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Abstract

The main goal of this study was to determine whether oxidative imbalance mediated by AT1 receptor (AT1R) is responsible
for deleterious endothelial responses to mental stress (MS) in overweight/obese class I men. Fifteen overweight/obese men
(27±7 years old; 29.8±2.6 kg/m2) participated in three randomized experimental sessions with oral administration of the AT1R
blocker olmesartan (40 mg; AT1R blockade) or ascorbic acid (AA; 3g) infusion or placebo [both intravenously (0.9% NaCl) and
orally]. After two hours, endothelial function was determined by flow-mediated dilation (FMD) before (baseline), 30 min (30MS),
and 60 min (60MS) after a five-minute acute MS session (Stroop Color Word Test). Blood was collected before (baseline),
during MS, and 60 min after MS for redox homeostasis profiling: lipid peroxidation (TBARS; thiobarbituric acid reactive species),
protein carbonylation, and catalase activity by colorimetry and superoxide dismutase (SOD) activity by an ELISA kit. At the
placebo session, FMD significantly decreased 30MS (P=0.05). When compared to baseline, TBARS (Po0.02), protein
carbonylation (Po0.01), catalase (Po0.01), and SOD (Po0.01) increased during the placebo session. During AT1R blockade,
FMD increased 30 min after MS (P=0.01 vs baseline; Po0.01 vs placebo), while AA infusion increased FMD only 60 min after
MS. No differences were observed during MS with the AT1R blockade and AA regarding TBARS, protein carbonylation,
catalase, and SOD. AT1R-mediated redox imbalances played an important role in endothelial dysfunction to mental stress.
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Introduction

Overweight/obesity is considered a major risk factor
for noncommunicable diseases such as cardiovascular
diseases, diabetes, and some types of cancer, contribut-
ing substantially to worldwide mortality (1). According
to the World Health Organization, 39% of adults aged
18 years or over are overweight, while 13% have been
diagnosed with obesity (2). In addition, psychological or
mental stress (MS) is also an important risk factor for the
development and progression of cardiovascular diseases
(3), increasing the risk of acute coronary syndrome by
30% and the risk of stroke by 24% in men (4). Acute MS
seems to lead to a transitory endothelial dysfunction both
in health and disease (5,6) together with an impaired
endothelial repair mechanism (7). Chronically, MS effects
can be permanent for endothelial function, especially in
individuals that already present risk factors such as
overweight/obesity (8).

The mechanism by which MS leads to endothelial
dysfunction in humans is still unknown. The renin-
angiotensin system (RAS) activated by stress-mediated
sympathoexcitation plays a central role in endothelial
homeostasis (9). Angiotensin II (Ang II) is the main active
mediator of the RAS classic pathway, which acts on
endothelial and smooth muscle cells, through the angio-
tensin type 1 (AT1R) and type 2 receptors (10). In vivo and
in vitro experimental studies have demonstrated that
increases in Ang II - AT1R signaling leads to an imbalance
of vasoactive substances, downregulating endothelial
nitric oxide synthase, an enzyme that synthesizes nitric
oxide (NO), and vasoconstrictor tone predominates (11).
Also, Ang II - AT1R pathway seems to activate NADPH
oxidase, increasing reactive oxygen species (ROS)
and inflammation in overweight/obese adults (9,12). How-
ever, it is not clear whether AT1R-mediated oxidative
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stress is the underlying mechanism of endothelial re-
sponses to MS.

It has been demonstrated that both adults and children
with obesity present diminished flow-mediated dilation
(FMD), a proxy of endothelial function, at resting condi-
tions (13–16). Sales et al. (6) highlighted that MS evokes
acute transient reductions in FMD in obese adults with
metabolic syndrome. It is worth noting that chronic stress
in obese adults seems to double the cardiovascular
morbidity and mortality compared to healthy individuals
(17,18). Thus, it is critical to elucidate the impact of
the Ang II-AT1R pathway on deleterious endothelial
responses to MS in adults at increased cardiovascular
risk, such as those with overweight/obesity.

Considering that Ang II modulates MS responses, it is
believed that imbalances in redox homeostasis mediated
by AT1R may be the underlying mechanism related to
impaired stress-induced endothelial dysfunction in over-
weight/obese adults. Also, we hypothesized that AT1R
blockade and ascorbic acid - free radical scavenger
(antioxidant) - would similarly restore endothelial function
in response to MS.

