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Abstract

Individuals with elevated blood pressure or stage 1 hypertension (ES1H) are recommended to engage in lifestyle modifica-
tions, including resistance exercise training (RT), to reduce blood pressure. Twenty-five adults (age=51.4+5.2 y; 15F/10 M)
with ES1H who had either recently completed 9 weeks of 3 days/week RT intervention (TR; n=12) or a non-exercise con-
trol period (UT; n=13) completed the study. All participants had their peripheral and central systolic (SBP and cSBP) and
diastolic blood pressure (DBP and cDBP), flow-mediated dilation (FMD), carotid-femoral pulse wave velocity, c-reactive
protein (CRP), cardiovagal baroreflex sensitivity (BRS), resting cardiac output, resting total peripheral resistance, and heart
rate variability measures including low-frequency power, high-frequency power, and root mean square of the successive
differences (InRMSSD) collected before (T1), 20-24 h after (T2), and 72-h (T3) after a single RT session. Compared to UT,
TR experienced reductions in FMD from T1 to T2 (mean change: — 2.51 +£0.55%; p=0.012) but were protected against
reductions in BRS, which was significantly lower in UT at T2 (— 1.76 + 1.47 ms/mmHg; p=0.019). CRP was significantly
elevated in both groups at T2 compared to T1 (+0.61 +0.29 mg/L; p=0.037), whereas DBP (+3.19 + 1.6 mmHg; p=0.003)
and InRMSSD (— 0.29 +0.07 ms; p=0.015) were significantly different at T3 compared to T1. There were no other significant
effects observed. Trained individuals may experience impairments in endothelial function but be protected from impair-
ments in cardiovagal BRS during the 24 h following a resistance exercise session performed in accordance with exercise
guidelines for individuals with ESTH.
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Introduction

While resistance exercise training (RT) is most known for its
ability to prevent sarcopenia and improve the quality of life
in aging adults (Tieland et al. 2018), it has also recently been
added to the list of recommended lifestyle modifications
to lower blood pressure in individuals with hypertension
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(Whelton et al. 2018). For individuals with elevated blood
pressure or stage 1 hypertension (ES1H), lifestyle interven-
tions are the first line of recommendation prior to the ini-
tiation of pharmacological treatment (Whelton et al. 2018;
Williams et al. 2018). While RT lowers blood pressure in
individuals with hypertension, the mechanisms by which it
does so are relatively unclear (Fecchio et al. 2021). Unfor-
tunately, studies that have examined putative vascular and
autonomic mechanisms for the blood pressure-lowering
effect of RT are likely confounded by the timing of measure-
ments following the last exercise session, whereby measure-
ments are performed within 48 h after the last session. Thus,
it is possible that these studies are observing and reporting
the acute, transient effects of resistance exercise and not the
adaptive response to chronic resistance training. Indeed, RT
has been shown to acutely reduce vascular endothelial func-
tion and central arterial stiffness (Barnes et al. 2010; Stacy
et al. 2013), both of which are independent predictors of
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future cardiovascular disease (CVD) and mortality (Laurent
et al. 2001; Lakatta and Levy 2003).

One mechanism by which RT may improve blood pres-
sure is through improvements in vascular endothelial func-
tion (Fecchio et al. 2021). While RT has been shown to
improve vascular endothelial function chronically, data sug-
gest that the muscle damage associated with a single RT ses-
sion may impair vascular endothelial function for multiple
days after a single session (Stacy et al. 2013). Importantly,
data suggest that training status may mitigate the acute
impairment in vascular endothelial function seen following
RT (Jurva et al. 2006; Phillips et al. 2011), although the
data are equivocal, and no studies have been conducted in
middle-aged to older (MA/O) adults with untreated ES1H.

There is consistent cross-sectional evidence suggesting
that individuals who engage in RT have stiffer central arter-
ies, even when compared to physically inactive controls
(Bertovic et al. 1999; Miyachi et al. 2003; Nakamura and
Muraoka 2021; Otsuki et al. 2007). Results from randomized
controlled trials implementing RT interventions mostly
contradict the cross-sectional evidence, with the majority
reporting no changes in stiffness in a variety of populations
(Casey et al. 2007; Croymans et al. 2014; Rossow et al.
2014; Yoshizawa et al. 2009). Interestingly, there are sev-
eral studies that do report increases in stiffness following
RT interventions (Cortez-Cooper et al. 2005; Kawano et al.
2006; Miyachi et al. 2004; Okamoto et al. 2013), and while
it is unclear why these disparities exist, the time intervals at
which arterial stiffness measurements are performed in rela-
tion to the last RT session may be one explanation. Notably,
in almost every study that has reported an increase in arterial
stiffness following RT, the arterial stiffness measurements
were collected within 24 h of the last training session (Cor-
tez-Cooper et al. 2005; Kawano et al. 2006; Miyachi et al.
2004; Okamoto et al. 2013, 2006, 2009a, 2009b). Similar to
vascular endothelial function, a single RT session increases
arterial stiffness for up to 72 h (Barnes et al. 2010), but it
is unclear how long elevations in arterial stiffness persist
in middle-aged to older adults with ES1H who likely have
already experienced significant stiffening of the central
arteries. It is also unclear whether the effect of an RT bout is
dependent on training status. These are important questions
to understand the acute effects of RT and to help understand
the unclear and seemingly disparate findings regarding the
chronic effects of RT on arterial stiffness in the literature.

