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Abstract

Angiotensin-converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs) are commonly
prescribed alongside exercise to manage hypertension in individuals with metabolic syndrome (MetS).
However, whether chronic renin—angiotensin system (RAAS) inhibition modifies exercise-induced
physiological adaptations remains unclear. In this prospective parallel-group study, 62 sedentary adults
with MetS completed a 16-week supervised high-intensity interval training (HIIT) program. Participants
were either chronically treated with ACEi or ARBs (antihypertensive medication group, AHM, n = 27) or not
receiving pharmacological treatment (CONTROL, n = 35). Primary outcomes included changes in resting
and exercise blood pressure (BP), MetS components, and cardiorespiratory fitness (CRF). Both groups
showed significant improvements over time in cardiometabolic health (MetS Z-score: AHM - 0.22 + 0.42;
CONTROL - 0.3010.33; p<0.001) and CRF (VOypax: AHM 3.9+ 2.1; CONTROL 5.0 + 3.1 mL-kg="min~"; p =
0.003), with no significant time x group interactions (all p > 0.05). Resting blood pressure decreased
similarly in both groups (mean arterial pressure [MAP]: AHM - 4.2 + 8.7, CONTROL - 6.5+ 6.3 mmHg; p =
0.005; interaction p > 0.05). Exercise blood pressure responses also improved, with significant time effects
for maximal MAP (p = 0.008) and submaximal diastolic BP (p = 0.047), without between-group differences
(interaction p > 0.05). Chronic treatment with ACEi or ARBs does not appear to attenuate improvements in
cardiometabolic health, BP, or CRF by 16 weeks of supervised HIIT in adults with MetS. These findings
suggest that RAAS inhibition is compatible with structured exercise training, supporting HIIT as an
effective adjunct therapy in individuals receiving antihypertensive medication. However, the absence of
significant interactions should be interpreted in the context of limited power to detect small-to-moderate
differences.

What is known about the topic

» Hypertension and metabolic syndrome (MetS) are major cardiovascular risk factors commonly
managed with antihypertensive drugs and exercise.

» ACE inhibitors (ACEi) and angiotensin receptor blockers (ARBs) target the renin—angiotensin system
and are first-line therapies in hypertension.

 High-intensity interval training (HIIT) improves blood pressure (BP), cardiorespiratory fitness (CRF),
and metabolic health in MetS.

What this study adds

e Chronic ACEi/ARB therapy does not attenuate adaptations to 16 weeks of supervised HIIT in adults
with MetS.

 HIIT produced similar reductions in BP and improvements in CRF (~18-22% VO,ax increase) in
medicated and non-medicated participants.

e Exercise-induced cardiometabolic benefits are preserved despite long-term RAAS inhibition,
supporting combined therapy in clinical practice.
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INTRODUCTION

Hypertension remains one of the most prevalent modifiable risk factors for cardiovascular disease (CVD)
!, Despite the widespread use of antihypertensive medications (AHM), their global burden continues to
rise, affecting nearly one-third of adults 2. Current guidelines recommend lifestyle interventions as first-line
therapy; however, long-term adherence is often suboptimal, and pharmacological treatment is frequently
initiated early in high-risk individuals owing to concerns about target organ damage 3. Consequently,
clinical management commonly combines pharmacotherapy with structured exercise interventions.

Global use of AHM has increased substantially over the past decade, and angiotensin-converting enzyme
inhibitors (ACEi), angiotensin receptor blockers (ARBs), calcium channel blockers, and thiazide/thiazide-
like diuretics are widely recommended as first-line therapies #. ACEi and ARBs act by inhibiting the renin-
angiotensin—aldosterone system (RAAS), a key regulator of vascular tone, blood volume, and systemic
vascular resistance °, and provide additional cardiovascular benefits, including improved endothelial
function and reduced myocardial remodeling °. In parallel, exercise training is a cornerstone of
hypertension management ’, with robust evidence supporting its blood pressure (BP)-lowering effects &,
mediated in part by reductions in sympathetic activity and modulation of RAAS signaling °.

