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Abstract

Purpose Repeated cycles of endothelial ischemia-reperfusion injury and the resulting respiratory burst contribute to the
irreversible pathophysiology of vascular diseases, and yet, the effects of ischemia reperfusion on vascular function, oxidative
stress, and nitric oxide (NO) bioavailability have not been assessed simultaneously. Therefore, this study sought to examine
the effects of prolonged forearm occlusion and subsequent reperfusion on NO-dependent brachial artery endothelial function.
Methods Flow-mediated dilatation was measured at baseline and 15, 30, and 45 min after 20-min forearm occlusion in 14
healthy, but physically inactive middle-aged men (53.7 + 1.2 years, BMI: 28.1 +0.1 kg m~2). Venous blood samples collected
from the occluded arm were analyzed for NO metabolites and markers of oxidative stress.

Results FMD was significantly depressed after the prolonged occlusion compared to baseline, with a significant reduction
15-min post-occlusion (6.6 +0.7 to 2.9 +0.4%, p <0.001); FMD remained depressed after 30 min (4.1 +0.6%, p=0.001),
but was not significantly different to baseline after 45-min recovery (5.4 £0.7%, p=0.079). Plasma nitrate (main time
effect: p=0.015) and nitrite (main time effect: p=0.034) concentrations were significantly reduced after prolonged occlu-
sion. Plasma catalase activity was significantly elevated at 4- (p =0.016) and 45-min (p =0.001) post-occlusion, but plasma
peroxiredoxin 2 and protein carbonyl content did not change.

Conclusions Prolonged forearm occlusion resulted in acute impairment of endothelium-dependent vasodilatation of the
brachial artery for at least 30 min after reperfusion. We demonstrate that this vascular dysfunction is associated with oxida-
tive stress and reduced NO bioavailability following reperfusion.
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increased generation of superoxide (Bertuglia and Giusti
2003; Eltzschig and Eckle 2011) derived from mitochon-
drial (JeZek and Hlavat4 2005) and enzymatic sources, such
as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase and xanthine oxidase (Ray and Shah 2005; Louko-
georgakis et al. 2010). This is thought to be due to decreased
nitric oxide (NO) production or bioavailability (Xia et al.
1996), caused by disruption in endothelial nitric oxide syn-
thase (eNOS) function or excess generation of reactive oxy-
gen species (ROS) and conversion to the highly cytotoxic
peroxynitrite (Xia et al. 1996) via reaction of NO with super-
oxide (Li and Shah 2004).

Several human experimental studies have found that
prolonged occlusion reduced forearm blood flow (Pernow
et al. 2003; Mayabhi et al. 2007; Pleiner et al. 2008) as well
as endothelium-dependent vasodilatation assessed via flow-
mediated dilatation (FMD) after 15-min reperfusion. This
may be due to eNOS uncoupling (Pleiner et al. 2008; De Pas-
cali et al. 2014) and related to increased generation of ROS,
as indicated by increased plasma F2 isoprostanes (Davies
et al. 2009). However, to date, no studies have measured
changes in endothelium-dependent vasodilatation in paral-
lel with NO metabolites and biomarkers of oxidative stress
after ischemia—reperfusion. Devan et al. (2011) measured
plasma nitrite [NO,™] and nitrate [NO;™] concentrations
prior to occlusion, but this was not related to the subsequent
ischemia—reperfusion-induced attenuation of FMD. Mayahi
et al. (2007) measured plasma [NO, ] and [NO;] concen-
trations following 20-min forearm occlusion using the less
sensitive spectrophotometric method (Griess reagent) rather
than the more sensitive chemiluminescence assay and found
no change from baseline after 15 min of reperfusion, but
vascular function was not assessed.

Empirical data on the effects of ischemia—reperfusion
(IR) on endogenous antioxidant concentration or activ-
ity are scarce. Inhibition of ROS production and/or ROS
scavenging via endogenous antioxidants may prevent the
eNOS uncoupling that contributes to endothelial dysfunc-
tion induced by IR (Bertuglia and Giusti 2003; Pleiner et al.
2008). These scavenging mechanisms may involve super-
oxide and hydrogen peroxide (H,0,) metabolising enzymes
such as superoxide dismutase (SOD), catalase (CAT), glu-
tathione peroxidase (GPx), and peroxiredoxin (Prx). In iso-
lated perfused mouse hearts subjected to 40 min of ischemia
followed by 60 min of reperfusion, Prx2 levels decreased
to about 65% of pre-ischemic values implicating oxidative
stress, although there was no change in the expression of
CAT (Zhao et al. 2009).

