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Abstract

Background

It has long been suggested that reactive oxygen species (ROS) play a role in oxygen sens-

ing via peripheral chemoreceptors, which would imply their involvement in chemoreflex acti-

vation and autonomic regulation of heart rate. We hypothesize that antioxidant affect

neurogenic cardiovascular regulation through activation of chemoreflex which results in

increased control of sympathetic mechanism regulating heart rhythm. Activity of xanthine

oxidase (XO), which is among the major endogenous sources of ROS in the rat has been

shown to increase during hypoxia promote oxidative stress. However, the mechanism of

how XO inhibition affects neurogenic regulation of heart rhythm is still unclear.

Aim

The study aimed to evaluate effects of allopurinol-driven inhibition of XO on autonomic heart

regulation in rats exposed to hypoxia followed by hyperoxia, using heart rate variability

(HRV) analysis.

Material and methods

16 conscious male Wistar rats (350 g): control-untreated (N = 8) and pretreated with Allopu-

rinol-XO inhibitor (5 mg/kg, followed by 50 mg/kg), administered intraperitoneally (N = 8),

were exposed to controlled hypobaric hypoxia (1h) in order to activate chemoreflex. The

treatment was followed by 1h hyperoxia (chemoreflex suppression). Time-series of 1024

RR-intervals were extracted from 4kHz ECG recording for heart rate variability (HRV) analy-

sis in order to calculate the following time-domain parameters: mean RR interval (RRi),

SDNN (standard deviation of all normal NN intervals), rMSSD (square root of the mean of
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the squares of differences between adjacent NN intervals), frequency-domain parameters

(FFT method): TSP (total spectral power) as well as low and high frequency band powers

(LF and HF). At the end of experiment we used rat plasma to evaluate enzymatic activity of

XO and markers of oxidative stress: protein carbonyl group and 8-isoprostane concentra-

tions. Enzymatic activity of superoxide dismutase (SOD), catalase (CAT) and glutathione

peroxidase (GPx) were measures in erythrocyte lysates.

Results

Allopurinol reduced oxidative stress which was the result of hypoxia/hyperoxia, as shown by

decreased 8-isoprostane plasma concentration. XO inhibition did not markedly influence

HRV parameters in standard normoxia. However, during hypoxia, as well as hyperoxia, allo-

purinol administration resulted in a significant increase of autonomic control upon the heart

as shown by increased SDNN and TSP, with an increased vagal contribution (increased

rMSSD and HF), whereas sympathovagal indexes (LF/HF, SDNN/rMSSD) remained

unchanged.

Conclusions

Observed regulatory effects of XO inhibition did not confirm preliminary hypothesis which

suggested that an antioxidant such as allopurinol might activate chemoreflex resulting in

augmented sympathetic discharge to the heart. The HRV regulatory profile of XO inhibition

observed during hypoxia as well as post-hypoxic hyperoxia corresponds to reported

reduced risk of sudden cardiovascular events. Therefore our data provide a new argument

for therapeutical use of allopurinol in hypoxic conditions.

Introduction

Experimental and clinical data published to date have shown protective action of numerous

antioxidants, which include antiatherogenic, antinflammatory and hypotensive effects. These

molecules have also been shown to play a role in preventing endothelial dysfunction, vascular

damage as well as protection from cardiac dysfunction caused by ischemia [1]. One such

enzyme, xanthine oxidase (XO; EC 1.1.3.22), has been shown to play a key role in purine

metabolism and is among the major endogenous sources of reactive oxygen species (ROS).

Moreover, it is implicated in inflammatory processes and ischemic injury. XO catalyzes oxida-

tion of hypoxanthine to xanthine and xanthine to uric acid, while O2 acting as a cofactor is

reduced to reactive superoxide radical (O2
•−). Following spontaneous dismutation the latter is

converted to hydrogen peroxide (H2O2) which is a major final ROS product of XO action,

especially in hypoxic or inflammatory conditions. Inhibition of XO activity with allopurinol

has been shown to reduce oxidative stress and prevent oxidative stress-driven cellular damage

as well as ischemic complications [2]. Allopurinol has been used to treat hyperuricemia and

gout with relatively minor adverse effects. Beneficial effects of allopurinol, or its more stable

metabolite oxypurinol, are evidenced in the case of vascular injury, inflammation [3], heart

failure[4], ischemic heart disease [2,5], and also myocardial protection during cardiac or aortic

surgery or post-ischemic reperfusion[6]. Experimental and clinical data indicated reduction of

the risk of ventricular arrhythmias related to prolonged allopurinol use [7,8]. In contrast to
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favorable effects of various antioxidants observed in experimental studies and in a wide range

of clinical settings, a number of randomized multi-center clinical trials performed over the last

two decades, disclosed that chronic use of common commercially available antioxidants such

as beta-carotene, vitamin A, vitamin E, vitamin C or selenium has been associated with critical

cardiovascular events, sudden death and an increase of all-cause mortality [9–11]. Intriguing

point is that neither data from structural nor biochemical/biophysical studies have explained

the nature of these adverse effects. ROS, and in particular O2
•-, were shown to contribute in

the arterial oxygen pressure sensing—thereby being involved in autonomic heart regulation.