Emerging evidence suggests that combining AHM with high-intensity interval training (HIIT) may produce
additive or synergistic effects on BP reduction. HIIT can further reduce ambulatory BP beyond
pharmacotherapy in hypertensive individuals with metabolic syndrome (MetS) '%, and exercise-induced
reductions in systolic BP may approach those achieved with pharmacological interventions under certain
conditions although comparisons remain limited by the heterogeneity across studies ''. Higher
cardiorespiratory fitness (CRF) is also consistently associated with lower BP and reduced cardiovascular
risk '2, and improvements in CRF appear to be preserved during ACEi therapy 3. However, whether chronic
RAAS inhibition modifies the magnitude of exercise-induced cardiometabolic and hemodynamic
adaptations remains unclear.

Therefore, this study examined the effects of chronic ACEi or ARBs therapy on cardiometabolic and
hemodynamic adaptations to a 16-week supervised HIIT program in adults with MetS. We hypothesized
that RAAS inhibition would not attenuate training-induced improvements in blood pressure,
cardiorespiratory fitness, or metabolic health.

METHODS

Subjects. Sixty-two middle-aged volunteers (51 + 12 years; 29 women and 33 men) with overweight and
obesity (i.e., body mass index [BMI], 32.2 + 4.3 kg'm™~ ) with MetS criteria '# completed the study.
Participants were previously sedentary as assessed by the 7-day IPAQ (International Physical Activity
Questionnaire) with less than 150 min-wk™ ! of moderate-intensity activity. Exclusion criteria included
untreated cardiovascular or renal disease, any condition associated with exercise intolerance, and the use
of any pharmacological therapy targeting MetS components other than ACEi or ARBs. Upon questioning at
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the onset of the intervention, subjects reported a stable body weight (+ 1%) over the 4 months preceding
the survey. All subjects provided written, witnessed, and informed consent under a protocol approved by
the local Virgen de la Salud Hospital Ethics Committee of Toledo (reference #170) and in accordance with
the Declaration of Helsinki. This is a substudy of a larger clinical trial assessing the effects of medication
and exercise interactions in individuals with MetS (ClinicalTrials.gov Identifier: NCT03019796).

Experimental design. This prospective parallel-group intervention study examined the effects of exercise
training in participants either treated or untreated with RAAS inhibitors (ACEi or ARBs). Participants were
allocated using a non-randomized block design based on medication treatment. Recruitment, screening,
intervention, and all assessments were conducted in the sequence outlined in Fig. 1. Twenty-seven
individuals with MetS receiving chronic antihypertensive therapy with ACEi or ARBs for more than six
months constituted the antihypertensive medication group (AHM). Thirty-five individuals with MetS who
had never received chronic pharmacologic treatment served as the control group (CONTROL; Table 1).

Table 1

Medication use.
Medication AHM (n = 27) CONTROL (n = 35)
Antihypertensive medication 27 (100%) -
ACEi 12 (44%) -
Enalapril 11 (41%) -
Imidapril 1 (4%) -
ARBs 15 (56%) -
Candesartan 1 (4%) -
Irbesartan 6 (22%) -
Losartan 4 (15%) -
Telmisartan 1 (4%) -
Valsartan 3(11%) -
Cholesterol lowering - -
Triglyceride lowering - -
Glucose lowering - -
Data are presented as the number of subjects taking each medication, expressed as absolute
frequency (n) and proportion (%). Abbreviations: ACEi, angiotensin-converting enzyme inhibitors; and
ARBs, angiotensin receptor blockers.

Intervention. All participants completed a 16-week supervised aerobic training program, performed three
times per week (Monday, Wednesday, and Friday), consisting of high-intensity interval training (HIIT) on
stationary cycle ergometers (Tomahawk S-Series, Nirnberg, Germany). Participants were required to

Page 4/21



attend at least 90% of sessions to be included in the analysis. Each session began with a 10-minute warm-
up at 70% of maximum heart rate (HRyyax), followed by four 4-minute intervals at 90% HRy,ax, interspersed

with 3-minute active recovery periods at 70% HRy,5x, and concluded with a 5-minute cool-down. Exercise
intensity was prescribed as a percentage of HRy,5x determined during the pre-intervention maximal

exercise test. Heart rate was continuously monitored using a telemetry system (Seego, RealTrack
Systems, Spain) and displayed on a large screen. Participants adjusted the cycling workload to remain
within their individualized target HR zones under the direct supervision of a research team member.
Training progression was implemented over the first three weeks (nine sessions), gradually increasing the
number and duration of high-intensity intervals. HRMAX was reassessed monthly, and workloads were
adjusted accordingly to maintain the prescribed training intensity. Participants were instructed to maintain
their usual dietary and physical activity habits throughout the intervention. Monthly, they completed a 3-day
dietary record (CESNID v1.0, Barcelona, Spain) and wore a wrist-based activity monitor (Polar Loop Electro,
Polar, Kempele, Finland) for 48 hours. Personalized feedback was provided each month to minimize
fluctuations in caloric intake and non-training physical activity.