Ischemia—reperfusion injuries are relatively common vas-
cular events during general surgical procedures, and present
a significant problem for organ transplant (Serracino-Inglott
et al. 2001). For instance, myocardial injury was experienced
during non-cardiac surgery by 8% of individuals aged over
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45 years, with the majority of these events clinically silent
(Abbott et al. 2016). Despite this incidence level, and the
significant tissue damage resulting from IR leading to irre-
versible pathophysiology such as myocardial infarction and
stroke, our understanding of the aftermath of IR and the
availability/efficacy of therapeutic strategies is still poor. For
the first time, we have made comprehensive measurements
of changes in endothelial-dependent vasodilatation after
prolonged forearm occlusion, in tandem with the changes
in plasma [NO, ] and [NO;™], CAT activity, and Prx2 con-
centration. We hypothesized that (1) flow-mediated dilata-
tion would be attenuated in tandem with reduced plasma
nitrite concentration due to reduced NO bioavailability and
(2) oxidative damage would occur after prolonged occlusion
as evidenced by elevated plasma CAT activity and protein
carbonyl (PC) content.

Methods
Participants

Fourteen physically inactive male participants (age
53.7+ 1.2 years, BMI 28.1+0.1 kg m~2, Table 1) were
recruited from local residents in Devon, United Kingdom.
All participants were non-smokers and ostensibly healthy,
with no known history of diabetes, cardiovascular diseases,
or musculoskeletal conditions, and were not taking any
drugs or nutritional supplements as assessed by question-
naires. The experimental protocols were approved by the
University of Exeter Research Ethics Committee prior to
the commencement of data collection, and conformed with
the Declaration of Helsinki. All participants provided their
written informed consent at an initial visit, after which par-
ticipant height, weight, and blood pressure were measured.

Experimental protocol
Trials were conducted in a quiet room with dim light and

room temperature set at 23—24 °C. A schematic of the exper-
imental protocol is provided in Fig. 1. After an overnight

Table 1 Participant characteristics

Age, year 53+1
Height, cm 179+1
Weight, kg 90.6+3.5
Body mass index, kg/m? 28.1+0.1
Heart rate, beat/min 65+1
Systolic blood pressure, mmHg 139+5
Diastolic blood pressure, mmHg 86+3

Values are expressed as mean+ SE
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Fig. 1 Brachial artery flow-mediated dilatation (FMD) and venous blood collection before and after prolonged occlusion protocol to induce tran-
sient ischemic reperfusion injury (IRI). Arrows represent FMD measurements and collection of blood samples

fast and abstention from alcohol, exercise, and caffeine for
48 h, participants arrived at the laboratory and a cannula was
placed in the antecubital vein of the left arm. Participants
rested in a supine position for 10 min, before basal FMD was
assessed in the left arm. After 15-min recovery, the forearm
was occluded with a cuff placed just below the elbow and
inflated to 200 mmHg for 20 min. The prolonged occlusion
procedure was well tolerated by participants. Tissue oxygen-
ation in the forearm musculature was monitored using near
infrared spectroscopy (Hamamatsu Photonics KK, Shizuoka
Pref., Japan) and tissue oxygenation index (TOI) decreased
from 65.1 +1.0 to 29.5 +2.7% during prolonged occlusion.
Most participants reported “pins and needles” in the forearm
during reperfusion, but described no other discomfort. FMD
measurements were then repeated after 15, 30, and 45-min
recovery. Blood samples were obtained at baseline, imme-
diately, and 2, 4, 15, 30, and 45 min after the 20-min occlu-
sion for measurement of plasma [NO, ] and [NO;™], with
those at 15, 30, and 45 min collected immediately after the
cuff release associated with the FMD measurement. Blood
samples were centrifuged at 4000 rpm and 4 °C for 10 min,
within 1 min of collection. Plasma samples were immedi-
ately frozen at — 80 °C for later analysis. Plasma [NO,™]
and [NO;™] was measured in all samples and plasma CAT
activity, protein carbonyl and Prx2 content were measured
at baseline and 4- and 15-min reperfusion.