Systemic hypoxia apparently activates carotid bodies (CB), located in the carotid artery bifur-

cation, to trigger complex cardiorespiratory response, whereas hyperoxia inactivates the oxy-

gen-sensing cells [12,13]. Although detailed mechanism of chemoreflex activation is still a

matter of controversy, the evidence seems to indicate a pivotal role for inhibition of outward

TASK K+ channel in CB, which results in an increased frequency of neural discharge from CB

to the cardiorespiratory centers in the brainstem [14,15]. ROS such as O2
•- or peroxides gener-

ated in the CB, do not only affect the redox state of the sensing cells but they can also oxidize

TASK K+ channels, thus regulate their conductance. It is generally accepted that the chemore-

flex activation depends on availability of oxygen and the redox state of the sensing cells. The

literature suggests that increased local oxygen availability is proportional to enhanced ROS

production and oxidative stress, whereas low O2 concentrations trigger the response to hyp-

oxia as a result of compromised ROS generation. Suppression of endogenous oxygen radicals

by antioxidants was hypothesized to induce the reflex cardiovascular response similar to that

evoked by systemic hypoxia, with an increase of sympathetic drive of autonomic regulation of

heart rhythm and ensuing increased risk of severe cardiac events [16–18]. Older experimental

data which referred to the regulatory effects of antioxidants seemed to be inconsistent. Histi-

dine, a powerful scavenger of singlet oxygen molecule (1O2), or trolox, a water soluble ana-

logue of vitamin E, elicited an increase of sympathetic discharge to the rat heart [19,20],

whereas ascorbic acid enhanced vagal control over the rat heart at doses up to 10 mg/kg, but at

higher doses it increased sympathetic activity [21]. On the other hand, prolonged supplemen-

tation with synthetic nitroxide antioxidant, tempol (4-hydroxy-2,2,6,6-tetramethylpiperidin-

1-oxyl), increased autonomic control in hypoxia as well as hyperoxia in hypertensive rats

(SHR, or nitric-oxide deficient) [22].

Notwithstanding ROS suppression by allopurinol and its wide range of antioxidant effects

in a large-scale clinical trial, OPT-CHF study did not show any clinical benefit of allopurinol

use in symptomatic patients with congestive heart failure and related oxidative stress [23].

Therefore, despite suggested role of antioxidants in the chemoreceptor-dependent cardiovas-

cular regulation, the regulatory effect of XO inhibition has not been yet elucidated. However,

analysis of beat-to-beat changes in the heart period known also as heart rate variability (HRV)

analysis seems to offer a valid non-invasive insight into the autonomic heart control [24].

Physiological sinus rhythm is variable and is characterized by complex oscillations which origi-

nate from neurogenic, respiratory and humoral components [25,26]. Decomposition of the

RR-interval time-series derived from the sinus rhythm ECG with use of linear or non-linear

methods of the HRV analysis allows for discrimination of the vagal and sympathetic discharge.

Periodic fluctuations of vagal activity are of much higher frequency than the sympathetic dis-

charge. Unlike sympathetic reflex axes between the heart and integrative regulatory neurons

located in brainstem, the vagally driven feedbacks operate fast, so that the regulatory response

may be completed within the given heart cycle. Although the physiological meaning of HRV

parameters have not been fully understood [27], it is generally accepted that the traditionally

used approach of HRV analysis in time-domain or frequency-domain, provide reliable mea-

sures of vagal tone and sympathetic discharge [24,27]. The standard deviation of all RR-
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intervals in a beat-to-beat time series (SDNN) is a major time-domain indicator of the overall

autonomic regulatory control whereas total spectral power (TSP) is a corresponding fre-

quency-domain measure. Root mean square of successive RR interval (RRi) differences

(rMSSD) or its frequency-domain equivalent high frequency spectral power (HF) represent

high frequency oscillations of RRi, and therefore estimates vagal activity [28]. The ratio of LF

to HF spectral power (LF/HF) and its recently recommended time-domain surrogate, SDNN/

rMSSD, reflect relative contribution of sympathetic drive in autonomic control [24,29].

In this study, performed on unrestrained rats supplemented with allopurinol, we aimed to

evaluate the effect of XO inhibition on HRV in standard normoxic conditions and during acti-

vation or inhibition of the peripheral chemoreflex by controlled hypobaric hypoxia as well as

normobaric hyperoxia.

Materials and methods

This study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was

approved by the Local Ethics Committee For Animal Experiments of the Medical University

of Gdansk (consent no. 07/2011). Experiments were performed with all efforts made to mini-

mize animal suffering. Sixteen male Wistar rats (350g) obtained from Medical University of

Gdansk Breeding Laboratory (Gdansk, Poland) were used in this study. The animals were fed

and watered ad libitum and kept under 12:12 hours light-dark cycle in standard atmospheric

conditions. In the week preceding the proper procedure the rats were regularly habituated to

the experimental environment. Then, the rats were anesthetized intraperitoneally with sodium

pentobarbital (50mg/kg; Sigma-Aldrich Chemie GmbH, Munich, Germany) in accordance

with institutional guidelines. Three silver ECG electrodes were implanted subcutaneously and

exteriorized on occipital area. Following 48 hour recovery the experimental protocol was per-

formed on conscious and unrestrained animals.

