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Abstract

Circulating oxidative stress and pro-inflammatory markers change after regular physical

exercise; however, how a short session of acute physical activity affects the inflammatory

status and redox balance in sedentary individuals is still unclear. Aim of this study is to

assess antioxidant and inflammatory parameters, both at rest and after acute exercise, in

sedentary young men with or without obesity. Thirty sedentary male volunteers, aged 20–45

(mean age 32 ± 7 years), were recruited, divided into 3 groups (normal weight: BMI < 25 kg/

m2; overweight to moderate obesity: 25–35 kg/m2; severe obesity: 35–40 kg/m2), and their

blood samples collected before and after a 20-min run at ~ 70% of their VO2max for the mea-

surement of Glutathione Reductase, Glutathione Peroxidase, Superoxide Dismutase, Total

Antioxidant Status (TAS) and cytokines (IL-2, IL-4, IL-6, IL-8, IL-10, IL-1α, IL-1β, TNFα,

MCP-1, VEGF, IFNγ, EGF). Inter-group comparisons demonstrated significantly higher Glu-

tathione Reductase activity in severely obese subjects in the post-exercise period (P =

0.036), and higher EGF levels in normal weight individuals, either before (P = 0.003) and

after exercise (P = 0.05). Intra-group comparisons showed that the acute exercise stress

induced a significant increase in Glutathione Reductase activity in severely obese subjects

only (P = 0.007), a significant decrease in MCP-1 in the normal weight group (P = 0.02), and

a decrease in EGF levels in all groups (normal weight: P = 0.025, overweight/moderate obe-

sity: P = 0.04, severe obesity: P = 0.018). Altogether, these findings suggest that in seden-

tary individuals with different ranges of BMI, Glutathione Reductase and distinct cytokines

are differentially involved into the adaptive metabolic changes and redox responses induced

by physical exercise. Therefore, these biomarkers may have the potential to identify individ-

uals at higher risk for developing diseases pathophysiologically linked to oxidative stress.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178900 June 5, 2017 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Accattato F, Greco M, Pullano SA, Carè I,

Fiorillo AS, Pujia A, et al. (2017) Effects of acute

physical exercise on oxidative stress and

inflammatory status in young, sedentary obese

subjects. PLoS ONE 12(6): e0178900. https://doi.

org/10.1371/journal.pone.0178900

Editor: Luca Vanella, Universita degli Studi di

Catania, ITALY

Received: December 2, 2016

Accepted: May 19, 2017

Published: June 5, 2017

Copyright: © 2017 Accattato et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The authors received no specific funding

for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0178900
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0178900&domain=pdf&date_stamp=2017-06-05
https://doi.org/10.1371/journal.pone.0178900
https://doi.org/10.1371/journal.pone.0178900
http://creativecommons.org/licenses/by/4.0/


Introduction

Physical exercise induces metabolic changes in the organism, leading to the activation of adap-

tive mechanisms aimed at establishing a new dynamic equilibrium. One of the most significant

changes in this regard occurs in the muscular tissue, in which the increasing energy demand

following exercise generates a greater oxygen utilization by mitochondria [1]. Skeletal muscle

is a major source of oxygen-free radical species because, during muscle contraction, an

increased uncoupled transfer of electron from complex I and III in the electron transport

chain leads to the production of superoxide radical (O2-), a primary member of reactive oxy-

gen species (ROS). These toxic products of contractile activity are dismutated to hydrogen per-

oxide (H2O2) by superoxide dismutase (SOD), which is the first defence against radicals and,

successively, detoxified by other enzymes such as catalase, glutathione peroxidase (GPX) and

glutathione reductase (GR) [2,3]. A balance between ROS production and antioxidant enzyme

expression and activity is crucial to sustain muscle redox homeostasis, and maintain ROS

below a threshold level, and to keep their function as signaling molecules, while reducing their

toxic effects [1]. On the other hand, ROS and anti-oxidant activity and capacity are correlated,

so that these can be used as surrogate markers [4,5]. Blood antioxidant status may reflect the

increase in oxygen demand in muscle tissue during physical exercise [6–8]. Therefore, circulat-

ing levels of these oxidative stress markers increase after both acute and regular physical exer-

cise [8–10], probably as a mechanism of redox-mediated adaptation to protect against cellular

oxidative damage [11]. However, the influence of different physical exercise protocols in the

antioxidant balance has not yet been fully elucidated. Furthermore, while some investigations

report that obese individuals have a greater increase in oxidative biomarkers after acute exer-

cise in comparison to normal weight individuals [12,13], other studies show conflicting results

[14,15]. Thus, whether and how people experience oxidative stress after an acute exercise is

still debated.