Measurements
Brachial artery FMD

Brachial artery dilation in response to a 5-min ischemic
stimulus was performed to quantify endothelium-dependent
vasodilatation. Brachial artery FMD was examined in the
left arm, with the arm extended and positioned at an angle of
approximately 80° from the torso. To allow capture of ECG
gated images, three ECG electrodes were positioned at the
left and right intraclavicular fossa and left iliac crest. A rapid
inflation and deflation pneumatic cuff (Hokanson, Bellevue,
WA) was positioned around the forearm immediately distal

to the olecranon process. A high-resolution ultrasonography
system (Sequoia 512, Acuson; Siemens) with a 13-MHz lin-
ear array transducer was used to image the brachial artery in
the distal one-third of the upper arm in accordance with the
established protocol in our laboratory (Bond et al. 2015a, b)
and recent guidelines (Thijssen et al. 2011). To ensure arm
stability and transducer placement, a customized armrest
and transducer holder device cradled the arm and locked
the transducer in position providing the optimal image of
the brachial artery. Ultrasound parameters were set to opti-
mize the longitudinal B-mode images of the lumen—arterial
wall interface and maintained for all recordings. Continu-
ous Doppler velocity measurements were collected using a
60° insonation angle for all acquisitions. The occlusion cuff
was inflated to 250 mm Hg to completely block the arterial
inflow for 5 min. Brachial artery diameter and blood flow
recordings resumed 30 s before cuff deflation and continued
for 3 min thereafter. Ultrasound images were captured at
the beginning of the R-wave, which marks the end of the
diastolic phase and then analyzed off-line using validated
electrocardiogram (ECG)-gating software (Brachial Ana-
lyzer 5 Vascular Devices, Medical Imaging Applications,
Coralville, IA) (Mancini et al. 2002). As an indication of
autonomic function, heart rate variability (HRV) was cal-
culated using the root mean square of the squared differ-
ences (RMSSD) between adjacent R-R intervals during the
60 s prior to cuff inflation (Kubios, Biosignal Analysis and
Medical Imaging Group, Joensuu, Finland), in line with our
earlier work (Bond et al. 2016).

Plasma nitrite and nitrate concentration

All glassware, utensils, and surfaces were rinsed with deion-
ized water to remove residual [NO,™] and [NO;™] before
blood analyses. Undiluted (nondeproteinized) and depro-
teinized plasma was used to analyze [NO, | and [NO;™],
respectively, using a Sievers gas-phase chemiluminescence
NO analyzer (NOA; Sievers NOA 280i; Analytix, Durham,
UK) as described in the previous studies (Wylie et al. 2013a,
b).
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Plasma protein carbonyl concentration

Protein content in all plasma samples was measured using
NanoDrop Lite (Thermo Fisher Scientific Inc, Delaware,
USA). Each plasma sample was diluted to 10 pg/ml of pro-
tein in 1X phosphate buffer saline, and analyzed for protein
carbonyl content (OxiSelect Protein Carbonyl ELISA Kkit,
Cell Biolabs Inc, California, USA). Briefly, samples were
allowed to adsorb to wells of a 96-well plate and then reacted
with dinitrophenol hydrazine (DNPH). The protein carbon-
yls derivatized to dinitrophenyl hydrazone (DNP) were
probed with an anti-DNP antibody. The standard curve was
prepared from commercially prepared reduced and oxidised
BSA standards as provided.

Plasma Prx2 concentration

Plasma was diluted 16-fold and analyzed for [Prx2] using
enzyme-linked immunosorbent assay (ELISA) kit accord-
ing to the manufacturer’s instructions (Cloud-Clone Corp,
Texas, USA). Briefly, standards and samples were added to
the microtiter plate wells with a biotin-conjugated antibody
specific to Prx2. Next, avidin conjugated to horseradish per-
oxidase was added to each microplate well and incubated.
After tetramethylbenzidine substrate solution was added,
wells that contain Prx2, biotin-conjugated antibody and
enzyme-conjugated avidin exhibited a change in colour. The
enzyme-—substrate reaction was terminated by the addition of
sulphuric acid solution and the colour change was measured
spectrophotometrically at a wavelength of 450+ 10 nm. The
concentration of Prx2 in the samples was determined by
comparing the optical density of the samples to the standard
curve.

Plasma CAT activity

Plasma was diluted fivefold and analyzed for CAT activ-
ity using enzyme-linked immunosorbent assay (ELISA)
kit according to the manufacturer’s instructions (Cayman
Chemical, Michigan, USA). In brief, the peroxidase function
of CAT was determined based on the reaction of the enzyme
with methanol in the presence of an optimal concentration
of hydrogen peroxide. The change in colour of formalde-
hyde formation was measured with 4-amino-3-hydrazino-
5-mercapto-1,2,4-triazole as the chromogen. One unit of
CAT was defined as the amount of enzyme that causes the
formation of 1.0 nmol of formaldehyde per minute at 25 °C.
CAT activity was expressed in nmol/min/ml.