Experimental protocol

The rats were placed in a transparent polycarbonate chambers (Thermo Scientific Polycarbon-

ate Desiccator; Nalgene, USA) with enough room for free movements. To provide controlled

conditions of hypobaric hypoxia or hyperoxia the chambers were connected to vacuum pump

(KNF Pump Laboport N811KN.18; KNF Neuberger GmbH, Freiburg, Germany) or oxygen

tank through the automatic adjustable pressure regulator (Vacuum regulator VAR; ROTH,

Karlsruhe, Germany). Pressure inside the chambers were monitored with pressure sensor pro-

vided by PowerLab 26T (ADInstruments, Sydney, Australia). To provide stable CO2 tension

during all phases of the experiment chambers were connected with external environment

through 25-cm-long PE-10 tubing of high-resistance to air-flow (Clay-Adams, Parsippany,

USA). All rats underwent the same experimental procedure in three consecutive days. The

daily procedure took four hours and consisted of four subsequent phases: normobaric nor-

moxia (i.e. baseline conditions), controlled hypobaric hypoxia applied for chemoreflex ac-

tivation and for evoking of oxidative stress, controlled normobaric hyperoxia to suppress

chemoreflex response, and the final recovery phase in standard normoxic conditions. Initially

the rats remained under standard atmospheric conditions in well ventilated chambers (1-h

normobaric normoxia). Then, during controlled hypobaric hypoxia (1h); pressure within the

chambers were slowly reduced by 400mmHg within the initial 10 min. In the 3-rd phase, nor-

mobaric hyperoxia (1h), the chambers were filled with oxygen to provide at least 90% oxygen

concentration. Finally, the chamber was ventilated and the rats were maintained in normoba-

ric normoxic conditions for 1 h (recovery period). The animals were randomly divided into
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two groups: control (saline, N = 8) and allopurinol (N = 8). On first day of the experiment, the

animals from the allopurinol group were injected with vehicle (1mg/kg ip.) containing

dimethyl sulfoxide (DMSO, Sigma, St. Louis, USA; solvent for allopurinol) before being placed

in the experimental chambers. Following the 4-h chamber procedure the rats were injected

with XO inhibitor allopurinol (Sigma-Aldrich Chemie GmbH, Munich, Germany): 5mg/kg ip.

The following day the dose was repeated prior to the procedure. Since literature data referred

to the dose of allopurinol that would effectively inhibit XO in the rat were inconsistent, we

decided to test two doses: low– 5 mg/kg, and high– 50 mg/kg [30–32]. The higher allopurinol

dose was injected twice: after completion of the 2-nd day procedure and prior to the 3-rd day

experiment. The control group received isotonic saline instead. According to the previous

reports the applied pattern of allopurinol administration should provide effective reduction of

XO activity in rats during the experimental sessions [33]. Allopurinol was freshly reconstituted

in DMSO prior to each administration.

Chemical analysis

At the end of experimental procedures rats were sacrificed by decapitation for sample collec-

tion. Blood was collected into heparinized vials and centrifuged at 1000 × g for 10 minutes at

4˚C. The buffy coat was discarded. Plasma was collected to Eppendorf vials and stored at

-80˚C for further analysis. The packed erythrocytes were added to 4-fold excess of ice-cold

HPLC-grade water. The obtained lysate was centrifuged at 10000 × g for 15 minutes at 4˚C.

Supernatant was collected to separate Eppendorf vials and also stored at -80˚C, as indicated

above.

Plasma protein oxidation assay. Protein carbonylation, which is a marker of protein oxi-

dation was determined according to method of Oliver et al.[34]. Each plasma sample (100μl)

was mixed with 100μl of 20mM 2,4-dinitrophenylhydrazine–DNPH solution (Sigma-Aldrich

Chemie GmbH, Munich, Germany), whereas the respective control sample consisted of

plasma and 100μl 2M HCl (Sigma-Aldrich Chemie GmbH, Munich, Germany). The samples

were incubated at room temperature for 60 min, shaking continuously. The proteins were pre-

cipitated by an addition of 500 μl of 20% trichloroacetic acid (Sigma-Aldrich Chemie GmbH,

Munich, Germany) and centrifuged at 1000 × g for 7 min. The pellet was washed three times

with 1 ml of 1:1 (v/v) ethanol/ethyl acetate (POCh S.A., Poland; Sigma-Aldrich Chemie

GmbH, Munich, Germany) with centrifugation as previously. After the final wash the pellet

was drained off a visible liquid and left to dry completely, then it was reconstituted with 1 ml

of 10mM sodium phosphate buffer, pH 6.5 containing 6M guanidine (Sigma-Aldrich Chemie

GmbH, Munich, Germany). Then the mixture was incubated at 50˚C with continuous shaking

until the pellet dissolved. The absorbance was measured at the wavelength of 280 nm and 360

nm for protein and carbonyl content respectively (ND-1000 UV-Vis Spectrophotometer,

Thermo Scientific, USA).

Plasma lipid peroxidation assay. Isoprostanes 8-iso-PGF2α plasma concentration was

measured using a commercially available kit (Cayman Chemicals, Ann Arbor, USA) according

to the manufacturer instruction. The assay is based on the competition between 8-isoprostane

and an 8-isoprostane-acetylcholinesterase conjugate for 8-isoprostane-specific rabbit antise-

rum binding sites. The assay use the rabbit antiserum-8-isoprostane complex which binds to

the rabbit IgG mouse monoclonal antibody. After Ellman’s reagent was added, solution turned

yellow and was measured spectrophotometrically at 412 nm (Microplate reader model 680XR,

Bio-Rad Laboratories, Inc, Hercules, USA).

Antioxidant enzyme activity assay. XO, superoxide dismutase (SOD; EC 1.15.1.1) and

glutathione peroxidase (GPx; EC 1.11.1.19) activities were assessed using dedicated Cayman
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Assay Kits (Cayman Chemicals, Ann Arbor, USA) according to the manufacturer’s detailed

instruction. Catalase (CAT; EC 1.11.1.6) activity was measured by using method described by

Aebi [35]. SOD, CAT and GPx activity were measured in erythrocyte lysate, whereas XO activ-

ity was assessed in blood plasma. The XO assay is based on a multistep enzymatic reaction dur-

ing which XO causes the formation of highly fluorescent chemical compound resorufin.