Free radical generation leads to inflammation, lipid peroxidation and chromosome dam-

age, which are associated with the onset of a wide range of pathological conditions, such as car-

diovascular disease, diabetes mellitus, chronic obstructive pulmonary disease and cancer [16–

19]. Oxidative stress is intimately related to and interconnected with hypoxia, a condition that

is often exacerbated by increased oxygen radical production in a wide variety of diseases.

Recent studies report an important role of hypoxia in the pathogenesis of obesity and obesity-

related disorders, causing adipose tissue dysfunction, abnormal gene expression, and ulti-

mately a systemic chronic, mild inflammatory state [20–22].

Physical exercise is known to be an important modulator of cytokines and chemokines, and

for over a decade considerable attention has focused on the potential for exercise to prevent

and treat diseases with an inflammatory component by modulating cytokine production.

Although the positive effect of exercise on inflammation is well documented [23,24], the

molecular mechanisms by which exercise exerts this effect are still unclear, and there is no con-

sistent information in the literature about the variation of exercise-related markers. Several

studies have reported that physical activity can induce an acute phase response characterized

by an increase in multiple circulating cytokines and chemokines, such as Interleukin-1 (IL-1),

Interleukin-6 (IL-6), Tumor Necrosis Factor α (TNFα), Epidermal Growth Factor (EGF), and

Monocyte Chemoattractant-1 (MCP-1) [25–27]. However, other studies have shown no signif-

icant changes in cytokine levels after exercise [28–31], thus confirming that a lack of clarity

exists on this issue, probably due to the complexity of the adaptive mechanisms during physi-

cal activity. Herein, we assessed the antioxidant and inflammatory status both at rest and after

an acute, moderately intense exercise in sedentary, normal weight and overweight/obese

young men, to test whether different early adaptive responses after a similar energy demanding
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stimulus may occur in these individuals. By using parameters that can be easily measured in

clinical laboratories, we aimed to identify markers that could be potentially useful for patients

at risk for diseases linked to oxidative stress.

Materials and methods

Enrollment criteria

Thirty male volunteers, aged 20–45, were recruited among the employees of the University

Magna Græcia of Catanzaro. Women were excluded to avoid the evaluation of different hor-

monal states and specific hormonal response to physical exercise. All participants had a stable

body weight during the preceding year. The inclusion criterion was sedentary lifestyle (i.e. not

exercising for more than 20 minutes at least 3 days per week, based on self-report). None of

the enrolled participants habitually participated in sport activity, were smokers or were taking

medications or micronutrient supplements. We excluded individuals with clinical evidence

of chronic, debilitating diseases (cancer, renal failure, liver dysfunction and pulmonary dis-

ease), thyroid dysfunction, individuals with weight loss surgery or undergoing weight loss pro-

gram, and those with cardiovascular disease as based upon medical interview and physical

examination. Written informed consent was obtained before enrollment. The following cri-

teria were used to define cardio-metabolic risk factors: diabetes mellitus (fasting blood glu-

cose�126 mg/dL or antidiabetic treatment); hyperlipidemia (total cholesterol > 200 mg/dL

and/or triglycerides > 200 mg/dL or lipid lowering drugs use); hypertension (systolic blood

pressure� 140 mmHg and/or diastolic blood pressure� 90 mmHg or antihypertensive treat-

ment); body mass index (BMI) (overweight 25� BMI< 30 Kg/m2; moderate or class I obesity

30� BMI < 35 kg/m2; severe or class II obesity BMI� 35 kg/m2); current smoking [32,33].

The protocol was designed according to the principles of the Declaration of Helsinki and

approved by the Ethical Committee of the Azienda Ospedaliero-Universitaria “Mater Domini”

of Catanzaro.