RT also induces an inflammatory response and alters
autonomic nervous system activity for up to 72 h following
a session (Ihalainen et al. 2017; Smith et al. 2000; Chen et al.
2011), both of which are known to directly impair arterial
stiffness and vascular endothelial function acutely (Nardone
et al. 2020; Vlachopoulos et al. 2005). The acute inflamma-
tory response following a RT session is necessary for many
positive RT-induced adaptations (Markworth et al. 2014), and
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prior work suggests as little as one RT session can alter the
inflammatory response to the 2nd session in untrained indi-
viduals (Murton et al. 2014). Interestingly, when using the
same relative load, trained individuals have a significantly
greater cytokine response 45 min following a single RT ses-
sion compared with untrained healthy young adults (Izquierdo
et al. 2009). Unfortunately, very little data exist examining the
influence of training status on the inflammatory response in
individuals who have hypertension and who are known to have
elevated baseline levels of inflammatory markers (Hage 2014).
In untrained individuals, RT acutely impairs both heart rate
variability (HRV) and baroreflex sensitivity (BRS) (Vale et al.
2018; Mayo et al. 2016; Heffernan et al. 2008, 2007), both
of which are already impaired in individuals with hyperten-
sion (Gokce et al. 2001; liyama et al. 1996). Additionally, data
suggests that resistance-trained individuals may have greater
muscle sympathetic nerve activity during exercise compared to
individuals of lower training status (Saito et al. 2009). Thus, it
is unclear whether RT will negatively or positively alter auto-
nomic function during the recovery period.

If RT is causing a decrease in vascular endothelial func-
tion and an increase in central arterial stiffness that lasts~24 h
regardless of training status, it would be important to further
explore alterations in RT programming variables that may
limit the acute reduction to optimally protect against CVD.
This is specifically important to consider for individuals with
high blood pressure since both vascular endothelial func-
tion and central arterial stiffness are independent predictors
of future mortality within this population (Bruno et al. 2017,
Muiesan et al. 2008). Additionally, individuals with hyper-
tension have higher baseline proinflammatory profiles and
impaired autonomic function compared to age-matched con-
trols, which could exacerbate the acute impact of RT on both
vascular endothelial function and central arterial stiffness.
Ultimately, while RT may be recommended to reduce blood
pressure in individuals with ES1H, there is a major lack of
understanding of the acute physiological effects it has follow-
ing each training session and how these responses change as
training status increases.

Therefore, the purpose of the current study is to examine
the changes in vascular endothelial function and central arte-
rial stiffness following a single RT session in MA/O who were
previously determined to have ES1H who are either trained or
untrained. Additionally, we aim to determine if alterations in
inflammation or autonomic function can explain the discrepan-
cies between groups.
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Methods
Experimental design

All participants in the current study had previously com-
pleted a 9-week intervention period during which they
either engaged in 3 sessions/week of RT in line with the
recommendations of the ACSM for individuals with high
blood pressure or served as a non-exercise control. The
program consisted of 2-3 sets of 10—12 repetitions tar-
geting the major muscle groups. Specific details regard-
ing the exercise program utilized are included in Banks
et al. (2024). The exercises utilized in the RT interven-
tion period were the same as those listed below in the
“Resistance Exercise Training Session” section. There-
fore, subjects who completed the RT intervention were
trained (TR), whereas subjects in the control group were
untrained (UT). The first experimental visit in the current
study (T1) was held during the 5-7-day period following
the 9-week intervention to ensure there were no lingering
acute effects of the final RT session for the individuals in
the TR group (Fig. 1). During all experimental visits, par-
ticipants abstained from caffeine for 12 h and food for 6 h
prior to arrival and were studied at the same time of day.
During each experimental visit, participants had their body
mass and total body water content measured before laying
supine for at least 10 min prior to a single venipuncture
for the collection of whole venous blood. This was fol-
lowed by an additional 10-min supine rest prior to vascular
tests, which included flow-mediated dilation (FMD) and

Fig. 1 Overview of the
experimental design. Subjects
assigned to the resistance

training (RT) group (EX) were

™o Y
considered to be trained (TR),

G

carotid-femoral pulse wave velocity (cfPWV). Participants
then transitioned into a seated position and sat quietly for
10 min prior to having their resting blood pressure col-
lected and their beat-by-beat blood pressure and heart rate
recorded for 5 min to determine both cardiovagal barore-
flex sensitivity (BRS) and heart rate variability (HRV).
During only T1, participants had their body composition
assessed at the beginning of the visit and engaged in a sin-
gle RT session targeting all major muscle groups at the end
of the visit. Participants then returned to the laboratory
20-24 (T2) and 72 h (T3) following the end of the single
RT session to repeat the same experimental protocol as T1,
with the exclusion of the RT session at the end of the visit.
There were two premenopausal participants in each group,
two of whom had an IUD (TR n=1; UT n=1), while the
other two completed their visits during the follicular phase
(TR n=1; UT n=1) to control for the change in circulat-
ing sex hormones.