Outcomes measures

Clinical investigation. Before and after the intervention, participants reported to the laboratory in the
morning following an overnight fast (8—12 h). Body weight (Hawk, Mettler; Toledo, USA), height

(Stadiometer, SECA 217; Hamburg, Germany), and waist circumference were measured by the same

investigator according to the protocol proposed by Alberti et al. '4, using a non-elastic measuring tape. BMI

was calculated, and fat mass (FM) and fat-free mass (FFM) were assessed using dual-energy X-ray
absorptiometry (DXA; Hologic Discovery Wi QDR Series, Bedford, USA). Resting blood pressure was
measured in triplicate using a calibrated ECG-gated automated sphygmomanometer (Tango, SunTech
Medical; Morrisville, USA) after 10 minutes of supine rest. Exercise testing was performed at least 48
hours apart from fasting venous blood collection, which was used to determine serum glucose, insulin,
and lipid profile (triglycerides, total cholesterol, HDL-c, and LDL-c). Insulin resistance was estimated by the
homeostasis model assessment (HOMA-IR). Sex-specific Z scores were calculated for each MetS criterion
using the group SD, and the sum of the Z scores for each MetS component was divided by 6 to obtain the
MetS risk score. The equations used were as follows:

Men’'s MetS Z Score= [(40 — HDL-cholesterol)/SD] + [(triglycerides — 150)/SD] + [(glucose — 100)/SD] +
[(waist circumference — 94)/SD] + [(systolic blood pressure — 130)/SD] + [(diastolic blood pressure -
85)/SD]

Women’s MetS Z Score= [(50 — HDL-cholesterol)/SD] + [(triglycerides — 150)/SD] + [(glucose — 100)/SD] +
[(waist circumference — 80)/SD] + [(systolic blood pressure — 130)/SD] + [(diastolic blood pressure -
85)/SD]

Cardiorespiratory fitness and maximal power output. Maximal oxygen uptake (VO,y,ax), maximal cycling
power (W ax), and maximal heart rate (HRyax) Were determined during a graded exercise test (GXT)

performed on an electronically braked cycle ergometer (Ergoselect 200, Ergoline; Bitz, Germany). Gas
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exchange was continuously measured using indirect calorimetry (Quark RMR, Cosmed; Rome, Italy), and
cardiac electrical activity was monitored via a standard 12-lead ECG (Quark T12, Cosmed; Rome, Italy).
Following a 3-minute warm-up at 30 W for women and 50 W for men, the workload was increased by 15 W
for women and 20 W for men every minute until volitional exhaustion. Immediately afterward, a verification
test was conducted at 110% of the maximal workload achieved during the GXT to confirm attainment of

VOZMAX'

Blood pressure monitoring during exercise. During the GXT, BP was manually measured by a trained
practitioner using a calibrated sphygmomanometer (Gamma G7, Heine; Gilching, Germany), following

established methodological standards '°. Measurements were obtained from the left arm, with an
appropriately sized cuff positioned at heart level and the arm supported throughout the test to minimize
motion artifacts and ensure accuracy. BP was recorded with participants seated on the cycle ergometer at
the onset of the exercise protocol (15 W for women, 50 W for men at minute 3), and every 2 minutes at the
end of each odd-numbered stage. Peak BP was determined immediately upon cessation of exercise at
maximal exertion. Exercise was terminated either upon volitional exhaustion or if any predefined safety
criteria for test termination were met, including chest pain with ischemic ECG changes, complex ectopy or
high-grade atrioventricular block, symptomatic SBP drop > 20 mmHg, severe exercise hypertension (SBP >
240 mmHg or DBP > 120 mmHg), oxygen desaturation, neurological symptoms, or at the discretion of the
supervising physician.