Anthropometric and nutritional intake measurements

All tests were conducted after a 12-hour overnight fasting. Before tests, participants had no caf-

feinated beverages after meal and until the end of the test on the examination’s morning. Body

weight and height were assessed with a calibrated scale and a wall-mounted stadiometer,

respectively, and BMI was calculated as the ratio: weight (kg)/height2 (m2). The nutritional

intake of participants was calculated using the 24-hour recall method, in which information

about all food and beverages used in the previous 24 hours were obtained. Information were

analyzed with the nutritional software MetaDieta 3.0.1 (Meteda Srl, S. Benedetto del Tronto,

Italy).

Exercise protocol

Exercise was performed between 8:00 and 9:00 am, during which time enrolled individuals

performed a run on an electronic treadmill (h/p/ cosmos T150, Nussdorf–Traunstein, Ger-

many) for 20 min at approximately 70% of their VO2max, at a speed and grade set to keep the

participants at their target heart rate (~80% of theoretical maximum heart rate (cHRmax), cal-

culated as 220-age) [34]. No adjustments were needed for HRmax prediction on the basis of

BMI [35]. Exercise intensity during the sessions was monitored by the use of a heart rate signal

from a polar transmitter around the participant’s chest, until 3 minutes after recovery. All sub-

jects were able to complete the exercise session.
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Measurement of biochemical parameters, oxidative stress markers and

serum cytokines

Venous blood was obtained after fasting overnight and samples were immediately processed.

Serum glucose, creatinine, total cholesterol, high density lipoprotein (HDL)-cholesterol and

triglycerides were measured according to the manufacturer’s instructions, by Cobas 6000

(Roche, Switzerland) using the relative kits. Blood samples were also collected before and after

exercise for the determination of the following indirect oxidative stress markers: GR activity

and TAS in plasma, GPX activity in heparinized whole blood and SOD activity in erythrocyte

lysate, according to the manufacturer’s instructions (reagents by Randox Laboratories Ltd,

UK). Oxidative stress markers, whose assay principles are described below, were analyzed with

the automatic RX Daytona Analyzer (Randox Laboratories Ltd, UK). SOD activity was deter-

mined by a method using xanthine and xanthine oxidase to generate superoxide radicals that

react with 2-(4-iodophenyl-)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride to form a red-

formazan dye. GPX activity was assessed indirectly by a coupled reaction with GR, using a

reagent set (RANSEL, RANDOX) [36], in which GR catalyzes the reaction whereby reduced

NADPH converts oxidized glutathione (GSSG) to reduced glutathione (GSH). The oxidation

of NADPH to NADP+ results in a decrease in the absorbance that is directly proportional to

the GR activity. GR or GPX enzymatic unit (U) was defined as the amount of the enzyme that

catalyzes the conversion of 1 micromole of substrate per minute. The definition of SOD enzy-

matic unit is the amount of protein that inhibits the rate of cytochrome C reduction by 50%.

All enzyme activities were measured at 37˚C. Circulating levels of cytokines and growth factors

[Interleukin-1α (IL-1α), Interleukin-1β (IL-1β), Interleukin-2 (IL-2), Interleukin-4 (IL-4), IL-

6, Interleukin-8 (IL-8), Interleukin-10 (IL-10), Interferon γ (IFNγ), TNFα, MCP-1, Vascular

Endothelial Growth Factor (VEGF), EGF] were simultaneously measured using the “Cytokine

Array I and High sensitivity”, based on a two-site chemiluminescent immunoassay, by the

Randox Evidence Investigator analyzer (Randox Labs, UK), as previously described [37]. Qual-

ity control was daily assessed for all determinations, and results have met the precision targets

indicated by the manufacturers.

Statistical analysis

Data (see S1 Data) were expressed as mean values and standard deviation (Mean ± SD). The

normal distribution of variables was analyzed by Kolmogorov-Smirnov test. In order to esti-

mate the effects of confounding factors, a General Linear Model multivariate analysis was

performed by incorporating age, and HDL-cholesterol as covariates (see S1 Table). Paired Stu-

dent’s t-Test was used to compare means of continuous variables before and after physical

exercise. ANOVA test was used to assess changes of antioxidant enzymes among the different

BMI categories. Pearson’s correlation test and regression analysis were performed to evaluate

the correlation between clinical and laboratory parameters. A P value < 0.05 was considered

statistically significant. Data were analyzed using the SPSS software version 20.0.