Participants

A screening visit took place 10 weeks prior to the current
study, just before the initiation of the 9-week RT pro-
gram (Fig. 1). Thirty physically inactive male (n=10) and
female (n=15) MA/O adults (aged 45-64 y) completed
a screening visit and were determined to be eligible for
the current study (Table 1). A total of five participants
dropped out of the study. Following screening but prior
to the first experimental visit, four participants dropped
out of the study for the following reasons: scheduling
conflicts (n=2), non-study-related injury (n=1), and
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Table 1 Baseline participant
characteristics

TR (n=12; 5 M/7F) UT (n=13; 5 M/8F)

Age (y)

Height (cm)

Weight (kg)

BMI (kg/m?)

Post-Menopausal (n)

Years Post-Menopause (years)
TO Elevated Blood Pressure (n)
TO Stage 1 Hypertension (n)
T1 Elevated Blood Pressure (n)
T1 Stage 1 Hypertension (n)

51.4(5.3) 55.0(5.6)
170 (11.5) 172 (7.3)
85.9 (9.2) 81.2 (15.2)
29.8 (3.1) 27.5 (4.0)
6 7
59(74) 8.2(4.3)
3 4
9 9
2 6
4 7

All data are displayed as mean (SD)

BMI body mass index, TR trained group, UT untrained group, 70 represents values at the initial screening
visit prior to the 9-week intervention period, 7/ represents values immediately prior to the single resistance

training session

being unresponsive to study-related communication
(n=1). One additional participant in TR dropped out fol-
lowing T1 due to a non-study-related injury, resulting in
25 participants completing the study. Additionally, one
participant was unable to attend the final experimental
visit. To determine eligibility, participants arrived at the
laboratory for a screening visit after a 6-h fast and 12 h
of abstinence from caffeine. During the screening visit,
participants completed an informed consent form, health
history questionnaire, and the Physical Activity Readi-
ness Questionnaire (PAR-Q +), had their menopause sta-
tus determined via STRAW-10 principal criteria (Harlow
et al. 2012), and had a resting blood pressure collected
following a 5-min seated rest. To be eligible, partici-
pants must have been 45-64 years old, had a body mass
index of 18.5-39.9 kg/m2, and have been determined to
have no known cardiovascular, metabolic, or musculo-
skeletal disease (excluding hypertension) according to
self-reported health history, determined ready to begin
an exercise program according to the PAR-Q+, and had a
SBP between 120 and 139 mmHg or DBP between 80 and
89 mmHg. While all participants met these criteria prior
to the initiation of the 9-week RT program, no additional
physiological data was collected until T1. Participants
were recruited using IRB-approved emails and the uni-
versity mass email system, as well as by word of mouth.
All study procedures and documents complied with the
Declaration of Helsinki and were approved by the Uni-
versity’s Institutional Review Board for the protection of
human subjects (IRB Approval #: 202,201,319). All par-
ticipants consented to participate by signing an informed
consent form that explained the nature, benefits, and risks
of the study prior to participation.
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Resistance exercise training session

At the end of T1, all participants engaged in a~40-min RT
session targeting all the major muscle groups. Specifically,
participants completed a ~ 5-min dynamic warmup followed
by three sets of 10 reps of bench press, hack squat, latissimus
dorsi pulldown, leg extension, seated row, and leg curl in that
order. All exercises were performed using cable machines
except for the hack squat, which was plate-loaded. All exer-
cises were well tolerated throughout the testing period. Set
1 served as a warmup, with weight set at 50% of the esti-
mated 10RM, whereas during sets 2 and 3, weight was set
at a 10RM load. The initial weight was estimated based on
strength testing during the final week of training for RT and
the pre-testing strength values from the chronic portion of
the study for UT. At the end of the session, participants were
asked for their rating of perceived exertion (RPE) between 0
and 10, with 10 representing maximal effort.

Body composition

At T1, participants’ body composition was assessed via
BodPod (COSMED, USA) at T1 to assess body fat percent
(BF%), fat mass (FM), and fat-free mass (FFM).

Resting blood pressure

Resting blood pressure was collected in a seated position
following a 10-min resting period in accordance with the
American Heart Association guidelines (Muntner et al.
2019). SBP, DBP, mean arterial pressure (MAP), central
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SBP (cSBP), and central DBP (cDBP) were collected during
each recording using a SphygmoCor device (SphygmoCor
XCEL, AtCor Medical, Inc. USA).

