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Abstract: Introduction. Physical
activity (PA) can reduce blood
pressure (BP) in hypertensives
through possibly interacting with the
renin-angiotensin-aldosterone system
(RAAS). We conducted a nested-
cobort analysis to determine if self-
reported PA was associated with BP
responsiveness to acute angiotensin
converting enzyme inhibition (ACEi).
Methods. Data were extracted from
the HyperPATH dataset, a cobort
designed to identify mechanisms of
cardiometabolic risk. Hypertensives
that completed a self-assessed PA
questionnaire, hormonal assessments
(aldosterone [ALDO]), and BP to a
single dose of an ACEi (captopril, 25
mg) were included. All participants
(n = 144) were studied on a
controlled diet for 7 days. PA was
recorded as no PA, or little, moderate,
or high amounts of exercise. Analyses
were adjusted for age, sex, race, and
body mass index. Results. Individuals
who reported high amounts of PA
displayed a greater BP lowering effect
from ACEi compared to those who
reported moderate (-14.8 £ 8.1 vs
-84+ 9.9mm Hg, P < .01) or no
additional PA (-14.8 + 8.1 vs 2.6

£ 9.9 mm Hg, P < .001). Exploratory
analyses indicated high amounts of
PA were associated with a reduced
heart rate (54 = 8 vs 66 £ 10 bpm, P
<.001) and blunted ALDO (B = 0.44,

95% confidence interval = 0.19-0.70).
Conclusions. Higher self-reported PA
was associated with an augmented
BP lowering effect to acute ACEi in
hypertensive patients.
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cardiometabolic consequences dependent
on underlying pathological basis. " Thus,
efforts to clarify mechanisms leading to
hypertension could help improve
identification of individuals at particular
risk and programs specific to this
population, which should improve both
adherence and efficacy.

! Despite the alarmingly high
prevalence of hypertension, only half
of individuals successfully attain
blood pressure (BP) lowering

targets. i

ypertension is a complex health
|_| condition that afflicts 77.9 million

people in the United States,
contributing to a significant portion of
excess cardiovascular death."” Despite the
alarmingly high prevalence of
hypertension, only half of individuals
successfully attain blood pressure (BP)
lowering targets." Reasons for this
shortfall include lack of adherence, poor
tolerance, and heterogeneous response to
prescribed lifestyle and medication
programs.™ Furthermore, BP elevation
itself is a physiologic indicator of systemic
dysregulation with variable

Two fruitful areas of research include
lifestyle modification through increased
physical activity (PA) and hormonal
manipulation targeting the renin-
angiotensin-aldosterone system (RAAS).
Several lines of investigation suggest that
at the intersection of these 2 programs
lies an opportunity of synergistic
benefit.” "

Trials involving angiotensin converting
enzyme inhibition (ACEi) report a
systolic BP lowering effect between 4
and 12 mm Hg in hypertensive
populations.”**> ACEi therapy efficacy
on BP lowering has been shown to be
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Figure 1.
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Analytical selection of participants from the HyperPATH Cohort. BP, blood pressure; ALDO, aldosterone; HS, high salt diet; PA,
reported physical activity; ACEi, angiotensin converting enzyme inhibitor (captopril 25 mg, once).
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associated with measures of RAAS
activity.”” Of note, PA has been shown
to influence RAAS activity.'""
Specifically, PA has been shown to
increase plasma renin activity (PRA)
and genetic polymorphisms associated
with the RAAS improved BP reduction
following aerobic exercise.""" In
addition, PA has been shown to reduce
systolic blood pressure (SBP) by 4 to 9
mm Hg in hypertensives.'*" Thus, it
seems inherently possible that
manipulation of the RAAS may result
in a more favorable BP lowering
response in individuals who are more
physically active. In other words, PA
could prime the effects of ACEi on BP
reduction.

Thus, the purpose of this study was to
investigate the association between
self-reported levels of PA and the
hemodynamic and hormonal responses
to ACEi in human hypertension.