Material and Methods

Study population and protocol
Fifteen non-hypertensive overweight/obesity grade I

men (27±7 years) were recruited from the local commu-
nity. All individuals presented a BMI between 25 and 35
kg/m2 and body fat mass higher than 25%. Inclusion
criteria included absence of any diagnosed disease, non-
smoker status, and sedentary lifestyle (o150 min per
week of moderate intensity cardiorespiratory exercise
training) (19). All data collection took place at the
Laboratory of Exercise Sciences (Niteroi, Brazil) during
August 2017 and October 2018. This study protocol was
approved by the Ethics Committee of Fluminense Federal
University (CAAE 76594217.0.0000.5243) and by the
Brazilian Clinical Trials Registry (Rio de Janeiro, RJ;
REQ: 9237; www.ensaiosclinicos.gov.br) and conformed
to the standards set by the latest revision of the
Declaration of Helsinki. All subjects gave written informed
consent before their participation in the study.

Biochemical analyses were conducted at the first visit.
The subjects were then invited to a second visit that
consisted of eligibility screening, i.e., clinical history
assessment, anthropometric and arterial pressure mea-
surements, resting electrocardiogram, and biochemical
blood analysis interpretation. When the inclusion criteria
were met, subjects were invited to three experimental
sessions, with at least seven days between them.

The protocol consisted of a randomized, 3-way cross-
over, blind, placebo-controlled study. Experimental ses-
sions consisted of oral administration of angiotensin II type
1 receptor blocker (AT1R blockade; 40 mg, olmesartan
(OLM), lot number: 60818, Pfizer, USA), ascorbic acid

(AA; 3 g diluted in 500 mL of 0.9% NaCl) administered
intravenously for 30 min, or placebo [both intravenously
(0.9% NaCl) and orally]. In the AT1R blockade session,
an olmesartan pill was offered and saline infusion was
performed; in the AA session, a placebo pill was offered
and AA infusion was performed; in the placebo session,
a placebo pill was offered and saline infusion was
performed. All subjects were instructed to avoid alcohol,
caffeine, and intense exercise in the 48 h prior to the visits.
In addition, subjects were advised to follow a low-nitrate,
low-nitrite diet prescribed by a nutritionist in the 24 h prior
to the sessions. Mainly, subjects were advised to avoid
red meat, fish, dark green vegetables, citrus fruits,
oilseeds, and highly processed food.

The experimental sessions took place in the morning
in a climate-controlled environment (22–24°C). After the
subjects arrived, blood pressure was measured in the
seated position, and the subject was instructed to lie on
the stretcher for drug administration. At this time, an
intravenous catheter was placed in the antecubital cavity
for blood sampling to evaluate endothelial biomarkers and
oxidative stress, and a blind oral administration of AT1R
blocker or an intravenous administration of AA or placebo
was performed. All participants were submitted to the
three conditions, with an interval of at least seven days
between them. Subjects then rested supine for two hours,
the time required for the blocker to reach the peak of
action (20). Following the resting period, brachial artery
FMD was assessed in the dominant arm (baseline).
Subsequently, subjects were submitted to a 5-min MS
task. FMD was conducted again 30 (30MS) and 60 min
(60MS) after MS. Venous blood samples were also
collected before (baseline), during (MS), and 60 min
(60MS) after MS (Figure 1). Immediately after sampling,
each blood tube was centrifuged according to the specific
requirements of each variable, and the plasma was
aliquoted and snap-frozen. At the time of analyses, the
aliquots were thawed at room temperature and discarded
after use.

Biochemical analyses
Blood samples were drawn from the antecubital vein

after 12-h fasting for the following measurements: fasting
glucose, total cholesterol, high-density lipoprotein (HDL)-
cholesterol, triglycerides, and insulin using enzymatic
colorimetric methods. Very low-density lipoprotein
(VLDL)-cholesterol values were calculated based on
triglyceride values, and low-density lipoprotein (LDL)-
cholesterol was calculated by the Friedewald equation,
which is based on total cholesterol, HDL-cholesterol, and
triglyceride values.

Bioimpedance
Body composition by bioelectrical impedance analysis

predicts the percentage of lean mass, fat mass, and total
water volume (extracellular and intracellular) through an
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electrical current generated and detected by electrodes.
Two electrodes each were positioned in the metacarpal
and metatarsal, discharging an electric current of 50 kHz
generated by an external source (Quantum II - Body
Composition Analyzer; RJL Systems, USA) (21). This
current was detected by two other electrodes positioned
in the wrist and ankle, evaluating the change in initial
frequency. The impedance and reactance data provided
by the source were analyzed using the RJL Systems Body
Composition software.