Data and statistical analysis

All FMD analyses were performed by the same investigator.
The region of interest was carefully defined on the clearest
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images and this process was repeated for every baseline,
cuff inflation, and deflation during FMD measurement.
Frame-by-frame analysis of artery diameter (mm) and blood
flow velocity (m/s) was performed by the same analyst. Pre
diameter was calculated as mean artery diameter during 1
min recording before each cuff inflation. Peak diameter was
determined as the highest artery diameter after each cuff
deflation. Endothelium-dependent vasodilatation was calcu-
lated as the percentage increase in arterial diameter after a
5-min ischemic stimulus. The total shear rate area under the
curve (SR AUC) was calculated as the area under the shear
curve vs time immediately after cuff deflation until peak
arterial diameter (Pyke and Tschakovsky 2006). Baseline
FMD was correlated with SR AUC (r=0.712, p=0.004),
and therefore, FMD was also normalized to SR AUC (31).
All data are presented as mean =+ standard error (SE). FMD,
baseline diameter, peak diameter, SR AUC, RMSSD as well
as plasma [NO, "] and [NO; "], [PC], [Prx2], and CAT activ-
ity were analyzed using one-way repeated measures analysis
of variance (ANOVA) with time treated as a within subject
variable. When a significant effect was found, Bonferroni
corrected ¢ tests were used to determine specific differences.
Data were analyzed using statistical software (SPSS Version
23; IBM Corporation, New York, USA), with significance
accepted as p <0.05.

Results

FMD

Flow-mediated dilatation was significantly depressed
after the prolonged occlusion compared to baseline (main
effect of time, p=0.001; Fig. 2), with FMD significantly
lower than baseline after 15 min (56 +5%, p <0.001) and
30 min (36 + 6%, p=0.001) but not 45 min after prolonged

Baseline 15 30 45

Time Post Occlusion (minute)

Fig.2 Brachial artery flow-mediated dilatation (FMD) measured
before and after prolonged occlusion. *p <0.05 vs baseline
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occlusion (15+8%, p=0.079). Brachial artery diameter
measured before cuff inflation for FMD assessment was
significantly higher 15 min after the prolonged occlusion
(»=0.005) when compared to baseline values but not at 30-
or 45-min post-occlusion (p > 0.05, Table 2). In contrast, the
peak diameter was significantly lower 15 min (p=0.009) and
30 min (p=0.020) after prolonged occlusion when compared
to baseline values. There was also a tendency for reduction
in SR AUC (main time effect, p=0.095, *>=0.149) after
prolonged occlusion compared to baseline (Table 2). FMD
normalized to SR AUC (FMD:SR AUC) was also signifi-
cantly depressed after the prolonged occlusion compared
to baseline (main effect of time, p <0.001; Table 2), with
FMD:SR AUC significantly lower than baseline after 15-
(50+6%, p<0.001) and 30-min (33 £5%, p=0.02) post-
occlusion but not 45 min after prolonged occlusion (16 +7%,
p=0.481).

HRV

There was no main effect of time for RMSSD (base-
line 41.6 + 3.8 ms; post-occlusion 42.3 +4.0 ms; 15-min
post-occlusion 41.4 +3.0 ms; 30-min post-occlusion
40.3 +4.3 ms; 45-min post-occlusion 43.7 +4.8; p=0.56).

Plasma analyses

Plasma [NO;™] (main effect of time, p=0.015, Fig. 3a)
and [NO, "] (main time effect: p=0.034, Fig. 3b) were sig-
nificantly reduced after prolonged occlusion, with post hoc
analysis revealing significant reductions vs baseline at all
timepoints for [NO;™] and at 45 min for [NO,™]. There were
no significant effects of prolonged occlusion on plasma PC
(Fig. 4a) and Prx2 (Fig. 4b) contents at any timepoints. How-
ever, plasma CAT activity was significantly elevated at 4-
(»=0.016) and 15-min (p =0.001) post-occlusion (Fig. 4c).
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Fig.3 Plasma nitrate (a) and nitrite (b) concentration measured
before and after prolonged occlusion. *p <0.05 vs baseline

Discussion

Endothelium-dependent vasodilatation was impaired for at
least 30 min following the prolonged forearm occlusion.
Here, we report, for the first time, the effects of experi-
mentally induced IR on HRYV, plasma [NO;™], [NO,"], PC
and Prx2 concentrations as well as CAT activity in parallel
with FMD. We demonstrate that the attenuation of FMD
occurred in the absence of any changes in autonomic func-
tion, but was mirrored by the significant reduction in both
plasma [NO;™] and [NO, ] concentrations after prolonged
occlusion, implicating reduction in NO bioavailability in the
impaired vascular response following prolonged IR. This is
perhaps due to the oxidative stress induced by the ischemia