Statistical analysis. A per-protocol analysis was conducted, including only participants who completed the
intervention. Sample size calculations were based on expected changes in CRF, using data from our
previous study in which individuals with MetS who completed a 16-week exercise program similar to the
present protocol '®. In this study, participants increased 0.24 + 0.27 L-min” ! following HIIT, translating to
an effect size of d = 1.11. Therefore, 23 participants per group should be sufficient to achieve a power of
0.95 at an alpha level of 0.05. Due to account for potential dropouts of exercise interventions (i.e., ~ 30%
exercise intervention attrition rates) or changing medications (primary care follow-up), the sample size
was increased in each group (N = 40). Data are reported as mean + standard deviation, with 95%
confidence intervals (Cl) calculated for all outcome measures. Normality was verified using the Shapiro—
Wilk test. Baseline comparisons between groups were performed using independent samples t-tests. To
assess the effects of training over time and between groups, a mixed-design (split-plot) ANCOVA was used
for all variables, with baseline values entered as covariates. This approach allowed evaluation of time x
group interactions while accounting for repeated measures (PRE and POST) within participants. Post hoc
pairwise comparisons with Bonferroni correction were conducted only when significant interactions were
observed. All statistical analyses were performed using SPSS v28 (IBM, Chicago, IL, USA), with
significance set at p < 0.05.

RESULTS
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Baseline subjects’ characteristics. Participants were Caucasians living in southern Europe. Women
comprise 48% of the AHM group and 46% of the CONTROL. Data were analyzed without stratification by
sex, since all female participants were postmenopausal, not receiving hormone replacement therapy, and
showed no significant differences compared to male participants in the main study outcomes (time x sex
interaction; MetS Z score, p =0.31; SBR, p = 0.25; DBR, p = 0.17; body weight, p = 0.31; and VO,ax (ML-Kg~
T.min~"), p = 0.16). Subjects’ adherence to training sessions was 91% for AHM and 90% for CONTROL (p >
0.05). There were no differences in calorie intake or physical activity between groups. On average, subjects

ingested 2296 + 93 at baseline and 2322 + 82 kcal-day™ ! after the intervention (both p > 0.05).
Macronutrient distribution remained stable across groups (47 + 5% carbohydrate, 33 + 2% fat [40%

saturated fat], and 20 + 1% protein). Baseline physical activity averaged 6025 + 362 steps-day™ ', 196 + 147
min-day” ! of standing, and 496 + 165 min-day™ ' supine rest, with similar values after 16 weeks (587 + 224
steps-day™ ', 189 + 77 min-day™ ' standing and 499 + 201 min-day ' supine rest; all p > 0.05).

Body weight and composition. At baseline, participants had similar body weight, BMI, fat mass, and fat-
free mass (all p > 0.05; Table 2). After 16 weeks of HIIT, no significant main effects of time or time x group
interaction effects were observed for any anthropometric variable (all p > 0.05).
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Table 2

Changes in anthropometric, cardiometabolic factors, and maximal exercise variables after 16 weeks of
training in both groups.

Age (yr)

% Women

Anthropometric

Weight (kg)

BMI (kg'm™?)
Fat mass (kg)

Fat-free mass
(kg)

Metabolic
Syndrome
factors

Waist
circumference
(cm)

Glucose
(mg-dL™")

Triglycerides
(mg-dL™")

HDL-c (mg-dL~

P

MetS Z-score

Cardiometabolic

risk factors

Total
Cholesterol

(mg-dL™")

AHM (n =27)
Baseline 16
weeks
55+7
48%
941+ 93.1
18.5 +18.5
342+ 33.8
47 +4.8
36.3+ 35.6
10.8 +11.0
57.8+ 57.4
13.8 +13.0
109.9 + 108.1
12.9 +13.1
102.1 + 102.5
12.1 +10.4
1271+ 111.2
48.4 +41.8
417 + 43.0
8.6 +8.4
0.23+ 0.01
0.55 +0.50
192.0+ 193.3
21.3 +28.3

CONTROL (n = 35)