Results

Demographic, anthropometric, and biochemical characteristics of the study population are

shown in Table 1, as well as exercise parameters. Sedentary volunteers were divided into

three groups according to BMI. Most of the clinical and biochemical characteristics were

homogeneous in the three groups, although there were significant differences in the mean age,

in calculated age-dependent parameters (cHR max and 80% cHR max), and serum HDL-cho-

lesterol, with the last reflecting the known reduction occurring in obese individuals (Table 1).
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Although reporting bias could not be excluded, amounts of macronutrients and antioxidant

micronutrients in the diet related to the 24-hour recall information were similar among

groups, therefore these factors should not account for inter-group discrepancies in analytical

results (Table 2).

When comparing the three groups of subjects, GR activity in the post-exercise period was

significantly higher in subjects with severe obesity compared to those of other BMI categories

(Table 3), even after adjustment for age and HDL-cholesterol (P = 0.036). When we considered

data related to cytokines and growth factors, the results showed significantly higher levels of

serum EGF both at rest (P = 0.003) and after exercise (P = 0.05) in normal weight individuals

than in the other studied groups (Table 3). Statistical analysis of the results within the same

group of obese persons, before and after exercise, indicated that among the oxidative stress

parameters a significant increase of GR activity was detected after acute exercise in the severely

obese group only (P = 0.007), with no statistical differences among the other groups (Table 4;

Fig 1). In this context, a post-exercise decrease in MCP-1 level was observed in the normal

weight group (P = 0.02), while no statistically significant variation of MCP-1 was observed

Table 1. Baseline characteristics, biochemical parameters of the study population, and exercise-related indexes.

Normal weight

(n = 10)

Overweight/moderate obesity

(n = 10)

Severe obesity

(n = 10)

P value

Age (yrs) 26.50 ± 3 36.57 ± 7 32.14 ± 6 0.037

BMI (Kg/m2) 23.0 ± 1 28.4 ± 3 37.6 ± 3 < 0.001

Glucose (mg/dL) 83.8 ± 7 91.2 ± 11 98.5 ± 13 0.08

LDL-cholesterol (mg/dL) 103.8 ± 30 127.9 ± 32 123.7 ± 30 0.37

HDL-cholesterol (mg/dL) 59.8 ± 12 40.8 ± 10 45.1 ± 8 0.017

Triglyceride (mg/dL) 90.3 ± 67 188.3 ±125 105.0 ± 44 0.12

Creatinine (mg/dL) 0.98 ± 0.1 0.90 ± 0.1 0.85 ± 0.2 0.63

SBP (mmHg) 126.6 ± 5 126.6 ± 8 133.5 ± 9 0.21

DBP (mmHg) 81.6 ± 7 76.6 ± 12 85.7 ± 9 0.29

Basal HR (bpm) 74.0 ± 20 68.2 ± 8 72.8 ± 6 0.69

cHR max (bpm) 194 ±3 183 ± 7 188 ± 6 0.03

80% cHR max (bpm) 155 ± 2 147 ± 6 150 ± 5 0.03

3-min HR (bpm) 114 ± 2 113 ± 8 117 ± 2 0.94

Data are expressed as mean values ± standard deviation. The inter-group variability is determined by ANOVA test; significance level of P value is < 0.05.

BMI, Body Mass Index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; HR, Heart Rate; cHR max, Calculated HR max; 3-min HR, 3-minute

HR recovery; bpm, beats per minute.

https://doi.org/10.1371/journal.pone.0178900.t001

Table 2. Amounts of macronutrients and antioxidant micronutrients in the diet related to the 24-hour recall information.