Vascular endothelial function

The FMD technique was used on the brachial artery to assess
vascular endothelial function and RH in accordance with the
most recent guidelines (Thijssen et al. 2019). Prior to data
collection, participants were in a supine position in a dark,
temperature-controlled room for 10 min. With the partici-
pant’s left arm laterally extended, a segmental cuff (TMC7,
Hokanson, USA) was placed just distal to the medial epi-
condyle of the humerus and a 12-MHz ultrasound probe
(12L-RS, General Electric, USA) was used to visualize
the brachial artery and measure blood flow, while a screen
capture device (AV.io HD, Epiphan Systems, USA) was
used to record the ultrasound screen. Blood flow velocity
was collected using an insonation angle of 60° to the axis
of the vessel and a sample volume that encompassed the
entire width of the artery (Limberg et al. 2020). FMD test-
ing included a 2-min baseline period, a 5-min cuff occlu-
sion period at 240 mmHg using a rapid cuff inflation system
(E20, Hokanson, USA), and a 3-min post-occlusive period.
Continuous, semiautomated edge detection software (FMD
Studio, Quipu srl, Italy) was utilized to continuously meas-
ure brachial artery diameter and blood velocity throughout
the protocol, which was used to calculate shear rate (4« blood
velocity (cm/s) / brachial diameter (mm)). Baseline diameter
(Dy,se) and shear rate (SR, ,.) were calculated as the average
value during the 2-min baseline period, while peak diam-
eter (D,,,,), shear rate (SRpeak), and shear rate area under
the curve (SR, ) were calculated following cuff release
up until peak diameter was reached. Percent FMD was cal-
culated as the percent increase from D, to D,,,,, whereas
FMD normalized to SR (FMDgg) was calculated as FMD/
SR syc- RH was calculated by taking the difference in the
AUC of blood flow between the baseline (BF,,.) and the
post-occlusive period. Probe location was measured from
the crease of the elbow during pre-testing to ensure similar
placement of the probe during post-testing.

Carotid-femoral pulse wave velocity

Central arterial stiffness was assessed using cfPWV (Sphyg-
moCor XCEL, AtCor Medical, Inc. USA). While remaining
in a supine position following the FMD test, participants had
their carotid pulse palpated and marked on the left side of
the neck and had a blood pressure cuff placed on their upper
left thigh to measure the femoral pulse wave. The pulse of
the carotid and femoral arteries was then collected simulta-
neously by a tonometer and the femoral cuff, respectively.
The distance between the site of the carotid and femoral

pulse was then divided by the difference in pulse wave transit
time between the two arteries (e.g., distance/time) to deter-
mine cfPWV.

Hemodynamic monitoring

While seated, participants had a finger photoplethysmo-
graph placed on the middle finger of the right hand, which
was utilized to collect beat-by-beat blood pressure (NOVA
Finometer, Finapres Medical Systems, The Netherlands).
The participants held their right hand over their hearts dur-
ing all hemodynamic testing, with their arms supported.
Modelflow technology was used to calculate cardiac output
(CO) and total peripheral resistance (TPR). Additionally,
heart rate was collected using a 3-lead electrocardiogram,
and respiratory rate was collected using a respiratory belt
with participants instructed to breathe at a normal rate dur-
ing all testing (TN1132/ST; ADInstruments). Data were col-
lected at 1000 Hz using a data acquisition system (Powerlab
Series 26; ADInstruments, USA) and stored offline.

Cardiovagal baroreflex sensitivity and heart rate
variability

Following the transition into a seated position, participants
rested quietly for 10 min before having both cardiovagal BRS
and HRYV collected during a 5-min period. Raw beat-by-beat
blood pressure waveforms and ECG data were uploaded to
Ensemble-R software, and the sequence method was utilized
to assess BRS and HRV. BRSpooled was assessed by averag-
ing the slopes between three sequences of either increasing
(BRSup) or decreasing (BRSdown) pulse waveform peak
pressures with subsequent decreases or increases in R-R
interval length, respectively, with a minimum correlation of
r=0.8, increase in SBP of 1 mmHg, and R-R interval length
of 4 ms. The log-transformed root mean square of successive
differences (InRMSSD), high-frequency power (InHF), and
low-frequency power (InLF) were calculated to represent
both time and frequency domain HRV.

C-reactive protein

Whole venous blood was taken from the antecubital vein
and collected in a lithium heparin plasma separator tube (BD
Vacutainer, Becton Dickinson, USA) before being spun for
15 min at 1000 g. Plasma was then transferred to 1.7-mL
microcentrifuge tubes for storage at — 80 °C. Samples were
later thawed, and high-sensitivity CRP was assessed using
a commercially available enzyme-linked immunosorbent
assay (CRP ELISA, Immundiagnostik AG, Germany). The
detection range of the CRP ELISA kit was 1.8-150 ng/mL,
with a sensitivity of 0.124 ng/ml and an inter-assay coef-
ficient of variation of < 10%. All assays were performed in
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accordance with the manufacturer’s instructions and read
using a microplate photometer (Multiskan™ FC Microplate

™

Photometer, ThermoFisher Scientific ~, USA).
Lifestyle controls

All participants were asked to refrain from any other forms
of exercise outside of the study starting 5—7 days prior to
T1. Participants filled out dietary food logs every day during
the testing period starting one day prior to T1. Prior to T3,
participants completed the International Physical Activity
Questionnaire (IPAQ) to provide physical activity data via
self-report during the post-testing period.