Table 2 Brachial artery flow-

) ‘ . Time Pre diameter (mm) Peak diameter (mm) SR AUC FMD:SR AUC (AU)
mediated dilatation measures
before (pre) and after (15, Baseline 3.80+0.13 4.04£0.13 694 + 82 0.98+0.09
22&11“5‘3015 min) prolonged 15-min post 3.88+0.13% 3.99+0.14% 603455 0.49+0.06*
30-min post 3.83+0.13 3.98+0.14* 622 +49 0.65+0.07*
45-min post 3.80+0.13 4.00+0.13 684 +61 0.79+0.08

Data are expressed as means +SE

FMD flow-mediated dilatation, SR AUC shear rate area under the curve

*p <0.05 vs baseline
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Fig.4 Plasma protein carbonyl concentration ([PC]) (a), peroxire-
doxin 2 concentration ([Prx2]) (b) and catalase (CAT) activity (c)
measured before and after prolonged occlusion. *p <0.05 vs baseline

reperfusion, since plasma CAT activity was significantly
elevated post-occlusion, although there were no significant
changes in plasma PC and Prx2 concentrations.

In the present study, FMD was reduced by 50% for at
least 30 min after prolonged occlusion, but was not statis-
tically different from baseline after 45-min reperfusion.
This magnitude of FMD suppression is consistent with
data in sedentary adults reported by other groups: 30%
(DeVan et al. 2011) and 36% (Rakobowchuk et al. 2013)
15-min post prolonged occlusion, although Rakobowchuk
et al. (2013) found that FMD recovered earlier (30-min
post-occlusion) in eight healthy middle-aged women. In
contrast, Carter et al. (2014) reported a similar duration
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of suppression, but found that the magnitude of FMD sup-
pression was greater (46%, Carter et al. 2014). This may
relate to the cuff placement on the upper arm (Carter et al.
2014), whereas, in the present study and others, the cuff
was applied just below the elbow during the 20-min occlu-
sion (DeVan et al. 2011; Rakobowchuk et al. 2013). In the
present study, there was a tendency for augmentation in
baseline diameter of the brachial artery after prolonged
occlusion which was also observed in the previous studies
(Carter et al. 2014; Schreuder et al. 2014). Mullen et al.
(2001) reported that 15-min hand ischemia resulted in a
more prolonged reactive hyperemia and sustained dilation
of the artery proximal to the ischemia location in response
to a continuous flow stimulus which was unaffected by
the NO synthase inhibitor N®monomethyl-; -arginine
(L-NMMA). Therefore, in contrast to the response to a
5-min occlusion, which is largely NO dependent, the vaso-
dilation induced by a more prolonged occlusion appears
to also involve NO-independent mechanisms. In support
of this view, endothelium-derived hyperpolarizing factor
is upregulated during eNOS dysfunction, causing arterial
vasodilation via vascular smooth muscle hyperpolariza-
tion (Bryan et al. 2005). Previous studies that adopted a
similar forearm occlusion protocol also demonstrated that
IR causes endothelial but not smooth muscle dysfunction
(Pernow et al. 2003; Pleiner et al. 2008). Pernow et al.
(2003) showed a significant attenuation in the acetylcho-
line-induced endothelium-dependent vasodilatation 15
and 30 min after occlusion, but there was no difference
in endothelium independent vasodilatation response to
sodium nitroprusside (SNP) at 30- and 60-min reperfu-
sion. This suggests that the ability of the smooth muscle to
relax was unaffected by IR, although the vascular response
to SNP at 15-min post-occlusion was not assessed (Pernow
et al. 2003). Pleiner et al. (2008) confirmed that smooth
muscle function in response to nitroglycerin was unaf-
fected 15 min after 20-min forearm occlusion, and this
pathway may contribute to the increase in prediameter
after prolonged occlusion.

Following reperfusion, eNOS activity is reduced result-
ing in suppressed NO production (Lundberg et al. 2015).
Furthermore, the ischemic conditions in the forearm tis-
sue induced by the prolonged occlusion will produce an
hypoxic environment (decline from 65 to 29% tissue oxy-
genation index in the forearm musculature in this study)
with low pH in the vasculature distal to the cuff, which will
promote reduction of nitrite to NO (Lundberg et al. 2008).
The reductions in plasma [NO, ] and [NO;] observed in
the present study may, therefore, be due to both decreased
nitrite formation from NO produced via eNOS, as well
as increased conversion of nitrite to NO. Plasma [NO, ]
and [NO;™] were reduced after prolonged occlusion and
remained depressed after 45-min reperfusion when FMD
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was no longer statistically different from baseline. This
corroborates the suggestion that restoration of FMD after
prolonged occlusion is not entirely NO dependent.