Mental stress
The MS task applied was an adapted version of the

Stroop Color Word Test (22), which consists of a slideshow
projected on the ceiling above the subject that changes
every two seconds. In addition, auditory conflicts were
continuously inflicted via headphones using a standardized
audio clip of three different people (two men and one
woman) saying names of colors. The colors mentioned in
the audio were in a different order then those presented in
the slideshow. MS tasks consisted of two minutes of
baseline measurements, five minutes of MS, and three
minutes of recovery after the test, during which the subject
rested quietly. Non-invasive beat-by-beat blood pressure
and heart rate were recorded via photoplethysmography on
the middle finger (Finometer, Finapres Medical Systems,
The Netherlands). The level of perceived stress was
assessed after each test using a subjective scale from zero
to four, as follows: 0=non-stressful, 1=not very stressful,
2=stressful, 3=very stressful, and 4=extremely stressful.
Blood flow measurements were performed at baseline, in
the last 30 s of the first three minutes of MS, and in the last
minute of recovery. Blood sampling for evaluation of
endothelial biomarkers and oxidative stress was performed
in the last two minutes of the MS task (Figure 1).

Flow-mediated dilation
Brachial artery FMD was measured on the dominant

arm before and 30 and 60 min after the MS task. Of all

fifteen subjects, FMD was performed on the left arm of
only two. Subjects adopted the supine position with the
shoulder abducted at 80°. The forearm position was
determined and held to optimize brachial artery imaging.
In accordance with the most recent FMD guidelines (21),
a rapid inflation/deflation pneumatic cuff (E-20 Rapid Cuff
Inflator, D.E. Hokanson, USA) of appropriate size was
placed around the forearm immediately distal to the
olecranon process. Brachial artery imaging was obtained
on the distal third of the arm (2–12 cm above the
antecubital fossa) using a multifrequency linear-array
(8–12 MHz) probe coupled to a high-resolution Doppler
ultrasound system (LogiQ P5, GE Medical Systems,
USA). Diameter and blood velocity were simultaneously
acquired in duplex mode at a pulsed frequency of 30 MHz
and adjusted to the full vessel width (insonation angle
p60°). Baseline diameter and mean blood velocity
waveforms were continuously recorded for 30 s. The cuff
was then rapidly inflated to 220 mmHg for five minutes.
After this period, the cuff was rapidly deflated. Doppler
recordings resumed 15 s before cuff deflation and
continued for three minutes. Brachial artery diameter
was analyzed offline with an automated edge-detection
and wall-tracking software (Vascular Research Tools 5,
Medical Imaging Applications, USA). Regions of interest
were identified and kept for the remaining analyses (6,23).

Oxidative stress
Oxidative stress was determined by the measurement

of lipid peroxidation markers (thiobarbituric acid reactive
species, TBARS), protein oxidation (protein carbonylation)
concentrations, and the activity of catalase and super-
oxide dismutase (SOD) (antioxidant enzymes), in plasma
isolated from venous blood samples collected in EDTA
tubes, which were centrifuged at 1050 g for 15 min
at 20°C.

Lipid peroxidation. The evaluation of lipid peroxidation
was performed by determining the levels of TBARS. This
method is based on the reaction between two molecules

Figure 1. Experimental protocol. Asterisks indicate blood sampling. FMD: flow-mediated dilation; PL: placebo; AT1RB: angiotensin II
type 1 receptor blockade; AA: ascorbic acid.
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of thiobarbituric acid (TBA) and one of malondialdehyde
(MDA) resulting from lipid peroxidation and producing a
complex (MDA:TBA) of pink color. To this end, 100 mL of
serum was homogenized with 50 mL of SDS (8.1%), 550 mL
phosphoric acid (1%), and 300 mL of thiobarbituric acid
(0.6%). This solution was then heated to 95°C for 1 h in a dry
bath and then centrifuged (2000 g) for 5 min at 25°C. The
supernatant was used to quantify the TBARS levels. Plasma
concentrations of lipoperoxides are reported in terms of MDA
(nmol/mL) and determined in duplicate by TBARS measure-
ment using a fluorimetric method (CV: 10.58%). The absorb-
ance of each test was obtained in a 96-well microplate
reader (Synergy H1 Hybrid Multi-mode, Biotek; USA) at 532
nm. This method used the substance 1,1,3,3-tetramethoxy-
propane to make the standard curve (24).

Protein carbonylation. The quantification of protein
carbonylation was accomplished through the reaction of
2,4-dinitrophenylhydrazine (DNPH) with the carbonyls of
oxidized proteins. In this assay, the total protein concen-
tration was determined in duplicate (CV: 22.02%) accord-
ing to the method of Lowry et al. (25) using a standard
curve of albumin. The carbonyl concentration values were
normalized by mg of albumin and are reported as nmol/g.

Catalase activity. The catalase enzymatic activity was
determined in duplicate (CV: 17.03%) by colorimetric
assay (Catalase Assay kit, USA), using plasma isolated
from venous blood samples collected in EDTA tubes,
according to manufacturer’s instructions.

Superoxide dismutase activity. SOD activity was
determined by an enzyme-linked immunosorbent assay
(ELISA) kit (Human SOD2/Mn-SOD DuoSet ELISA Kit,
R&D Systems, USA), using plasma isolated from venous
blood samples collected in EDTA tubes, according to
manufacturer’s instructions.