Resorufin fluorescence was analyzed with an excitation wavelength of 520–550 nm and an

emission wavelength 585–595 nm (GloMax-Multi+, Promega Corporation;Madison, USA).

To detect superoxide radical produced by XO the SOD assay uses a tetrazolium salt. During

reaction tetrazolium salt was reduced into formazan dye by XO. Absorbance was read at 440–

460 nm. GPx activity was measured indirectly by coupled reaction with glutathione reductase

(GR). Oxidized glutathione from GPx reaction was reduced by GR and NADPH. The decrease

in absorbance at 340 nm follows an oxidation of NADPH to NADP+. To measure CAT activity

a mixture of H2O2, in phosphate buffer, pH 7.0, and necessary volume of sample was prepared.

The molar requisite coefficient of 43.6 M cm-1 was used. The activity was calculated by mea-

suring the decrease in absorbance at 240 nm (Super Aquarius CE9200 spectrophotometer;

Cecil Instruments Ltd., Cambridge, UK).

Heart rate variability (HRV) analysis

High resolution (4kHz) electrocardiogram (ECG) was continuously recorded with use of

PowerLab 26T (AdInstruments, Sydney, Australia). All QRS complexes were thoroughly

checked to avoid false positive detections and missed beats. RR intervals (RRi) were identified

using automatic R-peak detection of ECG (LabChart 7 Pro software, AdInstruments, Sydney,

Australia; Microsoft Excel 2013, USA). The sinus rhythm time-series of 1024 consecutive

RRi were obtained between the 35th and 55th minute of ECG recording in each experimental

phase when rats shown mostly unconstrained behavior. RRi, which differ by more than 3 SDs

(standard deviation) from the previous RR interval or sporadic artifactual peaks, were auto-

matically corrected by dedicated software (Kubios Pro 2.0, Kuopio, Finland). The smooth pri-

ors method with λ = 2000 was used for smoothing data set prior to spectral analysis of heart

rate variability (HRV). After correction of RRi-time-series to obtain normal-to-normal RR

intervals (NN-time-series), HRV analysis was performed with use of KubiosPro2.0 software

(Kuopio, Finland) and Microsoft Excel (Microsoft, 2013, USA). HR (heart rate), mean RRi,

SDNN (the standard deviation of all normal NN intervals) and rMSSD (square root of the

mean of the squares of differences between adjacent NN intervals) were taken as a representa-

tive time-domain parameters. The frequency-domain (spectral) parameters were assessed

with fast Fourier transform (FFT) algorithm with estimation of spectral density using Welch’s

periodogram. Spectra were assessed from the entire selected 1024-NN window without data

overlapping [36]. Predefined spectral bands adjusted to the rat were set at 0.2–0.75 Hz (low fre-

quency, LF) and 0.75–2.5 Hz (high frequency, HF) and were expressed in absolute values

(ms2) [37].

Statistical analysis

Statistical analysis was performed by the Statistica 12 (StatSoft, Tulsa, USA) and GraphPad

Prism 5 (GraphPad Software, La Jolla, California, USA) softwares. All data sets were tested for

normality with Shapiro-Wilk test. Statistical analysis was based on Mann-Whitney, Wilcoxon

test and Student t-tests, depending whether data have normal or non-normal distribution. The

Pearson linear regression method was applied to calculate the relation between enzymatic

activity and markers of oxidative stress. P values<0.05 were considered statistically significant.

All data are shown as mean values ± standard error of the mean (±SEM).
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Results

Inhibition of XO by allopurinol

In rats injected with allopurinol XO activity was reduced by 87% compared to their baseline

reference as shown on Fig 1.

Effects of allopurinol on antioxidant enzyme activity

Allopurinol (50 mg/kg ip.) resulted in an increased activity of all tested antioxidant enzymes.

Although an increase of SOD activity was the only significant change (p = 0.038; Fig 2A), a

non-significant trend of increased CAT or GPx activity was not negligible (p = 0.117; Fig 2B;

and p = 0.058, Fig 2C, respectively).

Markers of oxidative stress

Following allopurinol supplementation plasma concentration of 8-isoprostanes was signifi-

cantly decreased (Fig 3A) indicating protection against lipid peroxidation. XO activity was

closely related to plasma lipid peroxidation as found by significant reciprocal relationship

between plasma concentration of plasma 8-isoprostanes and XO activity (r = -0.7279,

Fig 1. XO activity in plasma per 1 mg of hemoglobin (μU/mgHb). Blue bar indicates control group (N = 8), orange

bar–rats pretreated with allopurinol (50 mg/kg ip.). Data shown as mean ± SEM ��� p<0.001, allopurinol vs. control

group according to Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0192781.g001

Fig 2. Effect of XO inhibition by allopurinol (50mg/kg) on activity of antioxidant enzymes in erythrocyte lysate: superoxide dismutase (A), catalase

(B), glutathione peroxidase (C). Blue bar indicates control group, orange bar–rats treated with allopurinol. Data shown as mean ± SEM � p<0.05, NS–non-

significant, allopurinol vs. control group (N = 8; Fig A: Mann-Whitney test; Fig B and C: t-test).

https://doi.org/10.1371/journal.pone.0192781.g002
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p = 0.041). XO inhibition did not result in a relevant change of plasma protein carbonyl groups

(Fig 3B). Consistently, protein carbonyl group concentration and XO activity measured at the

end of the experimental protocol were not closely related as shown by lack of significant corre-

lation (r = 0.1791, NS).