Baseline

51+9
46%

—
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©oN oo
+

= Ul
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106.4 +
10.4

105.5+
16.5

149.8 +
76.6

=5
o w
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+

oo
o w
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1+

2144+
38.8

16
weeks

+ W + W I+ 00
=N 2™
O e AN

+ o1
-5
oo
~

0.02
+0.58

2151
+36.9

P value

Baseline

0.028

0.338

0.119

0.383

0.476

0.259

0.366

0.165

0.567

0.554

0.005

Time

0.443
0.695
0.771

0.057

0.110

0.002
0.027

0.001

<
0.001

0.096

Time

group

0.330

0.226

0.315

0.747

0.148

0.899

0.350

0.758

0.580

0.687

Data are presented as mean + SD. Abbreviations: SBP, Systolic Blood Pressure; DBP, Diastolic Blood
Pressure; MAP, Mean Arterial Pressure.
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AHM (n=27) CONTROL (n = 35) P value
Baseline 16 Baseline 16 Baseline Time Time
weeks weeks X
group
a -1 124.8 + 128.1 141.3 £ 144.0 0.023 0.005 0.538
LDL-c (mg-dL™) 21.3 £24.4 33.4 +30.7
i ml - 14.4 + 13.0 12.0+ 10.3 0.161 0.009 0.303
!r)'su"” (uiU-mL 6.8 £7.2 6.6 +4.8
HOMA-IR 3.7+1.8 33t 32+20 274% 0.360 0.061 0.405
2.0 1.6
Maximal
Exercise
parameters
Maximal Heart 154+15 156 155+17 160+% 0.803 < 0.192
Rate 13 14 0.001
(beats'min~ ")
0, Pulse at 129+ 15.0 13.3¢ 15.5 0.697 0.003 0.750
VO 3.5 +4.0 5.0 +5.2
2MAX
(mL-beat™ ™)
Heart Rate 8618 91+ 8820 93+ 0.635 < 0.966
Reserve 17 17 0.001
(beats'min~ ")
Maximal SBP 179.4 + 175.5 170.7 + 171.8 0.432 < 0.961
(mmHg) 22.4 +19.9 26.4 +18.0 0.001
Maximal DBP 93.1+ 87.5 936+ 89.6 0.933 0.138 0.770
(mmHg) 13.8 +12.2 17.0 +19.1
Maximal MAP 121.8% 116.9 119.3¢ 117.0 0.743 0.008 0.806
(mmHg) 15.9 +13.5 18.1 +15.6
Data are presented as mean + SD. Abbreviations: SBP, Systolic Blood Pressure; DBP, Diastolic Blood
Pressure; MAP, Mean Arterial Pressure.

MetS components and additional physiological parameters. Changes in MetS components after 16 weeks
of training are depicted in Table 2. Before intervention, MetS components were not different among groups
(all p>0.05). After intervention, we observed a significant time effect in glucose (AHM, 0.4; 95% Cl -4.8 to
4.2 mg-dL" and CONTROL, -1.2; 95% CI -4.7 to 3.4 mg-dL™"; p = 0.002), triglycerides (AHM, -15.9; 95% Cl
-35.5t0 -4.0 mg-dL™" and CONTROL, -12.8; 95% Cl -23.8 to 4.2 mg-dL"; p = 0.027), and HDL-c (AHM, 1.3;
95% Cl-1.1to 3.3 mg-dL™ and CONTROL, 0.5; 95% Cl -1.3 to 2.6 mg-dL™"; p = 0.001). Similarly, the MetS Z-
score showed a significant time effect (p < 0.001), with improvements of 96% in the AHM group (- 0.22
SDs; 95% Cl - 0.37 to - 0.11) and 93% in the CONTROL group (- 0.30 SDs; 95% CI - 0.41 to - 0.17).

However, no significant time x group interaction effects were observed for any MetS components and MetS
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Z-score (all p >0.05). At baseline, total cholesterol (p = 0.005) and LDL-c (p = 0.023) were higher in the
CONTROL than in the AHM group. Following the intervention, a significant time effect was observed for
LDL-c (AHM, 3.2; 95% Cl -4.8 to 7.8 mg-dL-" and CONTROL, 2.8; 95% CI -1.4 t0 9.7 mg-dL-"; p = 0.005) and
insulin (AHM, -1.4; 95% CI-2.6 to 0.7 plU-mL-" and CONTROL, -1.7; 95% CI -3.5t0 -0.6 pylU-mL""; p = 0.009).
However, no significant time x group interaction was detected for either variable (all p > 0.05).