Materials and Methods
Ethical Approval

In total, 5 international centers have
contributed to this data set: Brigham
and Women’s Hospital (Boston, MA),
University of Utah Medical Center (Salt
Lake City, UT), Hospital Broussais
(Paris, France), Vanderbilt University
(Nashville, TN), and University of La
Sapiena (Rome, Italy). Each
institutional review board approved

PR

the uniform HyperPATH protocol, and
written informed consent was obtained
from every participant prior to
enrollment. Only data from Brigham
and Women'’s Hospital and Hospital
Broussais were used in this analysis
due to availability of required data
points (reported PA and completion of
an ACEi study).

Study Design

Data were extracted from the
HyperPATH data set, which is an
ongoing research program to identify
genetic mechanisms underlying
cardiometabolic risk." The steps in data
extraction are described in Figure 1. The
initial analysis in RAAS outcomes was
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Figure 2.
Study schema. CRC, inpatient clinical research center. Outcome Assessment includes study of hormonal and hemodynamics
measurements.
Outcome Outcome
CRC Admission Assessment Assessment
<>_ ______ OAnn'hypertensive Washout ., Controlled Diet { é é
3 Months v 1 Week 12 hours <f\ 90 mins
: Captopril
Screening 25mg)

conducted in the subset of 443
hypertensives with PA data reported.
Following the identification of a possible
relationship between PA and RAAS, we
analyzed the effects of acute ACEi (1
dose of 25 mg captopril) within the same
HyperPATH cohort (n = 144). This
program includes participants with
hypertension who completed a series of
physiological manipulations and
assessments under rigorous conditions to
reduce possible confounding factors.
These manipulations included
antihypertensive medication washout, a
controlled diet run-in period, and
utilization of an inpatient clinical
research center to control body posture,
fasting, and diurnal variation.

Participants

The standardized HyperPATH protocol,
along with inclusion and exclusion
criteria, were previously described."” ' In
brief, all subjects underwent a detailed
screening process that included a history
and physical and laboratory evaluations.
All subjects were between 18 and 65
years old, and race was self-reported.
Subjects with coronary heart disease,
heart failure, chronic kidney disease,
known causes of secondary
hypertension, and active malignancy
were excluded. Study participants were
considered hypertensive if they had one
or several of the following conditions:
(1) untreated seated diastolic blood
pressure (DBP) >100 mm Hg on no
antihypertensive medications, (2) DBP

>90 mm Hg with one or more
antihypertensive medications, or (3) use
of 2 or more antihypertensive
medications. The HyperPATH cohort has
been an ongoing research project for the
last 20 years, and thus these criteria were
selected at the initiation of the
project.*"* Subjects on 4 or more
antihypertensive medications were
excluded from participating in the study
protocol due to safety concerns during
the required medication washout period.
Subjects taking antihypertensive
medications were managed according to
the following washout protocol: (1) all
angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers,
and mineralocorticoid receptor
antagonists were discontinued 3 months
before study procedures and/or (2) -
blockers were withdrawn 1 month before
study procedures (Figure 2). All
medications were stopped 3 weeks prior
to study procedures. BP was monitored
on a daily basis by a study physician
throughout the washout period.
Intolerance of washout according to
predetermined approved BP cutoffs led
to discontinuation of the study and
resumption of prior antihypertensive
program.

Physical Activity
Measurement and Diet

Self-reported PA was recorded at time
of enrollment as part of a broad survey
of environmental and demographic
assessments. Participants reported PA

levels according to the following scale:
no participation in PA, some PA, a
moderate amount of PA, or high amounts
of PA. These descriptions were read to
the participants through a script provided
to the research assistant responsible for
baseline health screening. One of the
limitations of this study is this broad
measurement of PA which may affect our
results, and thus, these findings should
be interpreted as hypothesis generating
for future studies to investigate these
associations. However, the HyperPATH
cohort was designed to assess the
genetic underpinnings of hypertension
and therefore there was specific
emphasis on control of other
environmental factors such as
medications and diet.*"** The
predetermined analytical plan was to
assess the effect of self-reported PA on
(1) BP, (2) BP response to acute ACEi,
and (3) RAAS activity.