Effect of hypoxia or hyperoxia on HRV in rats with baseline XO activity

As shown in Table 1 DMSO, used as a solvent of allopurinol, did not influence HRV as shown

by comparison of HRV parameters in control group initially preinjected with vehicle and the

rats from allopurinol group pretreated with DMSO (1 ml/kg) before allopurinol administra-

tion [38]. At the beginning of the experimental procedure, i.e. before allopurinol or vehicle

administration, the HRV responses to hypoxia, hyperoxia or the recovery normoxia were com-

parable in the control and allopurinol groups (Table 1).

Fig 3. Effect of XO inhibition by allopurinol on markers of oxidative stress in plasma: 8-isoprostanes (A) and protein carbonyl group (B). Blue bar indicates

control group, orange bar–rats treated with allopurinol. Data shown as Mean ± SEM according to Student t-test, � p<0.05, NS–not significant, allopurinol vs. control

group.

https://doi.org/10.1371/journal.pone.0192781.g003

Table 1. HRV in the control and allopurinol group and allopurinol groups before allopurinol administration.

Control group Allopurinol group:

before allopurinol administration

normoxia hypoxia hyperoxia recovery normoxia hypoxia hyperoxia recovery

RRi 190±7.72 206±10.12 222±4.76� 209±4.25� 181±5.58 211±8.35� 217±7.41�� 203±9.90�

SDNN 4.03±0.35 4.41±0.80 3.16±0.37� 4.98±0.60 4.23±0.69 6.08±1.12 2.72±0.40� 4.11±0.60

rMSSD 3.53±0.35 4.14±0.74 2.84±0.43 4.63±0.80 3.29±0.45 5.39±0.59� 2.58±0.31 3.73±0.59

SDNN/rMSSD 1.17±0.09 1.09±0.09 1.17±0.13 1.18±0.14 1.26±0.05 1.10±0.13 1.04±0.04� 1.13±0.06

TSP 16.15±2.11 19.44±6.64 7.81±1.23�� 20.67±3.51 19.72±7.20 29.94±7.02 6.90±2.31 14.42±3.95

LF 2.43±0.13 2.55±0.98 1.25±0.35� 4.06±0.90 4.18±1.63 5.75±1.84 1.68±0.68 4.65±1.15

HF 3.73±0.74 4.16±1.24 2.32±0.64 6.53±1.76 3.52±1.20 6.37±1.09� 1.66±0.31 5.04±1.48

LF/HF 0.84±0.18 0.64±0.14 0.81±0.37 0.87±0.25 1.17±0.13 1.03±0.43 0.90±0.23 1.18±0.30

All differences between the control and the allopurinol group at a given phase of the experiment (normoxia, hypoxia, hyperoxia, recovery) were insignificant (Student t-

test or Mann-Whitney test). Data shown as mean ± SEM.

� p<0.05 �� p<0.01 indicate differences within each group (control, allopurinol) in comparison to respective normoxia (Student t-test or Wilcoxon test).

RRi—RR interval, SDNN—the standard deviation of all normal NN intervals, rMSSD—square root of the mean of the squares of differences between adjacent NN

intervals, TSP—total spectral power, LF—low frequency spectral power, HF—high frequency spectral power.

https://doi.org/10.1371/journal.pone.0192781.t001
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HRV responses to hypoxia or hyperoxia

We have observed that both hypoxia and hyperoxia influenced HRV (Figs 4 and 5). Since

HRV parameters assessed in the first day of procedure, i.e before allopurinol administration

were consistent in the both tested groups we analyzed effects of hypoxia or hyperoxia within

the one combined group (N = 16, Table 2). Data from each group are also shown in Table 1.

Hypoxia resulted in a significant reduction of HR from 326±7 beats/min (BPM; range

273�367 to 291±8; range 231�349 BPM; p = 0.0004), that remained at the lower level in

hyperoxia (275±5; range 241�331 BPM; p = 0.0001). An incomplete recovery trend was

observed during subsequent 60-min of normoxic recovery (294±8; range 261�385 BPM;

p = 0.003). Hypoxic conditions did not alter overall HRV as shown by unchanged time- and

frequency-domain HRV parameters: SDNN, TSP and LF. Interestingly, hypoxia enhanced

vagal discharge as shown by significant increase of rMSSD (p = 0.02), and a nonsignificant

increasing tendency of HF (p = 0.08) In turn, in the following hyperoxia both rMSSD and HF

were reduced below the baseline hypoxic level (p = 0.03 and p = 0.02, respectively). During

either hypoxia or hyperoxia only minor, modest decrease of the time-domain or spectral

indexes of the sympathovagal balance: LF/HF or SDNN/rMSSD were observed (p ranging

from 0.07 to 0.18).