Statistics

Multiple independent two-way repeated mixed linear models
(group*visit) were run to determine the impact of the single
RT session on training modality on all resting blood pres-
sure, vascular endothelial function, CRP, HRV, and BRS
variables. Prior data suggest that sex differences likely exist
when examining the relationship between exercise train-
ing and the primary outcome variables; therefore, sex was
included as a covariate in the analyses (Moreau et al. 2013;
DuPont et al. 2019). A two-way repeated mixed linear model
with sex and mean arterial pressure (MAP) as covariates was
run to determine the impact of training status and the single
RT session on cfPWV. Mixed linear models were utilized
to allow the inclusion of participants in the analysis who
had data missing at random (e.g., CRP, RH, and BF,,.).
Independent samples t-tests were used to compare groups
for baseline characteristics, physical activity and dietary data
during the testing period, and the weight lifted and perceived
exertion during the single RT session. Lower-order linear
mixed models with Tukey- or Sidak-adjusted post hoc analy-
ses were performed to investigate any variables with a signif-
icant interaction effect further. Effect sizes were determined
using Cohen’s d. Pearson’s product correlations were used to
assess the relationship between all primary variables. Data
are reported as mean (+95% CI) unless denoted otherwise,
and significance was set at p <0.05. Statistical analyses were
performed using R (v. 2022.12.0+353), and figures were
created using GraphPad Prism (v. 9.5.1).

Results

Training session

There was a difference for combined weight (p <0.001),
where TR (mean: 379.4 +SD: 112.9 kg) lifted signifi-

cantly more weight during the RT session compared to UT
(236.4+73.1 kg), reflecting differences in training status.

@ Springer

There were no differences in session RPE (p =0.49) between
TR (7.9+1.1 au) and UT (7.7+0.6 au).

Blood pressure

There were no significant group*visit interactions for SBP,
cSBP, DBP, cDBP, or MAP (p=0.26; n,=0.06). There was
a significant group main effect for cSBP, where cSBP was
significantly lower in TR versus UT (— 6.98 +6.54 mmHg;
p=0.038; d=1.70). There were significant visit main effects
for both DBP and cDBP, with both groups experiencing
increased DBP (+3.19 +1.59 mmHg; p=0.004; d=0.99)
and cDBP (+2.84 +1.38 mmHg; p=0.013; d=0.85) at
T3 compared to T1. There were no significant group main
effects for SBP, DBP, cDBP, or MAP, and no visit main
effects for SBP or MAP (Fig. 2).

Resting hemodynamics

There were no significant interactions, group main effects,
or visit main effects for RHR or CO (Table 2). While there
was no interaction or visit main effect for TPR, there was a
significant main effect for the group, where TPR was signifi-
cantly lower in TR compared to UT across the entire study
period (+306 +284.7 mmHg-s/L; p=0.036; d=0.90).

Central arterial stiffness

There was no significant interaction, group main effect, or
visit main effect for cfPWV (Table 2).

Vascular function

Due to technical errors, two values were missing at the T3
visit for RH and BF, .. There were significant group*visit
interactions for FMD and cFMDygy, but not for RH or BF, .,
(Fig. 3). Specifically, TR experienced a reduction in FMD
from T1 to T2 (- 3.22+1.65%; p<0.001; d=— 1.94)
and an increase back to baseline levels from T2 to T3
(+2.18+1.64%; p=0.016; d=1.31), whereas FMD did
not change in UT (p >0.88). Additionally, while FMD
tended to be greater at T1 in TR than UT (p =0.056), FMD
was not different in TR versus UT at either T2 (p =0.58)
or T3 (p=0.13). cFMDg was significantly lower at
both T2 (- 2.12+1.15%; p<0.001; d=— 1.83) and T3
(- 1.42+1.15%; p=0.012; d=—- 1.23) compared to T1
in TR, with no changes observed in UT (p >0.85). Con-
sequently, cFMDgy was significantly greater in TR at T1
(+1.95+0.44%; p=0.001; d=1.51) but not at T2 or T3
(» 20.77) compared to UT. There were significant group
main effects for both RH and BF,, . (Fig. 3). Both RH
(+53 +40 mL/min-107%; p=0.012; d=1.18) and BF,
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7/

Visit: p = 0.005; n,2=0.21

o
#

T1 T2 T3
100 —
$
7 I/I/I
7 1 1
70— Interaction: p = 0.46; n,? = 0.03
N Group: p =0.08; n,” = 0.14

7/

Visit: p=0.017;n,%=0.17

)

T1 T2 T3

data are displayed as the estimated marginal mean (xmodel 95%
CI); $ =significant differences at that timepoint compared to T1 in all
groups (p <0.05); cDBP central diastolic blood pressure, cSBP =cen-
tral systolic blood pressure, DBP diastolic blood pressure, SBP sys-
tolic blood pressure