Resting blood pressure. Changes in resting BP over 16 weeks of training are shown in Fig. 2. At baseline,
systolic blood pressure (SBP, p = 0.65), diastolic blood pressure (DBP, p = 0.77), and mean arterial pressure
(MAP, p = 0.69) did not differ between groups. After intervention, we observed a significant time effect in
rest SBP (AHM, -3.2; 95% Cl -7.7 to 0.6 mmHg and CONTROL, -8.0; 95% Cl -11.5 to -4.2 mmHg; p = 0.005),
DBP (AHM, -4.6; 95% CI -7.0 to -2.5 mmHg and CONTROL, -5.8; 95% ClI -7.7 to -3.7 mmHg; p = 0.005), and
MAP (AHM, -4.2; 95% CI -7.0 to -1.7 mmHg and CONTROL, -6.5; 95% CI -8.7 to -4.2 mmHg; p = 0.005).
However, no significant time x group interaction effects were observed for any component of resting blood
pressure (all p>0.05).

Cardiorespiratory fitness and maximal exercise responses. CRF (i.e., VO,,ax) and maximal power output
(Wpmax) evolution after intervention are shown in Fig. 3. Before intervention, CRF (expressed as VO, ax in
L-min™ [p=0.79] and mL-Kg™"-min™ [p = 0.59] ) and W,y (p = 0.41) were similar between AHM and
CONTROL groups. After 16 weeks of HIIT, we observed a significant time effect in CRF (AHM, 0.33; 95% Cl
0.24 t0 0.43 L:'min™" and CONTROL, 0.42; 95% Cl 0.34 to 0.50 L:-min"; p = 0.05) and Wy (AHM, 33; 95% ClI
2510 41 W and CONTROL, 40; 95% CI 33 to 47 W; p = 0.003). However, no significant time x group

interaction effects were observed for any component of exercise performance (all p > 0.05). Since body
weight and fat mass decreased similarly in both groups (Table 2), changes in CRF per kilogram of body

weight responded similarly to the absolute values (AHM, 3.9; 95% CI 2.8 to 4.9 mL-Kg'-min™ and
CONTROL, 5.0;95% Cl 4.1 to 5.9 mL-Kg"-min™; p = 0.003). The maximal heart rate (HRuax), 0xygen pulse
(0, Pulse at VO,,,ax), and heart rate reserve (HRR) response are shown in Table 2. At baseline, there were
no differences between groups on any of these variables (all p > 0.05). After exercise training, we observed
a significant time effect in HRy;ax (AHM, 2; 95% CI -1 to 5 beats-min' and CONTROL, 5; 95% Cl 2 to 7

beats-min’'; p < 0.001), 0, Pulse at VO,ax (AHM, 2.1;95% Cl 1.4 to 2.7 mL-beat™ and CONTROL, 2.2; 95%

Cl 1.6 to 2.8 mL-beat™; p =0.003) and HRR (AHM, 6; 95% CI 1 to 9 beats:min™' and CONTROL, 5; 95% CI 1 to
9 beats'min™’; p < 0.001).

Blood pressure during graded exercise. BP response during the graded exercise test GXT is shown in
Table 2 and Fig. 4. At baseline, maximal SBP, maximal DBP, and maximal MAP did not differ between
groups (all p > 0.05). Following the intervention, a significant main effect of time was observed for maximal
SBP ( AHM, -3.9; 95% CI-12.7 to 11.1 mmHg and CONTROL, 1.1; 95% CI -11.9 to 9.6 mmHg; p = 0.001) and
maximal MAP (AHM, -5.0; 95% CI -13.4 to 4.9 mmHg and CONTROL, -2.3; 95% CI -11.0 to 5.4 mmHg; p =
0.008). However, no significant time x group interaction was detected for either variable (both p > 0.05;
Table 2). Blood pressure responses at each stage of the graded exercise test—normalized to the
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percentage of maximal heart rate achieved (%HRy5x) —showed a significant main effect of time only for
DBP (p = 0.047; Fig. 4B) with no time x group interaction observed for any variable (all p > 0.05).

DISCUSION

In this 16-week supervised HIIT intervention, chronic treatment with ACEi or ARBs did not attenuate
exercise-induced physiological adaptations in middle-aged adults with MetS. Both pharmacologically
treated and untreated participants exhibited clinically meaningful improvements in resting and exercise
blood pressure, cardiorespiratory fitness (CRF, as assessed by VO,y,ax), and metabolic health (assessed by
MetS Z-score). Importantly, no significant time x group interactions were detected for any cardiometabolic,
hemodynamic, or performance-related outcomes, suggesting that chronic renin—angiotensin system
inhibition does not impair the beneficial effects of HIIT. Additionally, body composition, dietary intake, and
habitual physical activity remained stable, supporting the interpretation that observed improvements were
primarily exercise-induced.