Reperfusion following occlusion results in increased
ROS generation, with significant increases in plasma
F2-isoprostane after prolonged occlusion which may be
sustained for up to 4 h (Traustadottir et al. 2009). How-
ever, in the present study, there was no change in plasma
protein carbonyls or Prx2 concentration after prolonged
occlusion. A positive association between plasma Prx2
level and endothelial function has been reported in both
human (EIl Eter et al. 2014) and animal studies (Zhao et al.
2009; Park et al. 2011). Mouse hearts perfused ex vivo in
Langendorff model and subjected to 40 min of ischemia
followed by 60 min of reperfusion showed a significant
decrease in Prx2 to about 65% of pre-ischemic values
(Zhao et al. 2009). It is possible that the shorter duration
of forearm ischemia (20 min) and reperfusion (45 min),
and smaller relative tissue volume involved in the pre-
sent study as well as higher sensitivity of the myocardium
vs the peripheral vasculature to ischemia accounted for
the discrepancy in Prx2 response. There was, however,
a significant increase in plasma CAT activity after pro-
longed occlusion in the present study, which is sugges-
tive of increased levels of hydrogen peroxide induced
by ischemia-reperfusion. Previous studies with isolated
human arterioles suggest that even brief periods of ele-
vated intra-luminal pressure impair NO bioavailability
and elevate mitochondrial-derived hydrogen peroxide that
provides a compensatory dilator mechanism (Beyer et al.
2014). Interestingly, Akinmoladun et al. (2016) found
that SOD activity was significantly reduced, whereas
CAT activity was increased in perfusates from reperfused
ischemic rat hearts compared to non-ischemic heart per-
fusates (Akinmoladun et al. 2016). Catalase has a higher
affinity for H,O, at higher concentrations (Km for H,0,
approximately 1 mM) when compared to Prx2 (Km for
H,0, approximately 1 uM) (Chae et al. 1999; Vetrano
et al. 2005), which may account for the differential CAT
and Prx2 response to IR in the present study.

In conclusion, prolonged occlusion resulted in a tem-
porary reduction in endothelium-dependent vasodilatation
of the brachial artery with response returned to baseline
within 45 min. Ischemia induced reductions in vascular
function are likely to be related in part to reductions in NO
bioavailability due to ROS generation following reperfu-
sion. Therapeutic approaches to combat IR and its conse-
quences should, therefore, include enhancing antioxidant
system capability and/or NO bioavailability.

Acknowledgements Jonathan Fulford’s salary was supported via a
National Institute for Health Research grant and Zainie Aboo Bakkar
was supported by a studentship from the Universiti of Kuala Lumpur.

Author contributions JF, PEG, and JB conceived and designed
research. ZAB, BB, JF, SJ, PEG, and JB conducted experiments. ZAB,
JF, BB, and SJ analyzed data. ZAB, BB, PEG, AMJ, and JB wrote the
manuscript. All authors read and approved the manuscript.

Compliance with ethical standards

Conflict of interest All authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Abbott TEF, Ackland GL, Archbold RA, Wragg A, Kam E, Ahmad T,
Khan AW, Niebrzegowska E, Rodseth RN, Devereaux PJ, Pearse
RM (2016) Preoperative heart rate and myocardial injury after
non-cardiac surgery: results of a predefined secondary analysis
of the VISION study. Br J Anaesth 117(2):172—181. https://doi.
org/10.1093/bja/aew 182

Akinmoladun AC, Olowe JA, Komolafe K, Ogundele J, Olaleye MT
(2016) Antioxidant activity and protective effects of cocoa and
kola nut mistletoe (Globimetula cupulata) against ischemia/rep-
erfusion injury in Langendorff-perfused rat hearts. J Food Drug
Anal 24:417-426

Bertuglia S, Giusti A (2003) Microvascular oxygenation, oxida-
tive stress, NO suppression and superoxide dismutase dur-
ing postischemic reperfusion. Am J Physiol Hear Circ Physiol
285:H1064-H1071

Beyer AM, Durand MJ, Hockenberry J, Gamblin TC, Phillips SA,
Gutterman DD (2014) An acute rise in intraluminal pressure
shifts the mediator of flow-mediated dilation from nitric oxide
to hydrogen peroxide in human arterioles. AJP Hear Circ Physiol
307:H1587-H1593

Bond B, Cockcroft EJ, Williams C, Harris S, Gates PE, Jackman SR,
Armstrong N, Barker AR (2015a) Two weeks of high-intensity
interval training improves novel but not traditional cardiovascular
disease risk factors in adolescents. Am J Physiol Hear Circ Physiol
309:H1039-H1047