Calculations and statistical analysis
After analyzing brachial artery diameter and blood

velocity, blood flow was calculated from the mean blood
velocity and vessel area, considering 60 as a constant
(i.e., Vmean � Area � 60). Shear rate (SR), a proxy of
shear stress, was calculated as four times the ratio
between mean blood velocity (Vmean) and the artery
diameter [i.e., 4 � (Vmean/diameter)]. The area under the
curve (AUC) was obtained from the cumulative SR during
FMD from post-occlusion until peak diameter. Vascular
conductance was calculated from mean blood flow and
mean arterial pressure (mL�min�mmHg–1). Because base-
line diameter (Dbase) could bias the FMD%, which is a ratio
between peak diameter (Dpeak) and Dbase, the allometric
scale proposed by Atkinson and Batterham (26) was used
to account for possible baseline interferences. The
regression’s slope between logarithmically transformed
Dpeak and Dbase was calculated [placebo, b=0.97 (95%CI:
0.897 to 1.047); AT1R blockade, b=0.96 (95%CI: 0.879
to 1.048); AA, b=0.96]. A regression slope smaller than

one suggests that Dpeak and Dbase do not increase
proportionally, meaning that the assumptions made based
on FMD% might be biased. Then, logDbase, logDpeak, and
the difference between them (Dpeak–Dbase) (logDdiff) were
entered into a multivariate general linear model consider-
ing logDdiff as the dependent variable, session (placebo or
AT1R blockade) as the fixed factor, and logDbase as the
covariate. Adjusted means were then antilog-transformed,
subtracted by a value of 1 and multiplied by 100 to
facilitate interpretation as percentage.

Considering the FMD results as the main outcome and
the alpha error of 0.05, the power of the statistical test for
a sample size of 14 individuals was 0.8. The Shapiro-Wilk
test and homoscedasticity were performed by the Levene’s
test to verify the normal distribution of the variables. Two-
way ANOVA was then performed for repeated measure-
ments, where ‘‘condition’’ and ‘‘moment’’ were consid-
ered as the main factors. When significant differences
were found for group, time, and/or interaction, Fisher’s
test was used as a post hoc procedure. The paired
Student’s t-test was carried out to compare the magnitude
of response to MS between both sessions. Data are
reported as means±SD. A probability less than or equal
to 5% was considered statistically significant in two-tailed
analyses. The statistical package used was Statistica
(version 10.0, StatSoft Inc. 2011, USA).

Results

The anthropometric, clinical, and biochemical profiles
are presented in Table 1. As expected, all subjects
presented a BMI between 26.7 and 34 kg/m2, character-
izing the overweight/obesity grade I criteria, and a body fat
mass higher than 27%.

Regarding MS responses, according to the subjective
scale used, the average level of perceived stress in all
sessions was 2 (stressful). Table 2 shows systolic blood
pressure (SBP), diastolic blood pressure (DBP), mean
blood pressure (MBP), heart rate (HR), blood flow, and
vascular conductance at baseline, during MS, and during
recovery. There was a significant increase in the hemo-
dynamic variables SBP, DBP, MBP, and HR (Po0.05 vs
baseline) during MS in all sessions. In recovery, these
variables decreased to baseline levels (Po0.01 vs MS).
No differences were observed regarding blood flow and
conductance. It is noteworthy that no differences were
observed in the magnitude of response of hemodynamic
variables between sessions, indicating that MS caused
the same effect in all experimental sessions. Also, no
differences were observed in regards to the direct effect of
medication on hemodynamic variables, as we can attest
by the lack of difference between the baseline moments of
each session (Table 2). Moreover, none of the subjects
enrolled in the present study reported adverse effects
during any of the sessions.

Braz J Med Biol Res | doi: 10.1590/1414-431X2023e12547

Mental stress, oxidative stress, and endothelial dysfunction 4/10

https://doi.org/10.1590/1414-431X2023e12547


Regarding endothelial function, Dbase-adjusted FMD
decreased 30 min after MS (baseline, 8.73±1.03% vs
30MS, 7.49±1.03%; P=0.05) during the placebo session
but increased 60 min after the stress task (30MS, 7.49±

1.03% vs 60MS, 9.93±1.03%; Po0.02). During the
AT1R blockade session, FMD increased significantly in
response to MS (baseline, 7.60±1.02% vs 30MS, 10.66±

1.03%; Po0.01), and it was different from placebo (30MS,
10.66±1.03%; Po0.01). Baseline FMD was decreased
compared to AA (OLM, 7.60±1.02% vs AA, 9.33±1.03%;
Po0.02). Also, FMD decreased 60 min after MS (30MS,
10.66±1.03% vs 60MS, 9.89±1.03%; P=0.03), but it was
still higher compared to baseline (Po0.01). As for the AA
session, Dbase-adjusted FMD at 60MS was improved
compared to baseline (baseline, 9.25±1.02% vs 60MS,
11.03±1.03%; Po0.04) and 30MS (30MS, 9.41±1.02%;
Po0.01) (Figure 2).

