis,?%!!
thought to be through a direct effect on aldosterone syn-
thase mRNA (CYP11B2).!" In bovine adrenocortical cells,
in vitro hypoxia directly inhibits angiotensin II and adren-
ocorticotropic hormone-stimulated aldosterone synthe-
sis,!0 and aldosterone has been found to reduce in
proportion to hypoxia due to inhibition of the aldosterone
synthase enzyme.3%3! However, we found no change in
aldosterone synthase with exercise either at SL or in the
hypoxic chamber. At THA, we found a statistically signifi-
cant 11% rise in aldosterone synthase at 4600 m compared
to SL, but this had returned to baseline by 5140 m. While
we cannot explain the rise at 4600 m, there was certainly
no evidence to suggest inhibition of aldosterone synthase
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Table 4. Potassium, serum osmolality and aldosterone synthase (mean + SD) for the terrestrial high altitude group.

Baseline 4600 m 5140 m
Potassium (mmol/L) 4.16 £0.24 4.16 £ 0.28 3.96 £ 0.44
Serum osmolality (mOsm/kg) 289 + 4 357 £ 153 477 + 185
Aldosterone synthase (ng/mL) 3.21 £0.37 3.55 £ 0.30* 3.20 £ 0.28*

Collected at sea level baseline (n = 8) and on expedition, collected the morning of the day after arrival at Dhaulagiri lower base camp (4600 m) on
day 10 (n = 8) and at Hidden valley (5140 m) on day 12 (n = 8). * = significantly different to previous altitude.

at THA, and therefore this does not appear to be the mech-
anism behind a fall in aldosterone at THA in humans.

The findings in relation to cortisol may help suggest
where in adrenal steroidogenesis the effect of hypoxia
might lie. As cortisol rises acutely following exercise in
acute NH but not at SL, whereas the aldosterone response
to exercise appears subdued in acute NH versus normoxia,
we suspect that any potential reduction in adrenal steroido-
genesis must be downstream of CYP11A1 and CYP21A2,
and therefore had suspected an effect on CYP11B2 (aldos-
terone synthase). With the more chronic exposure to
hypoxia of THA, both resting morning aldosterone and
cortisol are reduced. We have previously shown that with
pharmacological stimulation of adrenal steroidogenesis
using synacthen at HA, the cortisol response remains intact
compared to SL but that the aldosterone response is sub-
dued.3? Again, we had suspected that this reflects reduced
activity of CYP11B2, but our subsequent analysis does not
support this.

It is important to consider why some early work!>14
suggesting that hypoxia reduced ACE activity was subse-
quently retracted!>-17. In one retraction letter, the authors
stated that their original hypothesis that ACE activity was
closely regulated by the partial pressure of oxygen was
incorrect as they had failed to reproduce their findings in
further experiments, but no other detail was given. In
another retraction letter, they offer an honest apology that
they had no scientific explanation as to why they could not
reproduce their earlier findings.!> However, in acknowl-
edgement of the advances in biochemistry, it must be noted
that those authors had huge challenges in measuring ACE
activity. In one experiment, they calculated ACE activity
in the guinea pig foetal-placental unit.!* In order to do this,
they infused their animal model with a solution containing
bradykinin (as a substrate for ACE), with ACE activity cal-
culated as the percent of substrate cleared by a single pas-
sage through the vascular bed while assuming equal
perfusion inflow and effluent rates. We acknowledge the
challenges they faced, applaud their honest retraction and
are grateful for our current automated assay.

In humans, the initial report that ACE activity was
reduced by hypoxia? was subsequently retracted.?* In the
original report, the authors had assayed ACE activity in
serum using a fluorimetric method?? not that far removed
from the modern assay. In their retraction, they state that
they had repeated several studies of the effect of hypoxia

on ACE, including one study in the field at 4100 m and
five laboratory studies using hypoxic gas mixtures.?* They
analysed these and other samples in several different labo-
ratories using several different assays, and concluded that
hypoxia had no effect on ACE activity. On balance there-
fore, and consistent with our findings, we perceive that the
body of evidence favours no significant effect of hypoxia
on ACE activity.

It seems reasonable to state that the reduction in aldos-
terone at THA is not due to a reduction in ACE activity,
but also the hypothesis that this would be due to a reduc-
tion in aldosterone synthase activity is not the case.
Alternative mechanisms must therefore be considered.
Inhibition of adrenal aldosterone release due to elevated
levels of adrenomedullin seen at HA34 or downregulation
of adrenal angiotensin II receptors (observed in the lung
after prolonged hypoxia33) are possible alternative expla-
nations. Another possible factor could be an upregulation
of ACE2 in hypoxia that would increase deactivation of
angiotensin II (to angiotensin I-VII) and thus contribute
to a reduction in aldosterone under hypoxic conditions.
There is evidence for increased ACE2 expression in cul-
tured human hepatocytes?¢ and human pulmonary arterial
smooth muscle cells’” exposed to hypoxia. The finding
that ACE2 expression is increased in response to myocar-
dial ischaemia’® and hypoxic stress at the cellular level®
is supportive of the concept that ACE2 may be upregu-
lated in response to tissue hypoxia, and could potentially
explain our findings.

Limitations to our study include that we were not able
to analyse angiotensin II or ACE2 due to the technical
challenges involved in field research. A further limitation
is that although the original groups for SL and NH were
matched with nine participants each, the fact that we had
blood sampling problems with three participants, all unfor-
tunately from the SL group, meant we had fewer partici-
pants to compare than originally intended. This could have
affected our statistical power, particularly in relation to
any potential numerical changes in potassium during the
SL and NH exposure.

Conclusion

In summary, we report that the aldosterone response to
exercise is attenuated in NH compared to SL, and that rest-
ing aldosterone and cortisol are reduced during a trek to
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HA. Our data show no change in ACE activity with acute
or more chronic hypoxic exposure, and suggest that the
changes seen in aldosterone occur through a non-ACE-
dependent mechanism. This mechanism does not appear to
be through a reduction in aldosterone synthase activity and
alternative explanations remain to be explored, such as a
downregulation of adrenal angiotensin II receptors or an
upregulation of ACE2.
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