Bond B, Gates PE, Jackman SR, Corless LM, Williams C, Barker R
(2015b) Exercise intensity and the protection from postprandial
vascular dysfunction in adolescents. Am J Physiol Hear Circ
Physiol 308:H1443-H1450

Bond B, Williams CA, Barker A (2016) The reliability of a single
protocol to determine endothelial, microvascular and autonomic
functions in adolescents. Clin Physiol and Func Imag 37:703-709

Bryan RM, You J, Golding EM, Marrelli SP (2005) Endothelium-
derived hyperpolarizing factor: a cousin to nitric oxide and pros-
tacyclin. Anesthesiology 102:1261-1277

Carter SE, Faulkner A, Rakobowchuk M (2014) The role of prosta-
glandin and antioxidant availability in recovery from forearm
ischemia-reperfusion injury in humans. J Hypertens 32:339-351

Chae HZ, Kim HJ, Kang SW, Rhee SG (1999) Characterization of three
isoforms of mammalian peroxiredoxin that reduce peroxides in
the presence of thioredoxin. Diabetes Res Clin Pract 45:101-112

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/bja/aew182
https://doi.org/10.1093/bja/aew182

1572

European Journal of Applied Physiology (2018) 118:1565-1572

Davies SS, Traustadoéttir T, Stock A, Ye F, Shyr Y, Harman SM, Rob-
erts LJ (2009) Ischemia/reperfusion unveils impaired capacity
of older adults to restrain oxidative insult. Free Radic Biol Med
47:1014-1018

De Pascali F, Hemann C, Samons K, Chen C-A, Zweier JL (2014)
Hypoxia and reoxygenation induce endothelial nitric oxide syn-
thase uncoupling in endothelial cells through tetrahydrobiopterin
depletion and S-glutathionylation. Biochemistry 53:3679-3688

DeVan AE, Umpierre D, Harrison ML, Lin H-F, Tarumi T, Renzi CP,
Dhindsa M, Hunter SD, Tanaka H (2011) Endothelial ischemia-
reperfusion injury in humans: association with age and habitual
exercise. AJP Hear Circ Physiol 300:H813-H819

El Eter E, Al Masri A, Habib S, Al Zamil H, Al Hersi A, Al Hus-
sein F, Al Omran M (2014) Novel links among peroxiredoxins,
endothelial dysfunction, and severity of atherosclerosis in type
2 diabetic patients with peripheral atherosclerotic disease. Cell
Stress Chaperones 19:173-181

Eltzschig HK, Eckle T (2011) Ischemia and reperfusion—from mecha-
nism to translation. Nat Med 17:1391-1401

Jezek P, Hlavata L (2005) Mitochondria in homeostasis of reactive
oxygen species in cell, tissues, and organism. Int J Biochem Cell
Biol 37:2478-2503

LiJ-M, Shah AM (2004) Endothelial cell superoxide generation: regu-
lation and relevance for cardiovascular pathophysiology. Am J
Physiol Regul Integr Comp Physiol 287:R1014-R1030

Loukogeorgakis SP, van den Berg MJ, Sofat R, Nitsch D, Charakida M,
Haiyee B, de Groot E, MacAllister RJ, Kuijpers TW, Deanfield JE
(2010) Role of NADPH oxidase in endothelial ischemia/reperfu-
sion injury in humans. Circulation 121:2310-2316

Lundberg JO, Weitzberg E, Gladwin MT (2008) The nitrate—nitrite—
nitric oxide pathway in physiology and therapeutics. Nat Rev
Drug Discov 7:156-167

Lundberg JO, Gladwin MT, Weitzberg E (2015) Strategies to increase
nitric oxide signalling in cardiovascular disease. Nat Rev Drug
Discov 14:623-641

Mancini GB, Yeoh E, Abbott D, Chan S (2002) Validation of an auto-
mated method for assessing brachial artery endothelial dysfunc-
tion. Can J Cardiol 18:259-262

Mayahi L, Heales S, Owen D, Casas JP, Harris J, MacAllister RJ,
Hingorani AD (2007) (6R)-5,6,7,8-tetrahydro-L-biopterin and its
stereoisomer prevent ischemia reperfusion injury in human fore-
arm. Arterioscler Thromb Vasc Biol 27:1334—-1339

Mullen MJ, Kharbanda RK, Cross J, Donald a E, Taylor M, Vallance
P, Deanfield JE, MacAllister RJ (2001) Heterogenous nature of
flow-mediated dilatation in human conduit arteries in vivo: rel-
evance to endothelial dysfunction in hypercholesterolemia. Circ
Res 88:145-151