Blood pressure reduction and cardiometabolic adaptations. The decrease in resting blood pressure
observed in our participants (~ 3-8 mmHg in SBP and ~ 5-6 mmHg in DBP) is consistent with meta-
analyses showing average decreases of ~ 3—6 mmHg and ~ 2—-3 mmHg, respectively, after aerobic
training, including HIIT 8. Prior evidence also indicates that structured exercise can elicit SBP reductions
comparable to first-line antihypertensive therapy ''. Within this context, our data showed that chronic
RAAS inhibition neither attenuated nor enhanced HIIT-induced adaptations, as medicated and non-
medicated participants demonstrated comparable metabolic, hemodynamic, and fitness responses. These
findings are consistent with placebo-controlled evidence showing that AHM and HIIT exert independent
and additive effects on ambulatory BP in hypertensive individuals with MetS '°. Although RAAS blockade
altered biochemical indices (e.g., increased renin activity and a lower aldosterone-to-renin ratio), exercise-
induced BP reductions appeared to occur through mechanisms independent of RAAS suppression. In
accordance with these findings, our previous work showed that only hypertensive individuals—regardless
of treatment status or antihypertensive class—exhibited training-induced BP reductions, and that the
magnitude of this response scaled with baseline BP, consistent with Wilder's principle '”.

Acute and chronic interactions between exercise and RAAS Inhibition. Following these observations,
acute studies have shown that combining a single session of aerobic exercise with AHM produces greater
immediate BP reductions than either intervention alone '8, particularly at higher intensities '°. However,
whether such acute synergistic effects persist with long-term training remains unclear. Chronic aerobic or
interval training has been shown to reduce arterial stiffness, improve endothelial function 2%, and decrease
systemic vascular resistance ' in individuals with MetS. However, evidence regarding the preservation of
these adaptations during chronic ACEi or ARB therapy remains limited, with available data largely derived
from animal models suggesting complementary effects of ARBs and exercise on blood pressure and
cardiac function ?2. Our findings demonstrate that 16 weeks of HIIT elicited favorable hemodynamic and
vascular adaptations in medicated participants, with no evidence that RAAS blockade interfered with these
responses. Collectively, these findings support the compatibility of angiotensin antagonist medication with
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exercise training and reinforce the combined use of pharmacologic and lifestyle interventions in the
management of hypertension and MetS.

Cardiorespiratory fitness and clinical implications. Evidence on whether RAAS-targeting medications
influence exercise-induced improvements in CRF has been controversial. Some studies in older adults

23,24

have reported that ACEi therapy alone enhances exercise capacity and may augment functional

26,27

adaptations in frail populations 2°. However, other trials in functionally impaired older adults and

healthy individuals '3 observed no additive effect of ACEi on training-induced gains. The present findings
align with this latter evidence, demonstrating that chronic ACEi or ARBs therapy does not attenuate CRF
improvements following HIIT. Absolute VO, ax increased by approximately 22% in the AHM group and
18% in the control group, equivalent to gains of ~ 1.4 and ~ 1.1 metabolic equivalents (METSs), respectively.
Exercise capacity is a strong predictor of cardiovascular and all-cause mortality in patients with

hypertension '2. Our improvements correspond to a ~ 13% reduction in all-cause mortality and a ~ 15%

reduction in cardiovascular events 28. Epidemiological data from an extensive Swedish registry indicate
that individuals who increase CRF by > 3% per year have an 11% lower risk of incident hypertension. In
contrast, individuals who experience CRF declines have a 25% increased risk, independent of lifestyle
factors 2°. Collectively, these results suggest that HlIT-induced improvements in CRF may contribute to
both short-term BP control and long-term decreases in cardiovascular risk, and that these benefits are
preserved despite chronic RAAS inhibition.