Table 3 provides the results of resting diameter (cm),
peak diameter (cm), FMD%, AUCSR, and FMD%/AUCSR.
The resting diameter was smaller at the placebo session
compared to AT1R blockade, leading to a baseline
difference in resting diameter (Po0.01), whilst baseline
resting diameter at the AA session was smaller than
baseline in the AT1R blockade. There was a baseline
difference between FMD% during placebo and AT1R
sessions (Po0.04). As expected, peak diameter was
significantly higher than resting diameter at all times
during the three sessions (Po0.01). At the placebo

Table 1. Anthropometric, hemodynamic, and biochemical profile
of participants.

Variables Reference values

Overweight (n) 8 –
Obese (n) 7 –
Age (years) 27±7 –
Weight (kg) 91.7±10.2 –
Height (cm) 175±0.08 –
BMI (kg/m2) 29.8±2.51 25–34.9
Body fat (%) 31.7±3.62 12–20
Waist circumference (cm) 99.0±5.9 90–110
SBP (mmHg) 123±7 p120

DBP (mmHg) 80±8 p80

Heart rate (bpm) 72±11 60–100
Glucose (mg/dL) 87.4±7.76 65–99
Insulin (uIU/mL) 12.9±6.19 1.9–23
HOMA-IR 2.98±1.42 o4.5

HOMA-b 192.70±105.08 167.0–175.0
Total cholesterol (mg/dL) 185.45±41.17 o190

HDL (mg/dL) 41.18±7.54 440

LDL (mg/dL) 120.54±35.32 o130

VLDL (mg/dL) 23.83±9.74 2–30
TG (mg/dL) 109.36±57.1 o150

Data are reported as means±SD for a total of 15 participants.
BMI: body mass index; SBP: systolic blood pressure; DBP:
diastolic blood pressure; HDL: high-density lipoprotein choles-
terol; LDL: low-density lipoprotein cholesterol; VLDL: very-low-
density lipoprotein cholesterol; TG: triglycerides.

Table 2. Hemodynamic parameters at baseline, during mental stress, and during recovery in overweight/obesity individuals after drug
intervention.

Variables Baseline Mental Stress Recovery

Placebo

SBP (mmHg) 123±9 136±10* 124±10

DBP (mmHg) 76±8 88±10* 77±7

MBP (mmHg) 91±8 104±10* 93±8

Heart rate (bpm) 62±8 75±10* 64±8

Blood flow (mL/min) 179.89±77.49 224.37±102.31 232.63±141.96

Conductance (mL�min–1�mmHg–1) 1.96±0.77 2.15±0.94 2.53±1.42

AT1R blockade

SBP (mmHg) 120±8 133±10* 123±8

DBP (mmHg) 75±9 88±8* 75±7

MBP (mmHg) 87±17 99±19* 92±6

Heart rate (bpm) 63±8 76±10* 65±9

Blood flow (mL/min) 193.78±134.41 257.68±129.60 203.05±177.91

Conductance (mL�min–1�mmHg–1) 2.07±1.38 2.47±1.24 2.35±1.86

Ascorbic acid

SBP (mmHg) 124±9 140±6* 126±10

DBP (mmHg) 78±8 91±6* 80±8

MBP (mmHg) 94±8 107±6* 95±8

Heart rate (bpm) 65±11 76±11* 65±8

Blood flow (mL/min) 204.63±159.67 306.33±161.24 253.44±257.29

Conductance (mL�min–1�mmHg–1) 2.22±1.38 2.95±1.41 2.73±2.52

Data are reported as means±SD. SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure; AT1R:
angiotensin II type 1 receptor. *Po0.05 vs baseline and recovery within session (ANOVA).
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session, peak diameter at 30MS was lower compared to
baseline (Po0.04) and 60MS (Po0.02), which was
higher than baseline (Po0.02). No differences regarding
FMD% were observed in the placebo session. While
AUCSR did not change during the placebo session, FMD

%/AUCSR was significantly decreased at 30MS compared
to baseline (Po0.02).

Regarding the AT1R blockade session, resting diam-
eter presented the same behavior as peak diameter
during the placebo session, although peak diameter did
not change during AT1R blockade. In relation to FMD%,
endothelial function was improved at 30 min compared to
baseline (Po0.01) and to the same moment in the
placebo session (Po0.02). At 60 min, FMD% was still
increased compared to baseline (Po0.02). AUCSR did not
change during the AT1R blockade session. However,
FMD%/AUCSR was increased at 30MS compared to
placebo (Po0.02).