Normal weight Overweight/moderate obesity Severe obesity P value

Energy (Kcal/die) 1940 ± 409 1994.8 ± 515 2409 ± 800 0.28

Carbohydrates (g/die) 247.0 ± 52 235 ± 66 301.9 ± 90 0.47

Lipid (g/die) 72.3 ± 19 79.4 ± 28 100 ± 42 0.16

Protein (g/die) 73.8 ± 23 81.9 ± 26 89.9 ± 54 0.47

Selenium (μg/die) 33.7 ± 16 45.3 ± 23 37.4 ± 22 0.22

Vitamin C (mg/die) 119.8 ± 50 138.4 ± 64 162.1 ± 70 0.40

Vitamin E (mg/die) 13.9 ± 3 14.4 ± 4 15.1 ± 2 0.85

Data are expressed as mean values ± standard deviation. The inter-group variability is determined by ANOVA test; significance level of P value is < 0.05.

https://doi.org/10.1371/journal.pone.0178900.t002
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after exercise in the other groups (Table 4; Fig 1). Interestingly, after performing the exercise

session, EGF levels were significantly reduced in all BMI categories [normal weight (P =

0.025); overweight/moderately obese (P = 0.04); severely obese (P = 0.018)] (Table 4; Fig 1). In

particular, a greater pre- to post-exercise percentage change was observed in severely obese

(40%) compared to overweight/moderately obese (30%), and normal weight people (12%). No

other significant differences were observed in serum cytokine levels among BMI categories

and within the same group in relation to the physical stress (Tables 3 and 4), although TNFα

Table 3. Circulating levels of oxidative markers and serum cytokines in the three BMI categories.

Pre-exercise Post-exercise

Laboratory

analytes

Normal

weight

Overweight/moderate

obesity

Severe

obesity P

Value

Normal

weight

Overweight/moderate

obesity

Severe

obesity P Value

GPX (U/l) 318.5 ± 95 314.6 ± 120 316.3 ± 92 0.99 345.7 ± 97 261.1 ± 104 319.4 ± 86 0.29

GR (U/l) 56.4 ± 7 59.4 ± 7 67.6 ± 10 0.90 57.3 ± 4 59.3 ± 7 70.5 ± 12 *0.036

SOD (U/ml) 102.5 ± 30 88.8 ± 31 87.4 ± 49 0.74 114.3 ± 16 82.1 ± 47 104 ± 38 0.30

TAS (mmol/l) 1.93 ± 0.1 2.02 ± 0.2 1.93 ± 0.3 0.76 1.94 ± 0.1 1.98 ± 0.2 1.92 ± 0.2 0.89

IL-4 (pg/ml) 0.93 ± 1.4 1.41 ± 1.26 1.96 ± 1.2 0.78 2.61 ± 2.4 2.67 ± 1.65 0.89 ± 1.12 0.16

IL-6 (pg/ml) 1.29 ± 0.59 1.8 ± 0.4 1.83 ± 1.34 0.31 2.62 ± 2.24 1.93 ± 0.58 2.06 ± 1.81 0.25

IL-8 (pg/ml) 32.5 ± 20.3 19.3 ± 19.4 12.3 ± 12.9 0.26 34.4 ± 22.5 16.59 ± 10.9 17.32 ± 10.05 0.32

TNFα (pg/ml) 9.0 ± 2.7 10.17 ± 6.89 12.12 ± 9.34 0.76 7.37 ± 2.89 3.27 ± 3.97 3.63 ± 2.37 0.09

MCP1 (pg/ml) 313.8 ± 84.02 314.4 ± 182 299.4 ± 123.9 0. 97 281.2 ± 81.6 318.1 ± 164.1 326.1 ± 165.5 0.86

VEGF (pg/ml) 144.5 ± 145.9 144.9 ± 91.2 153.9 ± 106.8 0.99 114.9 ± 97.1 130.8 ± 75.8 170.1 ± 105.7 0.58

IFNγ (pg/ml) 8.43 ± 7.38 11.26 ± 16.21 8.87 ± 7.80 0.89 3.83 ± 3.5 3.56 ± 2.41 3.98 ± 3.51 0.97

EGF (pg/ml) 168.0 ± 37.4 99.72 ± 44.9 129.9 ± 37.5 0.03 147.8 ± 28.9 69.7 ± 60.8 80.8 ± 52.4 0.05

The inter-group comparison is shown before and after exercise. Data are expressed as mean values ± standard deviation. The inter-group variability is

determined by ANOVA; significance level of P value is < 0.05.