Regulatory effects of allopurinol effect

Low dose. Allopurinol (5 mg/kg) driven inhibition of XO caused further decrease in HR

during hypoxia (from 288±11; range 257�349 to 252±10 BPM; range 211�294 BPM;

p = 0.017) in comparison to hypoxia before allopurinol administration. Allopurinol enhanced

overall autonomic activity in hypoxic conditions which was manifested by an increase of

Fig 4. Effects of hypoxia and hyperoxia on time-domain HRV parameters. Data shown as mean ± SEM. Only significant values are tagged. Red color

indicates allopurinol group before allopurinol administration (AGB), green—allopurinol group after injection of 5mg/kg of allopurinol, blue—allopurinol

group after injection of 50mg/kg of allopurinol. � p<0.05 hypoxia, hyperoxia or recovery vs. normoxia, �� p<0.01 hypoxia, hyperoxia or recovery vs. normoxia

in each group; green # p<0.05 – 5mg/kg of allopurinol vs. AGB at the same condition, green ## p<0.01 – 5mg/kg of allopurinol vs. AGB at the same

condition; blue # p<0.05 – 50mg/kg of allopurinol vs. AGB at the same condition, blue ## p<0.01 – 50mg/kg of allopurinol vs. AGB at the same condition. ♦
p<0.05 – 5mg/kg vs. 50mg/kg of allopurinol.

https://doi.org/10.1371/journal.pone.0192781.g004
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SDNN from 6.08±2.97 to 11.36±6.07ms (p = 0.04; Fig 4C), TSP from 29.94±18.58 to 138.34±
103.94ms2 (p = 0.02; Fig 5A) and LF from 5.75±4.88 to 38.56±34.09ms2 (p = 0.02; Fig 5C).

Under hypoxic as well as hyperoxic conditions parasympathetic drive was also strengthened as

Fig 5. Effects of hypoxia and hyperoxia on frequency-domain HRV parameters. Data shown as mean ± SEM. Only significant values are tagged. Red color

indicates allopurinol group before allopurinol administration (AGB), green—allopurinol group after injection of 5mg/kg of allopurinol, blue—allopurinol

group after injection of 50mg/kg of allopurinol. � p<0.05 hypoxia, hyperoxia or recovery vs. normoxia, �� p<0.01 hypoxia, hyperoxia or recovery vs.

normoxia in each group; green # p<0.05 – 5mg/kg of allopurinol vs. AGB at the same condition, green ## p<0.01 – 5mg/kg of allopurinol vs. AGB at the same

condition; blue # p<0.05 – 50mg/kg of allopurinol vs. AGB at the same condition, blue ## p<0.01 – 50mg/kg of allopurinol vs. AGB at the same condition.

https://doi.org/10.1371/journal.pone.0192781.g005

Table 2. Effect of hypoxia or hyperoxia on HRV in baseline conditions before allopurinol administration.

Combined group

normoxia hypoxia hyperoxia recovery

RRi 185±4.45 209±5.96 ��� 219±4.04 ��� 206±4.92 ��

SDNN 4.13±0.35 5.24±0.66 2.94±0.25 �� 4.55±0.4

rMSSD 3.41±0.26 4.76±0.46 � 2.71±0.24� 4.18±0.46

SDNN/rMSSD 1.22±0.04 1.09±0.07 1.11±0.06 1.16±0.07

TSP 17.94±3.42 24.69±4.57 7.35±1.19 �� 19.04±2.42

LF 3.30±0.77 4.15±1.03 1.46±0.35 �� 4.36±0.66

HF 3.62±0.64 5.27±0.80 1.99±0.33 � 5.79±1.05

LF/HF 1.01±0.11 0.84±0.21 0.86±0.20 1.03±0.18

Data shown as mean ± SEM. Only significant values are tagged (Student t-test or Wilcoxon test)

� p<0.05 �� p<0.01 ��� p<0.001 indicate differences in comparison to normoxia.

RRi—RR interval, SDNN—the standard deviation of all normal NN intervals, rMSSD—square root of the mean of the squares of differences between adjacent NN

intervals, TSP—total spectral power, LF—low frequency spectral power, HF—high frequency spectral power.

https://doi.org/10.1371/journal.pone.0192781.t002
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indicated by increased rMSSD p = 0.04 and p = 0.03, respectively: Fig 4D) and HF p = 0.04,

and p = 0.04, respectively; Fig 5D). Indexes of autonomic balance: LH/HF (Fig 5B) and

SDNN/rMSSD (Fig 4B) remained unchanged.

High dose. Compared the HRV variables estimated after supplementation with the low

allopurinol dose (5 mg/kg), the subsequent administration of the higher dose (50 mg/kg) did

not evoke any substantial changes. The overall autonomic activity: TSP, LF, SDNN (Figs 4A

and 4C and 5C) as well as the vagal drive: rMSSD and HF (Figs 4D and 5D) remained elevated

compared to the reference conditions before allopurinol administration.

Discussion

The major finding of this study, is that inhibition of XO significantly influenced neurogenic

regulation of the heart rhythm during controlled hypobaric hypoxia and following hyperoxia.

Allopurinol supplementation resulted in a significantly increased overall autonomic control

including an increased vagal drive in the hypoxic conditions and also in the subsequent hyper-

oxia. Such profile of the regulatory response is most likely beneficial since dominant neuro-

genic control upon the intrinsic sinoatrial node pacemaker with prevalent vagal discharge is

prerequisite for stable heart rhythm and is protective against ventricular arrhythmias

[26,39,40].

HRV analysis has been widely used in human studies and clinical practice for more than

two decades [24] for noninvasive evaluation of the neurogenic regulation of the heart, but only

a few studies was focused on the regulatory effects of antioxidants. The rat HRV spectra resem-

bles those derived from humans, showing two principal frequency components: the LF and

HF [41,42]. In our study HRV analysis performed in time-domain and frequency-domain pro-

vided consistent data: direction and range of HRV changes induced by XO inhibition or hyp-

oxic/hyperoxic challenge were equivalent. As shown in Figs 4C and 5A, XO inhibition resulted

in an increase of SDNN and TSP in hypoxia but in hyperoxia we observed the decrease of

these parameters. Although both hypoxia and the post-hypoxic hyperoxia were reported to

induce oxidative stress [43,44], the different direction of the HRV changes observed in hypoxia

or hyperoxia is consistent with the hypoxic chemoreflex activation followed by its hyperoxic

inhibition [17,45].