During the AA session, baseline resting diameter was
lower compared to the same moment in the AT1R
blockade session (Po0.01). At 60 min, resting diameter
was lower than baseline (Po0.01) and at 30 min during
the same session (Po0.02), and lower than the same
moment in the placebo session (Po0.01). FMD% at
30 min was higher compared to the same moment in the
placebo session (Po0.04) but was lower compared to the
AT1R blockade session (Po0.02). At 60 min, FMD% was
improved compared to baseline (Po0.02) and 30 min
(Po0.03) during AA infusion. Similar to the AT1R
blockade session, AUCSR did not change during the AA
blockade session, but FMD%/AUCSR was increased at 30
min compared to placebo (Po0.02). Moreover, at 60 min,
FMD%/AUCSR was significantly greater in the AA session
than in the placebo and AT1R blockade sessions.

Figure 2. Flow-mediated dilation (FMD) before (baseline), 30
(30MS), and 60 min (60MS) after mental stress in overweight/
obese individuals after oral administration of placebo, AT1R
blockade, or AA. Vertical lines indicate means and SD. *Po0.05
vs baseline; wPo0.05 vs 30MS; =Po0.05 vs placebo at the same
moment; yPo0.05 vs AT1R at the same moment (ANOVA).
AT1RB: angiotensin II type 1 receptor blockade; AA: ascorbic
acid.

Table 3. Flow-mediated dilation at baseline and 30 and 60 min after mental stress (MS) in overweight/obesity individuals after oral
administration of placebo and AT1R blocker and infusion of ascorbic acid.

Variables Baseline 30MS 60MS

Placebo

Resting diameter (cm) 0.407±0.57 0.408±0.56 0.409±0.53

Peak diameter (cm) 0.441±0.55w 0.436±0.55* w 0.446±0.55* w y

FMD (%) 9.06±2.79 7.22±1.94 9.45±3.85

AUCSR (10–3�s1) 20.79±10.36 24.78±15.02 20.98±9.11

FMD%/AUCSR (%�10–3�s1) 5.17±4.01 3.46±1.98* 4.14±2.00

AT1R blockade

Resting diameter (cm) 0.416±0.64# 0.403±0.62* 0.408±0.59*

Peak diameter (cm) 0.443±0.63w 0.446±0.57w 0.444±0.57w

FMD (%) 6.69±3.54# 11.20±5.03* # 9.47±4.38*

AUCSR (10–3�s1) 23.93±18.62 22.05±9.13 23.79±9.07

FMD%/AUCSR (%�10–3�s1) 4.79±5.18 5.88±4.02# 4.07±2.25

Ascorbic acid

Resting diameter (cm) 0.391±0.50= 0.391±0.48 0.385±0.49* # y

Peak diameter (cm) 0.429±0.46w 0.427±0.56w 0.430±0.48w #

FMD (%) 9.39±3.34 9.54±4.56# = 12.20±3.88* y

AUCSR (10–3�s1) 20.20±10.70 18.56±7.47 22.47±9.77

FMD%/AUCSR (%�10–3�s1) 5.55±3.55 5.19±2.550# 6.53±3.26# =

Data are reported as means±SD. FMD: flow-mediated dilation; AUC: area under the curve; SR: shear rate; 30MS: 30 min after mental
stress; 60MS: 60 min after mental stress; AT1R: angiotensin II type 1 receptor. *Po0.05 vs baseline within session; wPo0.05 vs resting
diameter; #Po0.05 vs placebo at the same moment; =Po0.05 vs AT1R blockade at the same moment; yPo0.05 vs 30MS within session
(ANOVA).
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In the placebo session, lipid peroxidation was
increased in response to MS (baseline, 4.97±1.02
nmol/mL vs MS, 6.06±1.95 nmol/mL, Po0.02; placebo,
6.06±1.95 nmol/mL vs AT1R blockade, 1.08±0.43 nmol/
mL, Po0.01; placebo, 6.06±1.95 nmol/mL vs AA, 4.74±
1.21 nmol/mL, Po0.01) but greatly decreased 60 min
after (baseline, 4.97±1.02 nmol/mL vs 60MS, 4.01±0.99
nmol/mL, Po0.03; MS, 6.06±1.95 nmol/mL vs 60MS,
4.01±0.99 nmol/mL, Po0.01). During the AT1R blockade
session and AA sessions, no differences were observed,
meaning that both prevented lipid peroxidation increase
during MS (Figure 3A). Protein carbonylation was also
increased during MS (baseline, 2.95±1.09 nmol/g vs MS,
4.52±1.95 nmol/g; Po0.01) and returned to baseline
levels 60 after MS during the placebo session (MS, 4.52±
1.95 nmol/g vs 60MS, 3.16±2.45 nmol/g; Po0.03).