Park JG, Yoo JY, Jeong SJ, Choi JH, Lee MR, Lee MN, Hwa Lee J,
Kim HC, Jo H, Yu DY, Kang SW, Rhee SG, Lee MH, Oh GT
(2011) Peroxiredoxin 2 deficiency exacerbates atherosclerosis in
apolipoprotein E-deficient mice. Circ Res 109:739-749

@ Springer

Pernow J, Bohm F, Beltran E, Gonon A (2003) L-Arginine protects
from ischemia-reperfusion-induced endothelial dysfunction in
humans in vivo. J Appl Physiol 95:2218-2222

Pleiner J, Schaller G, Mittermayer F, Marsik C, MacAllister RJ,
Kapiotis S, Ziegler S, Ferlitsch A, Wolzt M (2008) Intra-arterial
vitamin C prevents endothelial dysfunction caused by ischemia-
reperfusion. Atherosclerosis 197:383-391

Pyke KE, Tschakovsky ME (2006) Peak vs. total reactive hyperemia:
which determines the magnitude of flow-mediated dilation? J
Appl Physiol 102:1510-1519

Rakobowchuk M, Parsloe ER, Gibbins SE, Harris E, Birch KM (2013)
Prolonged low flow reduces reactive hyperemia and augments low
flow mediated constriction in the brachial artery independent of
the menstrual cycle. PLoS One 8:e55385

Ray R, Shah AM (2005) NADPH oxidase and endothelial cell function.
Clin Sci 109:217-226

Schreuder THA, Eijsvogels TMH, Greyling A, Draijer R, Hopman
MTE, Thijssen DHJ (2014) Effect of black tea consumption on
brachial artery flow-mediated dilation and ischaemia—reperfusion
in humans. Appl Physiol Nutr Metab 39:145-151

Serracino-Inglott F, Habib NA, Mathie RT (2001) Hepatic ischemia-
reperfusion injury. Am J Surg 181(2):160-166. https://doi.
org/10.1016/s0002-9610(00)00573-0

Thijssen DHJ, Black MA, Pyke KE, Padilla J, Atkinson G, Harris RA,
Parker B, Widlansky ME, Tschakovsky ME, Green DJ (2011)
Assessment of flow-mediated dilation in humans: a methodologi-
cal and physiological guideline. Am J Physiol Heart Circ Physiol
300:H2-H12

Traustadottir T, Davies SS, Stock AA, Su Y, Heward CB, Roberts LJ,
Harman SM (2009) Tart cherry juice decreases oxidative stress in
healthy older men and women. J Nutr 139:1896-1900

Vetrano AM, Heck DE, Mariano TM, Mishin V, Laskin DL, Laskin
JD (2005) Characterization of the oxidase activity in mammalian
catalase. J Biol Chem 280:35372-35381

Wylie LJ, Kelly J, Bailey SJ, Blackwell JR, Skiba PF, Winyard PG,
Jeukendrup AE, Vanhatalo A, Jones AM (2013a) Beetroot juice
and exercise: pharmacodynamic and dose-response relationships.
J Appl Physiol 115:325-336

Wylie LJ, Mohr M, Krustrup P, Jackman SR, Ermdis G, Kelly J, Black
MI, Bailey SJ, Vanhatalo A, Jones AM (2013b) Dietary nitrate
supplementation improves team sport-specific intense intermittent
exercise performance. Eur J Appl Physiol 113:1673-1684

Xia Y, Dawson VL, Dawson TM, Snyder SH, Zweier JL (1996) Nitric
oxide synthase generates superoxide and nitric oxide in arginine-
depleted cells leading to peroxynitrite-mediated cellular injury.
Proc Natl Acad Sci 93:6770-6774

Zhao W, Fan GC, Zhang ZG, Bandyopadhyay A, Zhou X, Kranias
EG (2009) Protection of peroxiredoxin II on oxidative stress-
induced cardiomyocyte death and apoptosis. Basic Res Cardiol
104:377-389


https://doi.org/10.1016/s0002-9610(00)00573-0
https://doi.org/10.1016/s0002-9610(00)00573-0

	Prolonged forearm ischemia attenuates endothelium-dependent vasodilatation and plasma nitric oxide metabolites in overweight middle-aged men
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participants
	Experimental protocol

	Measurements
	Brachial artery FMD
	Plasma nitrite and nitrate concentration
	Plasma protein carbonyl concentration
	Plasma Prx2 concentration
	Plasma CAT activity
	Data and statistical analysis

	Results
	FMD
	HRV
	Plasma analyses

	Discussion
	Acknowledgements 
	References