Heart rate variability

There were no significant group*visit interactions or group
main effects for INRMSSD, InLF, or InHF. There was a sig-
nificant visit main effect for InLF, with significant reductions
from T1 to T2 (= 0.51+0.30 ms?; p=0.018; d=— 0.81)
but not T2 to T3 (+0.44 +0.85 ms>; p=0.05; d=0.69) irre-
spective of group. There was also a significant visit main
effect for InRMSSD, with values decreasing from T1 to T3
(— 0.29+0.07 ms; p=0.015; d=— 0.83), but no differences
between T1 and T2 (— 0.17 £0.25 ms; p=0.19; d=-0.50),
or T2 and T3 (— 0.11 +0.36 ms; p=0.48; d=— 0.33). There
was no visit main effect for InHF (Fig. 4).

C-reactive protein

Three CRP values were outside of the detectable range,
with two missing data points at T1 and one at T2. There
was no significant group*visit interaction or group main
effect for CRP. There was a significant visit main effect,
with significant increases from T1 to T2 (+0.61 +0.29
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Fig.3 The impact of a single RT session using the same relative load
in trained (TR) and untrained (UT) middle-aged to older adults with
untreated elevated blood pressure or stage 1 hypertension. T1 rep-
resents baseline measurements before the lift, whereas T2 was held
20-24 h, and T3 was held 72 h following the single RT session. All
data are displayed as the estimated marginal mean (+model 95%

mg/L; p=0.037; d=0.75) but no changes from T2 to T3
(= 0.57+4.31 mg/L; p=0.51; d=0.33) irrespective of
group (Fig. 5).

Lifestyle controls

TR reported engaging in 390.5+156.0 MET min/
week, consuming 2095 +452 cal, 94.5+25.3 g of fat,
215.7+52.4 g of carbohydrates, and 95.9+22.3 g of
protein. UT reported engaging in 392.1 + 158.4 MET
min/week, consuming 1917 +417 cal, 89.5 +22.8 g of
fat, 186.3 +50.4 g of carbohydrates, and 98.9+19.1 g of
protein. There were no significant differences between
TR and UT during the study period for MET min/week
(p =0.99), or the consumption of calories (p =0.53), fat
(p=0.75), carbohydrates (p =0.39), or protein (p =0.82).

T1 T2 T3

CI); *=significant difference in TR between that timepoint and
T1 (p<0.05), &=significant difference in TR between T3 and T2
(p<0.05); #=significant between-group differences at that timepoint
(p<0.05); FMD flow-mediated dilation, cFMDg, FMD corrected for
shear rate, RH reactive hyperemia

Correlations

AFMD was significantly correlated with ACRP
(r=-0.380; p=0.011) and AcFMDgy was significantly
correlated with AcfPWYV (r=— 0.287; p=0.046). AD, .
was significantly correlated with ACRP (r=0.475;
p=0.001), AInLF (r=- 0.472; p<0.001), AlnHF
(r=- 0.507; p<0.001), and AInRMSSD (r=- 0.298;
p=0.038), but not significantly with ACO (r=0.282;
p=0.05) and ATPR (r=- 0.236; p=0.10). Additionally,
ABF, . was significantly correlated with ARH (r=0.421;
p=0.003), AFMD (r=- 0.294; p=0.045), AInLF
(r=-0.329; p=0.024), AInHF (r=-0.401; p =0.005),
and AInRMSSD (r=- 0.321; p=0.028) (Fig. 6). Com-
bined weight lifted was significantly correlated changes
from T1 to T2 with ARH (r=0.404; p=0.045), ABF .

@ Springer



European Journal of Applied Physiology (2025) 125:2209-2224

2218
8 -
6 $
&
£
~ 4 -
L
-
(=
- 2 Interaction: p = 0.52; 7= 0.03
Group: p=043;n,%=0.03
Visit: p = 0.014; 2= 0.17
0 I 1 I
T T2 T3
6 —
& 44
(2]
E
L
I
£ 24 o4 2
Interaction: p = 0.46; ny= 0.04
Group: p = 0.61; np2 =0.01
Visit: p=0.09; n,%=0.10
0 | 1 |
T T2 T3
8 #

BRSup (ms/mmHg)
F =N
1

2 -
Interaction: p = 0.044; n,?= 0.13

0 | 1 |
T1 T2 T3

Fig.4 The impact of a single RT session using the same relative load
in trained (TR) and untrained (UT) middle-aged to older adults with
untreated elevated blood pressure or stage 1 hypertension. T1 rep-
resents baseline measurements before the lift, whereas T2 was held
20-24 h, and T3 was held 72 h following the single RT session. All
data are displayed as the estimated marginal mean (+model 95% CI);
A =significant difference in UT between T3 and T2 (p <0.05); $=sig-

(r=0.406; p=0.042), AcFMDgg (r=-0.523; p=0.007),
and moderately correlated with AFMD (r=— 0.367;
p=0.07), ACRP (r=0.392; p=0.07), AInHF (r=- 0.302;
p=0.14) but not AInLF (r=- 0.01; p=96).
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Discussion