Lack of significant differences between the effects of the two tested doses, 5 and 50 mg/kg,

may suggest that nearly maximal modulation of the autonomic discharge was elicited by the

smaller dose. TSP or SDNN reflect overall fluctuations of RRi-time-series in selected period.

High TSP or SDNN suggests that heart can easily cope with altered circulatory demand, e.g.

during increase in blood pressure, exercise, etc. [26]. Low overall HRV is linked to poor car-

diovascular prognosis indicating that the heart rhythm is loosely controlled and highly depen-

dent on the local intrinsic pacemaker cells firing in mostly random patterns. Similarly to the

changes in the overall HRV, represented by SDNN and TSP, the both indexes of parasympa-

thetic activity: rMSSD (Fig 4D) and HF (Fig 5D) were significantly increased by allopurinol in

hypoxia and in minor extent in hyperoxia. According to the Porges’ hypothesis [46] confirmed

by Carnevali et al.[47] prominent cardiac vagal discharge is indicative of high autonomic flexi-

bility and the capability of the parasympathetic nervous system to generate adequate responses

to environmental challenges by modifying HR, respiration and arousals. High level of vagal

modulation that can effectively counteract sympathetic drive and reduces vulnerability to ven-

tricular arrhythmias and sudden cardiac death [26,39,40].

XO inhibition did not significantly inflict a sympathovagal balance in hypoxia and hyper-

oxia as shown by unchanged HRV indexes: LF/HF (Fig 5B) and SDNN/rMSSD (Fig 4B). How-

ever compared to hypoxia allopurinol reduced the relative sympathetic contribution in
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autonomic control in the following hyperoxia as shown by significantly decreased LF/HF and

a decreasing tendency of SDNN/rMSSD. Since predominance of sympathetic control is associ-

ated with an increased risk of severe cardiovascular events [24], its suppression is potentially

beneficial. Our protocol of hypoxia followed by hyperoxia does not imply severe organ injury

in ischemic or oxidative stress conditions but to some extent it may be related to a non-critical

myocardial ischemia/reperfusion. It should be mentioned that XO inhibition was recently

reported to protect against cardiac diastolic dysfunction evoked by ischemia, which was

accompanied by normalization of previously prolonged ventricular repolarization [48]. There-

fore, our data supports the recommendations for allopurinol use in prevention of ischemia/

reperfusion-driven injury [49,50].

Hypoxic challenge resulted in a significantly decreased HR, and an increase of corresponding

mean RRi (Fig 4A). The response was maintained during following hyperoxia and 1-hour nor-

moxic recovery. A decrease of HR induced by hypoxia represents a primary adaptive response

phylogenetically well conserved, that is commonly displayed by rats. A decreasing trend of LF/HF

and SDNN/rMSSD ratios (Figs 4B and 5B) suggests that hypoxia may promote vagal domination.

Observed profile of the HRV-response to chemoreflex activation with predominant vagal compo-

nent resembles mammalian diving reflex which initiates during breath holding.

The regulatory effects of XO inhibition looks ambiguous. A further increase in RRi suggest-

ing increased vagal dominance (Fig 4A) over sinoatrial pacemaker, was associated with a mod-

est increase of LF/HF and SDNN/rMSSD ratios, that in contrast is indicative for sympathetic

gain. Possible explanation of this inconsistency is that in case of marked simultaneous activa-

tion of sympathetic and vagal efferents, which is plausible looking at our HRV data (a signifi-

cant increase of both LF and HF) the sympathetic impact on HR is negligible. Such

interpretation is in agreement with a recent report showing that hypoxic challenges in con-

scious rats did not cause relevant change in lumbar nerve activity (SNA) [51]. Earlier reports

were inconsistent on the HR-response to hypoxia in rats: an increase [52,53], no change [52]

or a decrease of HR were documented [36,54]. It should be emphasized that HR-responses to

hypoxia in rats were mostly reported from experiments carried out during post-surgical stress,

in anesthesia or in animals with a relatively high basal sympathetic tone [47,55,56]. In small

rodents such as rats or mice, the sympathovagal balance is highly vulnerable to any extrinsic or

intrinsic challenges and is easily shifted towards sympathetic predominance with reduced

vagal tone [57,58]. In such conditions hypoxia commonly results in an increase of HR. The

regulatory meaning of HR is not obvious in rats. HR that inversely correlates with overall

HRV represented by SDNN or TSP, is generally accepted as a simple index of the sympathova-

gal balance. On the other hand, it is estimated that HR accounts for less than 30% of the HRV

[56] and in experimental rodent models this relationship is even much weaker [59]. Based on

our more than 30-year experimental experience with 10- to 20-week-old Wistar rats, we have

pointed out that unrestrained quasi-stationary conditions are prerequisite for acquisition of

reliable data related to cardiovascular regulation [19,22]. Post-surgical stress, anxiety, new

environmental conditions and related curiosity, or general anesthesia profoundly disturbs and

usually suppress autonomic discharge and regulatory responses. We previously concluded that

basal HR above 400 beats/min was indicative of pathology or excessive stress, hence unaccept-

able for in vivo studies related to neurogenic cardiovascular regulation [60]. Therefore our

experiments were performed on thoroughly acclimatized animals in possibly unrestrained sta-

tionary conditions. It should be stressed that in the current set of experiments the baseline HR

did not exceed 370 beats/min in any rat and the mean HR was by 50 to 150 beats/min slower

compared to majority reports referring to the rat studies. So we are convinced that we dealt