Participants consumed a high salt (HS)
diet (>200 mEq Na®/day), controlled for
dietary potassium (100 mEq/day) and
calcium (1000 mg/day), for 7 days prior
to inpatient research center admission.
Diet compliance and sodium balance
was confirmed with a 24-hour urine
collection prior to hemodynamic and
hormonal assessments (sodium excretion
>160 mmol/24 h). The HS diet was
utilized in order to tease out
physiological mechanisms in the RAAS
and has been shown to represent the
typical Western diet.”?
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Table 1.

Participant Demographics Stratified by Reported Levels of Physical Activity®”.
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None Mild Moderate High

N 115 149 120 59
Age, years 48.5(8.3) 50.2 (8.3) 49.6 (8.2) 48.4 (8.9)
Sex, female (%) 71 (62) 71 (48) 60 (50) 25 (42)
Weight, kg 85.7 (13.9) 83.6 (15.2) 86.6 (17.6) 81.7 (16.8)
Height, cm 167.9 (8.8) 170.9 (9.4) 170.9 (7.7) 172.4 (10.3)
BMI, kg/m? 28.9 (4.6) 29.3 (4.6) 28.5 (4.3) 28.6 (4.1)
Serum creatinine, mg/dL 0.88 (0.18) 0.90 (0.16) 0.84 (0.16) 0.93(0.27)
Total cholesterol, mg/dL 203.8 (37.5) 198.1 (44.4) 193 (34.6) 193.8 (37.6)
LDL cholesterol, mg/dL 129.0 (37.7) 126.3 (43.6) 119.5 (29.7) 114.8 (32.3)
HDL cholesterol, mg/dL 41.1 (15.5) 42.7 (13.0) 43.6 (12.4) 43.5(12.8)
Blood glucose, mg/dL 96.6* (16.9) 95.7 (17.3) 91.4* (15.7) 90.2* (15.8)

Abbreviations: BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
“Baseline demographics stratified by reported levels of physical activity into none, mild, moderate, and high amounts of physical activity.
®Data analyzed with ANOVA and Bonferroni adjustment, *P < .05 compared to none, or no physical activity reported.

Outcome Assessment

Participants were then admitted to the
Clinical Research Center and kept in a
supine posture overnight for 12 hours
prior to outcome testing (Figure 2).
Baseline BP, as recorded with an
automated device every 5 minutes
(Dinamapp, Critikon, FL), was
measured as the average of 3 repeated
readings obtained over a 60-minute
period from 8:00 am. A single dose of
captopril (25 mg) was given and,
similarly, the BP response was recorded
90 minutes after drug administration.
Measures of plasma renin activity and
aldosterone concentration were
obtained under the same conditions in
triplicate and reported as a mean value
for data collection. Determination of
hormone levels was performed at BWH
Brigham Research Assay Core
laboratory using validated assays. All
assays performed in this study have
been extensively reported
previously.”**

Statistical Analysis

Data are reported as means * standard
deviation unless otherwise stated. For
determining the effect of captopril on SBP
a dependent £ test was used, and for
analyzing self-reported PA on BP ANOVA
was used. However, ANOVA with an
interaction term was utilized for the
primary outcome of BP, controlling for age,
sex, race, and body mass index. To assess
if PA was associated with reduced ALDO
levels, a linear regression was performed
controlling for age, sex, race, and body
mass index. The other exploratory
outcomes (PRA and heart rate) were
analyzed by ANOVA with a Bonferroni
adjustment in order to account for multiple
comparisons. Data were analyzed using
STATA (Version 15), and graphs were
created using GraphPad Prism 5 software.
Significance was set at .03, except as noted
above for multiple comparisons. Power
calculations performed with STATA indicate
our study power at approximately 0.81
with an estimated mean difference of 30, o
set at .05, and a sample size of 40.