Blood pressure responses during exercise. During dynamic exercise, SBP rises in proportion to intensity
due to increased cardiac output driven by sympathetic activation, whereas DBP typically remains stable or
slightly decreases owing to peripheral vasodilation. Exaggerated SBP responses reflect impaired vascular
regulation and are associated with arterial stiffness, endothelial dysfunction, and increased long-term
cardiovascular risk 0. Chant et al. 3" showed that individuals with treated and apparently controlled
hypertension exhibit elevated SBP responses during both submaximal and maximal exercise, comparable
to those observed in untreated or uncontrolled hypertension. This phenomenon has been attributed, at
least in part, to heightened metaboreflex sensitivity that appears relatively resistant to conventional
antihypertensive pharmacotherapy. In contrast, in the present study, baseline SBP responses across
exercise intensities did not differ between groups, suggesting that chronic angiotensin receptor blockade
did not materially alter the acute exercise pressor response. Differences in baseline hypertension severity
and treatment burden may explain the discrepancies between our findings and those of Chant et al.
Notably, their participants' cohort entered the study with resting SBP values near the hypertensive
threshold (~ 138 mmHg). It was predominantly managed with multidrug regimens, a clinical phenotype
more likely to exhibit persistently exaggerated pressor responses during physical stress.

After 16 weeks of HIIT, both groups exhibited a significant time effect in maximal MAP (Table 2) and
submaximal DBP (Fig. 4B), accompanied by improvements in workload capacity, CRF, heart rate reserve,
and maximal oxygen pulse (Fig. 3, Table 2). Consistent with previous findings, oxygen pulse kinetics during

exercise are closely associated with both systolic and diastolic left ventricular performance in older adults

3

with mild hypertension 32, supporting its use as an indirect marker of improved central hemodynamic
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responses to exercise. Importantly, indexing SBP to external workload has been shown to predict all-cause
mortality more accurately than peak SBP, underscoring the clinical relevance of improved hemodynamic
efficiency during exercise 33. These results align with prior studies reporting modest reductions in exercise
BP following training 34, and with a pooled analysis of 10 RCTs showing a ~ 7 mmHg decrease in exercise
SBP after aerobic training despite heterogeneity in age, BP status, and intervention protocols °°.
Collectively, the data suggest that HIIT improves vascular dynamics and exercise tolerance, moderating
MAP and DBP responses through enhanced vascular compliance, improved endothelial function, and
attenuated sympathetic activation, even in the context of chronic inhibition of the RAAS

Strengths and Limitations. The primary strength of this study is its prospective, supervised intervention
design, which enabled a direct comparison of exercise-induced adaptations between two clinically relevant
populations: adults with MetS under chronic ACEi or ARBs therapy and those not receiving
pharmacological treatment. This pragmatic approach enhances clinical applicability and provides insights
into real-world interactions between pharmacologic RAAS inhibition and exercise-induced cardiovascular
adaptations. However, several limitations should be acknowledged. First, although baseline adjustment
was performed, the absence of randomization warrants caution when inferring causality. Second,
pharmacologic heterogeneity—specifically the use of multiple ACEi and ARBs agents at varying doses—
may have influenced vascular and hemodynamic outcomes. Future randomized controlled trials with
standardized pharmacotherapy protocols are needed to delineate the specific contributions of individual
RAAS inhibitors to exercise-induced adaptations.

Conclusions

In summary, chronic ACEi or ARBs therapy did not attenuate the cardiometabolic, hemodynamic, or
functional adaptations elicited by 16 weeks of supervised HIIT in adults with MetS. Medicated and non-
medicated participants exhibited comparable improvements in resting and exercise blood pressure, CRF,
and metabolic health, with no evidence of impaired responsiveness associated with chronic RAAS
inhibition. These findings support the physiological compatibility of RAAS blockade with structured
exercise training and reinforce the role of HIIT as an effective therapeutic strategy in the management of
MetS among individuals receiving long-term antihypertensive treatment.
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Figure 1
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Figure 1

Flow diagram of participant recruitment, group allocation based on medication status, intervention, and
follow-up.
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Figure 2

Changes in resting systolic blood pressure (A), diastolic blood pressure (B), and mean arterial pressure (C)
after 16 weeks of high-intensity interval training in the AHM and CONTROL groups. Values are presented
as bars and dot plots with mean + SD.
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Figure 3
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Figure 3

Changes in absolute VO,y,ax (A), relative VO, ax (B), and maximal power output (C) after 16 weeks of

high-intensity interval training in the AHM and CONTROL groups. Values are presented as bars and dot
plots with mean + SD.
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Figure 4
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Figure 4

Systolic blood pressure (A), diastolic blood pressure (B), and mean arterial pressure (C) responses during
graded exercise before and after 16 weeks of high-intensity interval training in the AHM and CONTROL
groups. Blood pressure values are normalized to the percentage of HRy,ax to allow direct comparisons

between groups and over time and are presented as mean + SD with individual data points.
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