This was the first study to investigate the acute impact of
a single RT session in both trained and untrained MA/O
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Fig.5 The impact of a single RT session using the same relative
load on c-reactive protein (CRP) in trained (TR) and untrained (UT)
middle-aged to older adults with untreated elevated blood pressure or
stage 1 hypertension. T1 represents baseline measurements before the
lift, whereas T2 was held 20-24 h, and T3 was held 72 h following
the single RT session. All data are displayed as the estimated mar-
ginal mean (xmodel 95% CI). $ =significant differences at that time-
point compared to T1 in all groups

adults with untreated ES1H. The main finding of the cur-
rent study was that a single RT session caused significant
reductions in vascular endothelial function in TR, signifi-
cant reductions in BRS in UT, and decreases in HRV and
increases in CRP and DBP in both TR and UT. While
trained individuals were relatively protected against reduc-
tions in BRS, they had significant reductions in vascu-
lar endothelial function 20-24 h following the session,
although FMD never decreased lower than that of UT. The
single RT session did not alter cfPWV, SBP, TPR, or CO
in either group. Lastly, while most variables returned to
baseline values by the 72-h timepoint, cFMDgy was still
reduced in TR, potentially indicating that a longer recov-
ery period may be necessary to fully recover endothelial
function in TR individuals, which also has important
implications for study design.

Contrary to our hypothesis, we observed no changes
in cfPWV in either TR or UT during the days following
the RT session. Authors who have collected measures of
central arterial stiffness 20-24 h following the final train-
ing session of a RT intervention have consistently reported
elevated stiffness in the exercise group (Cortez-Cooper et al.
2005; Kawano et al. 2006; Miyachi et al. 2004; Okamoto
et al. 2013, 2006, 2009a, 2009b). Additionally, Barnes et al.
reported that cfPWV was elevated for up to 72 h following
a single eccentric RT session (Barnes et al. 2010). Among
the aforementioned studies that have reported an increase in

central arterial stiffness following a RT intervention, mul-
tiple reported that stiffness returned to pre-training levels
following a detraining period (Kawano et al. 2006; Miyachi
et al. 2004; Okamoto et al. 2008). Unfortunately, these data
were collected months following the initial post-testing visit,
and it is therefore unclear how transient post-intervention
changes in stiffness are. While we report no changes fol-
lowing the training session in either group, acute changes in
cfPWYV were negatively correlated with cFMDgp, suggesting
that acute changes are likely at least partially attributable to
impaired endothelial function. Ultimately, it is still unclear
why cfPWYV is mostly unaltered in most studies implement-
ing RT interventions, while cross-sectional data and a hand-
ful of RCTs suggest a worsening of stiffness associated with
or caused by RT. Both the volume and intensity of the RT
session likely influence the acute responses that follow, and
while participants in the current study rated the session at
a~7.8/10 RPE, it is possible that greater training loads (and
an increase in the associated intra-exercise hemodynamic
response) are necessary to cause changes in cfPWV acutely.
Further, the protocol used in the current study, which uti-
lized cable- and plate-loaded machines rather than free
weights and prevented the use of the Valsalva maneuver,
may have resulted in a lesser degree of exertional hyperten-
sion compared to other protocols. Still, the loads and volume
of resistance exercise prescribed were in accordance with
current recommendations for individuals with ESTH and
thus suggest that this prescription does not cause transient
increases in central arterial stiffness.

One of the primary mechanisms proposed for the abil-
ity of RT to reduce cardiovascular disease is through
improvements in vascular endothelial function. The vascu-
lar endothelium is able to regulate vascular tone, and thus
blood pressure, through the production of vasodilatory
molecules like nitric oxide (NO) and vasoconstricting mol-
ecules, including endothelin-1 and reactive oxygen species
(ROS) (Silva et al. 2021). Vascular endothelial function is
heavily dependent on the bioavailability of NO, a molecule
that actively protects against the development and progres-
sion of atherosclerosis (Widlansky et al. 2003). Prior data
indicate that training status protects against impairments in
FMD immediately (< 1 h) following a single RT session,
but it was unknown if this protection extends beyond 1 h to
the days after the exercise session (Jurva et al. 2006; Phil-
lips et al. 2011). It is also unclear if this protection extends
to individuals with high blood pressure who may have ele-
vated sympathetic nervous system activity and inflammatory
responses to exercise (Kim and Ha 2016). In the present
study, both FMD and cFMDyg were significantly reduced
20-24 h following the single RT session in TR, but not UT.
Importantly, neither FMD nor cFMDygy, decreased to a level
lower than that observed in UT at any point, suggesting that
the TR group was still better protected overall than UT.
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Fig.6 Correlations between the change (A) in A baseline brachial
artery diameter (D,,.) and c-reactive protein (CRP); B carotid-fem-
oral pulse wave velocity (cfPWV) and flow-mediated dilation (FMD)
corrected to shear rate (¢cFMDygg); C FMD and CRP; D D, and log-
transformed low-frequency power (InLF); E D, and In high-fre-