*P adjusted for age and HDL-cholesterol.

https://doi.org/10.1371/journal.pone.0178900.t003

Table 4. Circulating levels of oxidative markers and serum cytokines in the three BMI categories.

Normal weight Overweight/moderate obesity Severe obesity

pre-exercise post-exercise

P value

pre-exercise post-exercise

P value

pre-exercise post-exercise

P value

GPX (U/l) 318.5 ± 95 345.7 ± 97 0.89 314.6 ± 120 261.1 ± 104 0.24 316.3 ± 92 319.4 ± 86 0.86

GR (U/l) 56.4 ± 7 57.3 ± 4 0.57 59.4 ± 7 59.3 ± 7 0.16 67.6 ± 10 70.5 ± 12 0.007

SOD (U/ml) 102.5 ± 30 114.3 ± 16 0.34 88.8 ± 31 82.1 ± 47 0.47 87.4 ± 49 104 ± 38 0.27

TAS (mmol/l) 1.93 ± 0.1 1.94 ± 0.1 0.23 2.02 ± 0.2 1.98 ± 0.2 0.40 1.93 ± 0.3 1.92 ± 0.2 0.43

IL-4 (pg/ml) 0.93 ± 1.4 2.61 ± 2.4 0.38 1.41 ± 1.26 2.67 ± 1.65 0.27 0.96 ± 1.2 0.89 ± 1.12 0.86

IL-6 (pg/ml) 1.29 ± 0.59 2.62 ± 2.24 0.93 1.8 ± 0.4 0.93 ± 0.58 0.48 1.83 ± 1.34 2.06 ± 1.81 0.30

IL-8 (pg/ml) 32.5 ± 20.3 34.4 ± 22.5 0.68 19.3 ± 19.4 16.59 ± 10.9 0.48 12.3 ± 12.9 17.32 ± 10.05 0.15

TNFα (pg/ml) 9.0 ± 2.7 7.37 ± 2.89 0.09 10.17 ± 6.89 3.27 ± 3.97 0.076 12.12 ± 9.34 3.63 ± 2.37 0.064

MCP1 (pg/ml) 313.8 ± 84.0 281.2 ± 81.6 0.02 314.4 ± 182 318.1 ± 164.1 0.79 299.4 ± 123.9 326.1 ± 165.5 0.31

VEGF (pg/ml) 144.5 ± 145.9 114.9 ± 97.1 0.22 144.9 ± 91.2 130.8 ± 75.8 0.26 153.9 ± 106.8 170.1 ± 105.7 0.31

IFNγ (pg/ml) 8.43 ± 7.38 3.83 ± 3.5 0.09 11.26 ± 16.21 3.56 ± 2.41 0.31 8.87 ± 7.80 3.98 ± 3.51 0.95

EGF (pg/ml) 168.0 ± 37.4 147.8 ± 28.9 0.025 99.72 ± 44.9 69.7 ± 60.8 0.04 129.9 ± 37.5 80.8 ± 52.4 0.018

The intra-group comparison is shown before and after exercise. Data are expressed as mean values ± standard deviation. The intra-group variability is

determined by t-Test. Significance level of P value is < 0.05.

https://doi.org/10.1371/journal.pone.0178900.t004
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and INFγ are close to significance in some intra-group comparisons (Table 4). Pearson’s corre-

lation and regression analysis showed that BMI was positively correlated with post-exercise

GR levels (r = 0.52, P = 0.017), and negatively with EGF (r = -0.49, P = 0.04).

Discussion

It is well known that exercise induces oxidative stress by an early increase of ROS, that acts, in

turn, as a modulator of muscle and systemic adaptations to physical activity [38,39]. Although

SOD is described as the first important shield against superoxide radicals, the glutathione sys-

tem is, likewise, an important antioxidant defense. For example, there is evidence that the oxi-

dative stress induced by hypoxia is primarily due to a decrease in GSH levels [40,41]. In this

study, we found a significant and greater increase of GR activity after physical exercise in

young, sedentary, severely obese volunteers, but not in overweight/moderately obese or nor-

mal weight subjects. Our findings therefore suggest that, in certain circumstances, even a short

exercise session may be enough to activate antioxidant protection mechanisms against oxida-

tive injury. In this context, we speculate that, when sedentary lifestyle and severe obesity are

concomitant, an early antioxidant response may be required to resist the increased oxidative

status that occurs following physical activity, whereas this does not occur in moderate obesity

or sedentariness alone. Although sedentary lifestyle has been previously investigated by others