Similar to lipid peroxidation, AT1R blockade and AA
prevented protein carbonylation increase during MS
(placebo, 4.52±1.95 nmol/g vs AT1R blockade, 3.05±
1.38 nmol/mL, Po0.01; placebo, 4.52±1.95 nmol/g vs
AA, 3.22±2.33 nmol/mL, Po0.01) (Figure 3B).

As for catalase activity, there was a baseline difference
between placebo and AT1R blockade (placebo, 61.18±
34.7 (nmol�min–1�mL–1) vs AT1R blockade, 120.27±96.2
pg/mL; Po0.05). During the placebo session, catalase
activity increased during MS (baseline, 61.18±34.7 pg/
mL vs MS, 116.24±61.9 pg/mL; Po0.01) and decreased
to baseline levels 60 min after (MS, 116.24±61.9 pg/mL
vs 60MS, 76.43±60.16 pg/mL; Po0.02). Once again, no
differences were observed with either the AT1R blockade
or with AA (Figure 4A). Comparable to catalase, SOD
activity increased during MS only in the placebo session

Figure 3. Lipid peroxidation (A) and carbonylated proteins (B)
before (baseline), during (MS), and 60 min (60MS) after mental
stress in overweight/obesity individuals after oral administration of
placebo, AT1R blockade, and AA. Vertical lines indicate means
and SD. *Po0.05 vs baseline; wPo0.05 vs 60MS; =Po0.05 vs
placebo at the same moment. FMD: flow-mediated dilation;
AT1RB: angiotensin II type 1 receptor blockade; AA: ascorbic acid.

Figure 4. Catalase (A) and SOD (B) activity before (base-
line), during (MS), and 60 min (60MS) after mental stress in
overweight/obesity individuals after oral administration of pla-
cebo, AT1R blockade, and AA. Vertical lines indicate means and
SD. *Po0.05 vs baseline; wPo0.05 vs MS; =Po0.05 vs placebo
at the same moment (ANOVA). FMD: flow-mediated dilation;
AT1RB: angiotensin II type 1 receptor blockade; AA: ascorbic
acid.
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(baseline, 0.80±0.49 pg/mL vs MS, 0.85±0.72 pg/mL,
Po0.01; placebo, 0.85±0.72 pg/mL vs AT1R blockade,
0.67±0.31 pg/mL, Po0.05; placebo vs AA, 0.48±0.22
pg/mL, Po0.05) and decreased to baseline levels 60 min
after (MS, 0.85±0.72 pg/mL vs 60MS, 0.39±0.22 pg/mL;
Po0.02) (Figure 4B).

Discussion

The findings of the present study are three-fold: 1)
AT1R blockade improved endothelial function after stressful
situations in normotensive overweight/obese grade I men,
reinforcing our hypothesis that the activation of the Ang II-
AT1R pathway may be an important mechanism respon-
sible for transient endothelial dysfunction; 2) ascorbic acid
also improved endothelial function albeit only 1 h after
exposure to stress; 3) stress provoked increases in both
the oxidative profile (lipid peroxidation and protein carbon-
ylation) and the antioxidant enzymes (catalase and SOD),
while AT1R blockade and ascorbic acid prevented this
response. Thus, the present study provided evidence that
AT1R-mediated oxidative stress is an important underlying
mechanism of transitory endothelial dysfunction induced by
MS in overweight/obese adults.

Tasks of mental stress have been largely used as a
simulation of mental or psychological stress situations
in a standardized and controlled environment under
hemodynamic, vascular, and electrocardiographic mon-
itoring. Several studies, including from our research
group, have used this type of intervention to assess
endothelial function in healthy subjects and patients under
cardiometabolic risk (3,5–7). The Stroop task used in the
present study was able to inflict the same stressful
stimulus in the three sessions, as evidenced by similar
increases in hemodynamic variables during the protocol.
However, to the best of our knowledge, ours is the first
study to provide direct evidence of the participation of the
Ang II-AT1R pathway in the impairment of endothelial
function in response to MS.

In the present study, endothelial function was severely
impaired 30 min after MS but recovered within 60 min in
the placebo session. It is well documented that acute
exposure to MS leads to transient endothelial dysfunction
in healthy and pathological conditions (5,6); however, the
magnitude and extent of this response can be influenced
by the duration of MS (5), subjects’ responsiveness (27),
and previous health conditions (28). A previous study from
our group showed that individuals with metabolic syn-
drome had reduced FMD at 30 and 60 min after acute MS
(6). Considering that the subjects in this research did not
present any other comorbidity, the recovery process may
have been more efficient. Moreover, the return of FMD to
baseline levels was accompanied by a normalization of
the oxidative stress levels. It is possible that the normal-
ization of the redox homeostasis is the mechanism behind
the improvement in endothelial function.