The reduced FMD in TR is in agreement with prior litera-
ture indicating that acute eccentric RT causes a reduction
in FMD from 9.4% at baseline to 5.4-6.3% in the 24-72 h
following exercise (Stacy et al. 2013). These decrements
in FMD were accompanied by reductions in SR ;¢ (Stacy
et al. 2013), although the normalization of FMD to SR, ;¢
did not completely abolish the exercise-related decreases in
FMD (Stacy et al. 2013). Moreover, in the current study, RH
was not significantly altered by the session, and normaliza-
tion of FMD for SR accentuated the changes observed in
TR. Interestingly, AFMD was most strongly correlated with
ACRP, indicating that the transient inflammatory response,
which led to elevations in CRP following exercise, may

@ Springer

quency power (InHF); F Dy, and In root mean square of successive
differences (InRMSSD); G baseline blood flow (BF,,.) and reactive
hyperemia (RH); H BF, . and FMD; I BF, . and InLF; J BF, . and
InHF; K BF,,. InRMSSD from baseline to 20-24 h and 20-24 h to
72 h following a single RT session

have impacted peripheral vascular function. It is well estab-
lished that inflammation impairs FMD, and the inflamma-
tory response caused by the RT session in the current study
may have increased the production of ROS during the days
following the training session (Prasad 2004). Additionally,
while CRP was not significantly greater in TR compared to
UT, TR had increases of 1 mg/L compared to the 0.25 mg/L
increase seen in UT from T1 to T2 and was moderately cor-
related with the combined weight lifted during the single RT
session (r=0.392). When interpreted alongside the signifi-
cant correlation between AFMD and ACRP in the recovery
period, these data support that increased inflammation sec-
ondary to increased training intensity may have been driving
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the reductions in FMD observed in TR but not UT. It is also
possible that UT experienced a floor effect, which limited
the degree to which FMD decreased beyond baseline levels.
Additionally, other inflammatory markers not represented
through a circulating plasma CRP test may have influenced
the FMD response to training.

The current study indicates that a single RT session
causes alterations in autonomic function that persist up to
three days into the recovery period in a manner that is par-
tially dependent upon training status. We observed signifi-
cantly lower BRSpooled and BRSup levels in UT 20-24 h
following training compared to TR, with no significant dif-
ferences in BRSdown. RT has been consistently shown to
acutely reduce BRS within the 30 min following a training
session, likely driven by decreased vagal modulation (Mayo
et al. 2016; Heffernan et al. 2008, 2007), but we show for
the first time that this effect is likely dependent on training
status. We also show significant reductions in both InLF and
InHF, respectively, with INRMSSD decreasing throughout
the three-day recovery period independent of training status.
Prior literature has shown that a single RT session impairs
both time- and frequency-domain HRV, with decreases in
RMSSD and HF and increases in LF power reported for up
to 24 h (Vale et al. 2018; Garber et al. 2011). The reduc-
tion in HRYV total spectral power is in agreement with data
published by Heffernan et al., who reported similar findings
30 min after a single RT session (Heffernan et al. 2006).
Therefore, acutely, RT likely reduces HRV in both trained
and untrained individuals, while trained individuals are pro-
tected from the decrements in BRS seen 20-24 h following
a single RT session.

In summary, we report that FMD was reduced in the
20-24-h period following a single RT session in TR only,
cardiovagal BRS was reduced in UT only, while CRP
increased, and cfPWYV remained unchanged in both groups.
Notably, these responses were observed in response to a
resistance exercise session that was performed in accord-
ance with the RT guidelines for individuals with high blood
pressure (Medicine ACoS. 2018). Moreover, whereas prior
studies have used cross-sectional designs and grouped
participants by training status based on self-report, here
we randomized untrained participants and implemented a
resistance training intervention and thus tightly controlled
training status. If resistance exercise acutely suppresses vas-
cular endothelial function for 20-24 h each time a trained
individual engages in RT, an individual engaging in RT three
times per week would spend roughly half of their week in a
state of suppressed vascular endothelial function compared
to their baseline state. Since the cardioprotective effects of
vascular endothelial function are in part due to its ability
to slow the progression and development of atherosclero-
sis, determining how to reduce acute decrements in vascu-
lar endothelial function following RT will be significant.

However, it is also still important to note that FMD was
greater in TR than UT at baseline and 72 h, and even when
suppressed at 20-24 h, it was not lower than observed in
UT individuals, indicating that RT has a net positive effect
provided the prescription is appropriate. Future studies may
consider how changes to RT programming via manipula-
tion of load or volume may differentially impact the acute
effects of resistance exercise on FMD or whether the con-
current completion of different exercise modalities (e.g.,
aerobic exercise) may protect against acute impairments in
FMD. The findings that cardiovagal BRS was reduced only
in UT are also notable, and training status should be strongly
considered in studies investigating the acute impact of RT
on this variable. Finally, the reduction in cardiovagal BRS
could be potentially avoided by performing lower volume
and intensities of RT during the initial sessions upon begin-
ning RT, but this needs to be explored further.
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