Results

Participants within the HyperPATH
cohort are subdivided into hypertensive,
diabetic, and normotensive patients (n =
1913). This analysis included only
participants diagnosed with
hypertension. In total, 671 hypertensives
completed the high-salt diet protocol,
among whom 443 had reported levels of
PA. Demographic information is provided
in Table 1. Of the 443, a total of 144
participants had completed the captopril
protocol. Thus, the total analytic
population was 144 individuals for the
analysis investigating captopril
responsiveness.

Higher reported levels of PA were
associated with reduced RAAS activity
prior to ACEi (Table 2). Patients reporting
high amounts of PA were associated with
reductions in ALDO levels (Coef = 0.44,
95% confidence interval [CI] = 0.19-0.70,
P =.001). In addition, the relationship
between ALDO levels on a high salt diet
and SBP may be influenced by reported
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Self-Reported Physical Activity®®.
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None Mild Moderate High
N 115 149 120 59
ALDO, ng/dL 5.78 (4.06) 4.49* (2.96) 4.53* (2.89) 4.12* (2.78)
PRA, ng/mL/h 0.59 (0.53) 0.45 (0.55) 0.42* (0.49) 0.45 (0.46)
Urinary Na, mEq/day 197.56 (68.60) | 237.21* (81.51) | 240.53* (78.27) | 243.35* (66.75)

Abbreviations: ALDO, plasma aldosterone; PRA, plasma renin activity.
®The effects of self-reported physical activity on RAAS activity.
®Data analyzed with ANOVA and Bonferroni adjustment, *P < .05 in comparison to none, or no physical activity reported.

Figure 3.

Relationship between plasma
aldosterone (ALDO) concentration
and systolic blood pressure
according to reported level of
physical activity (95% confidence
interval).

Ado pgidL)
[

High PA

B

levels of PA (Coef = 0.28, 95% CI =
0.023-0.545, P = .03; Figure 3).
Hypertensives reporting no PA had
higher PRA when compared to those
who reported moderate levels of PA
(0.59 £ 0.53 vs 0.42 £ 0.48 ng/mL/h, P =
.03), while PRA in reporters of high
amounts of PA did not approach
significance (P =.19). In the presence of
ACE;, there were no differences in ALDO
or PRA measures between reported
levels of PA (P> .05).

At baseline (prior to captopril
administration), higher self-reported
levels of physical was associated with
reduced SBP when compared to no
reported PA (142.6 +£20.2 vs 149.2 £ 18.8

Figure 4.

Blood pressure response to acute
ACE inhibition (25 mg captopril)
according to reported level of
physical activity (None, Mild,
Moderate, or High). Baseline = prior
to ACE inhibition, *P < .05. Data are
shown as means (standard error).

SBP (mmHg)

Bascline ACE#

mm Hg, P =.03). As expected, acute
administration of captopril caused a
signification reduction in BP in the
cohort as a whole (captopril 139 £ 23
mm Hg vs baseline 143 £ 19 mm Hg, P =
.004). However, individuals who reported
high amounts of exercise displayed a
greater BP lowering effect from captopril
compared to those who reported
moderate (=15 + 8 vs -8 £ 10 mm Hg, P
<.0D) or no additional PA (=15 £ 8 vs -3
+ 10 mm Hg, P < .001; Figure 4).
Interestingly, hypertensives with no
reported levels of PA had minimal to no
BP effect in response to acute ACEi. High
amounts of PA were also associated with
a reduced heart rate when compared to
no PA (54 £ 8 vs 66 £ 10 bpm, P < .001)

with similar, graded responses with
lesser reported PA observed.

Discussion

The results of these analyses indicate
that self-reported levels of PA are
associated with an improved
hemodynamic and RAAS response to
acute ACE inhibition in hypertension.
While acute ACE inhibition and reported
levels of PA were individually associated
with reduced BP as has been previously
reported, this study observed a
combined effect whereby individuals
who reported higher levels of PA
appeared to have greater BP reduction
and lower aldosterone levels in
comparison to individuals reporting
reduced PA. The response appeared to
be graded in effect based on level of PA,
wherein those individuals who reported
little additional PA seemed to have
minimal BP lowering effect from
captopril. The results are remarkable
considering the nature of self-reported
data assessments, which would
inherently favor the null hypothesis and
obscure identification of potential
relationships.” The associations between
PA and the BP response to ACE
inhibition indicate that there may be a
possible synergistic relationship related
to altered RAAS activity.