On the other hand, AT1R blockade improved endothe-
lial function after MS and this effect was maintained for up
to 60 min, providing evidence that the Ang II-AT1R
pathway is implicated in the transient endothelial function
observed after MS. Indeed, the activation of the Ang II-
AT1R pathway enhances the expression of ROCK1 and
gp91phox, the catalytic component of NAPDH oxidase
(29), which promotes oxidative stress and imbalances
among vasoactive substances.

Ascorbic acid has been related to endothelial cell
proliferation, apoptosis and smooth muscle-mediated
vasodilation, among other endothelium-mediated effects
(30). Clinical studies have shown that intravenous infusion
of ascorbate promotes endothelial-dependent dilation in
patients with cardiovascular risk such as atherosclerosis
(31) and diabetes (32), possibly by sparing endothelial cell-
derived NO and scavenging superoxide that would other-
wise react with free NO (33). Corroborated by Plotnick et al.
(34), AA did not influence endothelial function after mental
stress, however, the maintenance of FMD at values similar
to pre-stress could be interpreted as a protection/preven-
tion mechanism against the transitory endothelial dysfunc-
tion observed during the placebo session. The
improvement observed 60 min after MS could be a delayed
effect of AA. It is important to highlight that Halliwill et al.
(35) has shown that inhibition of the sympathetic system
does not improve endothelial function during or after MS,
reinforcing that oxidative stress may have a key role in
modulating the endothelial response to MS.

Endothelial cells generate superoxide and hydrogen
peroxide (H2O2) as a result of both cytoplasmic and
mitochondrial metabolism (33). Moreover, NADPH oxi-
dase activation, mainly by the stimulation of its subunits
NOX1 and NOX4 (29), boosts the formation and accumu-
lation of intracellular superoxide anion (36). The super-
oxide anion is rapidly dismutated to hydrogen peroxide,
provoking endothelial cell damage (29). While ROS
signaling is a key player in the maintenance of vascular
tone, exposure to stressful situations seems to evoke
imbalanced redox homeostasis, as observed in the
present study. The MS task increased lipid peroxidation
and protein carbonylation and increased catalase and
SOD activity, possibly in response to a pro-oxidant
environment. This phenomenon was neither observed
when the Ang II- AT1R pathway was blocked nor when AA
was infused. These findings supported our hypothesis that
the transitory endothelial dysfunction observed after MS
could be a result of A1TR-mediated redox imbalance.

Some limitations must be considered when interpret-
ing the results of the present study. The lack of women in
our sample may be considered a limitation concerning the
external validity of the results to the entire population. In
order to avoid the established effects of sex hormones on
the vascular function of women, we opted to enroll only
men in the study. Therefore, the present results do not
allow us to infer that the same responses would be
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observed in women. Also, a group with eutrophic subjects
would enrich the study, so our results cannot be
extrapolated to this specific population either. Additionally,
the lack of plasma Ang II measurements is a limitation.
Regardless of the Ang II levels, the AngII-AT1R pathway
may have a role in stress-mediated endothelial dysfunction
even in normotensive overweight/obese adults. However,
the 3-way crossover, randomized, placebo-controlled pro-
tocol may attenuate this limitation. During the experimental
sessions, blind evaluators assessed all measures; how-
ever, a single non-blind evaluator analyzed all FMD data.
Moreover, endothelium-independent vasodilation and
AT1R blockade could not be tested; however, Stangier
et al. (37) showed that 40 mg of telmisartan produced 80%
inhibition of the receptor. Given that olmesartan presents
higher binding affinity to the AT1R than telmisartan, it is
unlikely that the inhibition induced in the present study was
lower than that observed with telmisartan (38,39). Lastly,
our results did not reflect changes in vitro and other studies
are necessary for a better understanding of the mechan-
isms involved in this phenomenon.

In conclusion, the results of the present study provided
compelling evidence regarding the transient endothelial
dysfunction observed in response to acute MS. Moreover,
the mentioned impairment in FMD seems to be directly
influenced by the redox homeostasis imbalance. Blockade
of the Ang II-AT1R pathway evoked a significant
improvement in endothelial function after MS, while AA

presented a delayed positive impact on flow-mediated
dilation. Both interventions also prevented the deregula-
tion of ROS signaling, providing evidence that A1TR-
mediated oxidative stress is an important mediator of the
FMD response after MS. Our study provides new insight
into the mechanisms that underlie the deleterious
response to MS and the MS consequence on the
endothelial function of individuals with overweight/obesity.
Thereby, defining new pathways that influence endothelial
function is an important tool for understanding the
pathological response to stressful situations.
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