with really unrestrained rats what is crucial for a relevant evaluation of autonomic regulation

from HRV.
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Suppression of autonomic discharge, resulting in a reduced regulatory control over sinus

node pacemaker or a relative increase of the sympathetic component, are well established and

sensitive risk factors of severe cardiac dysrhythmias and sudden death [24–26]. Theoretically,

suppression of ROS by an antioxidant, e.g. allopurinol, may result in chemoreflex activation in

a way corresponding to conditions of oxygen deficiency with activation of the sympathetic

component of the autonomic regulation of the heart [61]. This was, however, not the case in

this study, probably due to different ROS produced by XO from those prevalently sensed by

carotid body chemoreceptors. In the ROS-based model of oxygen sensing, NADPH oxidase-

derived superoxide was suggested as a major signaling molecule [16], while the H2O2 is a

major ROS product of XO [62]. Lack of evident regulatory effect of XO inhibition in the rest-

ing normoxia corresponds to the only previous human study report based on a non-uniform

group of patients with congestive heart failure chronically supplemented with allopurinol[63].

Since enhanced XO activity in oxygen deficiency conditions promotes oxidative stress related

to increased risk of severe cardiac events, observed modulatory effect of allopurinol in hypoxia

may prove to be of particular importance—with improved autonomic control upon the heart

including increased vagal activity. Thus our study supports earlier suggestions that lowering

uric acid might be a promising therapeutic strategy to reduce sympathetic cardiovascular pre-

dominance observed in ischemia [64], heart failure [63] and other conditions of autonomic

dysfunction [65].

As shown in Fig 1 allopurinol effectively inhibited XO activity. The lowest XO activity in

the control group was almost four times higher compared to rats supplemented with allopuri-

nol. Significantly lower isoprostane 8-iso-PGF2α serum concentration (Fig 3A) in rats pre-

treated with allopurinol indicates that XO inhibition reduced oxidative stress. The causal

relationship between XO inhibition and resulting protection from lipid peroxidation was

strengthened by a significant inverse significant correlation between residual XO activity in

rats supplemented with allopurinol and 8-iso-PGF2α concentration. XO inhibition had no

effect on protein carbonyl group (Fig 3B) suggesting that plasma proteins were not the major

target of XO-derived ROS. On the other hand it has already been shown in the rat models of

isoproterenol-driven oxidative stress resulting in myocardial damage [66] or consequences of

oxidative stress in diabetes [67] that allopurinol-driven effects may simultaneously affect the

structure and subsequently function of lipids as well as proteins–in plasma and the heart alike.

Observed changes include prevention of lipid peroxidation and protein oxidation in addition

to normalization of pathological increase of catalase and GPx in challenged rats. As the study

was primarily focused on neurogenic regulatory mechanisms, but not the intrinsic activity of

the heart pacemakers which were in fact the effectors of that regulation, we restricted our

assays related to oxidative stress to plasma. Interestingly XO inhibition was related to an

increase of enzymatic antioxidant defense after three-day hypoxic/hyperoxic challenge (Fig 2).

The observed trend of increased activity of all three assayed enzymes: SOD, CAT and GPx in

rats injected with allopurinol correspond to the recent study referred to the effects of allopuri-

nol in rats challenged with ischemic reperfusion injury [68]. SOD, CAT and GPx are the cru-

cial enzymes of the cell antioxidant defense system. Although the mammalian antioxidant

enzymes are mostly constitutive [69] their expression was also reported to be partially con-

trolled by ROS such as O2
•−, H2O2 or other peroxides [70]. Accordingly, XO inhibition should

suppress enzymatic antioxidant defense. On the other hand ROS were documented to inacti-

vate the enzymatic antioxidants. SOD was found to be effectively inactivated by H2O2, a major

ROS product of XO [71], CAT by O2
•− and OH−[71–73], and GPx mainly by OH−[71]. In light

of our data it seems that protective effects of XO inhibition prevailed and provided additional

line of antioxidant defense.
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Limitations of the study

The major issue of the experimental protocol was to provide experimental conditions for reli-

able assessment of undisturbed autonomic regulation with HRV analysis. In particular we

tried to avoid excessive stress, injury or uncontrolled inflammation. For that reason the only

invasive intervention was subcutaneous implantation of ECG electrodes of possibly minimal

size. Such physiological variables of the regulatory relevance as arterial pressure or respiration

has not been assessed due to high risk of unacceptable invasiveness of the surgical procedures.

Blood samples useful for biochemical analyses were not taken during the experimental proce-

dure. As a consequence our data are exclusively based on the ECG recording during the proto-

col and the biochemical assays from the final point of the experiment. Extrapolation of the

obtained here data to humans needs caution. In the rat basal XO activity is much higher com-

pared to humans and its devastating role as an oxidant is much higher [74]. However, data

from human studies showed that during ischemia or postischemic reperfusion generation of

ROS by XO is rapidly increased so that the enzyme is an important trigger of oxidative stress.

Summary

Concluding, allopurinol reduced oxidative stress evoked by hypoxia and post-hypoxic hyper-

oxia in conscious unrestrained rats. In standard normoxic conditions XO inhibition does not

seem to interfere with neurogenic heart regulation. Thus the concept that allopurinol acting as

an oxidant perturbing oxygen sensing to activate chemoreflex has not been supported by our

data. Moreover, in hypoxia, when chemoreflex is activated, XO inhibitor, allopurinol enhanced

autonomic influence on the heart rhythm with increased vagal role. The observed regulatory

effects provide an argument for using XO inhibitors in hypoxic conditions.
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