Previous studies have investigated the
combined effects of PA and ACEi on
parameters of physical function in older
adults and responsiveness to an acute
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bout of exercise.”**’ The work by Predel
and colleagues indicated that ACEi
blunted the BP increase that occurs
following acute bouts of exercise.” This
finding indicates that there may be some
interplay between PA and pharmaceutical
drugs that impact RAAS function.
However, work conducted by
Sumukadas and colleagues did not see a
synergistic effect with PA and ACEi on
improving physical function.”” Thus,
there seems to be conflicting evidence
between the possible synergism between
PA and ACEi,**”

The mechanism by which exercise
reduces BP is currently theorized to
include alterations in nitric oxide
physiology, changes in baroreceptors,
or alterations in RAAS.*** Although
this study did not include a direct
analysis of nitric oxide or
baroreceptors, we did measure heart
rate, a known contributor to BP
regulation.”” We observed higher levels
of PA were associated with a reduced
heart rate similar to others who have
reported strong evidence that PA
reduces heart rate and sympathetic
nervous system activity.14'31’32 Given the
intertwined relationship between heart
rate, BP, and cardiac output, it is
difficult to determine which factors are
causal versus reactive at this point.

One possible explanation for the
observed relationship between PA and
response to ACE inhibition is a direct
interaction with the RAAS, a major
contributor to BP regulation.'’ While
exploratory in nature, the results of this
study indicate that PA might be
inversely associated with RAAS activity.
In addition, our exploratory analyses
suggest that hypertensives reporting
higher levels of PA may reduce the
impact that ALDO, a primary product of
the RAAS, has on BP regulation.
Furthermore, the possible association
between ALDO and BP seemed
stronger in hypertensives who report
no PA. This might at first seem
counterintuitive since one might
anticipate that individuals with higher
circulating RAAS components would be
those who would be most susceptible
to the actions of RAAS inhibition.

However, the relationship between
circulating levels of RAAS components
and tissue activity is poor at best.”!
Stronger determinants of BP
susceptibility seem to correlate better
when tissue or organ function is
assessed.”” This can be particularly
important under conditions of chronic
activation which may reset receptor
sensitivity as is seen in primary
aldosteronism.*

The results of this study indicate that
there may be a possible synergistic
relationship between PA and response to
ACEi in reducing BP. Together, higher
levels of PA when combined with ACEi
resulted in a 17% reduction in systolic
BP. This possible added benefit suggests
that some hypertensive patients who are
resistant to ACEi may see benefits from
increased PA. The opposite may also be
true; patients who see minimal benefits
of exercise may combine lifestyle
changes with pharmaceutical
interventions for better effect. Also, the
associations of reduced ALDO levels and
PA could indicate potential benefit
beyond BP lowering effects as reported
in large clinical outcome trials with
mineralocorticoid receptor
antagonists.35’3(’

Strengths of this study include a
rigorously controlled testing environment
for evaluation of primary outcomes and
relatively large sample size for
exploratory comparisons. However, an
important limitation of this study is the
self-reporting of PA and the very
informal and limited classification,
although as noted above, this would be
anticipated to obscure findings and bias
the null hypotheses.” The nonspecific
assessment of PA did demonstrate the
known effects of exercise on BP
reduction as seen in other studies. In
addition, we only could evaluate the
effects of acute ACE inhibition. It is not
known how responses would evolve
over time (durability). Thus, these results
are observational in nature and should
be taken as hypothesis driving with need
for replication in a controlled clinical trial
setting.

In summary, higher self-reported levels
of PA were associated with an improved

American Journal of Lifestyle Medicine

hemodynamic response to acute ACEi
administration and reduced aldosterone
levels. This may provide additional
insight into the mechanisms underlying
BP regulation in hypertension and its
relation to lifestyle modifications. Future
investigations should explore whether
acute effects observed in this analysis are
durable in a controlled clinical trial
setting.
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