[42], to our knowledge, this is the first study analyzing the oxidative stress marker GR in sed-

entary individuals with different ranges of BMI, in the context of a short run session. The

choice of measuring oxidative stress markers after an acute bout of physical activity has been

dictated by the need to assess early changes in pro-antioxidant balance under physical stress

conditions, which might be not too different from the physical maximal stress to which obese

subjects may be likely exposed during daily activities. Also, the same or a very similar exercise

protocol has proved to be suitable to evoke changes in the oxidative balance and inflammatory

Fig 1. Pre- and post-exercise circulating GR, MCP-1, and EGF in the different BMI categories. Analytes

were determined before and after 20 min exercise session at ~70% VO2max in normal weight (BMI: <25 kg/m2,

n = 10), overweight/moderate obese (BMI: 25–35 kg/m2, n = 10), severe obese (BMI: 35–40 kg/m2, n = 10)

subjects. Data are expressed as mean ± SD.* denotes pre- vs. post-exercise statistical difference (P < 0.05).

https://doi.org/10.1371/journal.pone.0178900.g001
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status [43,44]. Although previous studies showed that physical exercise is an oxidant stimulus

generating a ROS-dependent adaptive signaling [38,45], this effect seems to be affected by a

high inter-individual variability [46]. In particular, recent studies showed that exercise-

induced oxidative stress is exacerbated in obese subjects, in response to acute exercise [12–

14,47]. Thus, our results are in line with previous findings in the literature. On the other hand,

we were unable to test differences in oxidative stress markers across BMI status, although obe-

sity, due to chronic overnutrition, sedentariness, as well as insulin resistance, has been associ-

ated with increased mitochondrial oxidative stress in insulin-target tissues, such as muscle and

adipose tissues [48–50].

The mechanisms responsible for the variability in redox responses are still unclear and, at

the same time, the answer to this question is crucial. Recent evidences support the concept that

energy expenditure is controlled by a fine energy sensing network, that include PGC-1alpha, a

key regulator of mitochondria, and two metabolic sensors, SIRT1 and AMPK that, in response

to energy depletion or oversupply, may be tuned in opposite way, leading to metabolic fitness

or complications [51]. In this regard, in our study, all volunteers were selected for being seden-

tary and assuming similar amounts of antioxidant micronutrients, two conditions that may

affect the oxidative stress status [52]. High-calorie diet represents an underlying mechanism

favoring free radical generation, and metabolic abnormalities in obesity, and, consequently,

increased requirements of antioxidant enzymes under stress conditions [53]. However, other

mechanisms can additionally explain the higher oxidative status in obesity.

It is well known that an increase in the endogenous antioxidant activity during acute exer-

cise is a defense mechanism against hydrogen peroxide generation [54]. Several investigations

link an increased oxidative stress to the abnormal activation of the renin-angiotensin-aldoste-

rone system (RAAS) and multiple conditions are able to activate RAAS, including obesity. Fur-

thermore, it has been shown that physical exercise can stimulate lipolysis [55], leading to

increased levels of plasma glycerol and higher oxidative stress in obese than in lean subjects

[56]. Thus, it is plausible that in severe obesity, the great lipid mobilization enhances the anti-

oxidant requirement to limit free fatty acid oxidation.

In obesity, the hyperoxidative status is associated with a chronic low-grade inflammation,

characterized by altered cytokine production with an increase of acute phase proteins and

ROS [57–59]. Cytokines, in particular TNFα, IL-1 and IL-6, act as potent stimulators of ROS

production by the monocyte-macrophage lineage cells infiltrating adipose tissue in obesity

through the activity of NADPH oxidase [60].

Conflicting results have been reported about the effects of acute exercise on circulating

cytokines levels. These discrepancies might be due to differences in the physical activity proto-

cols applied (intensity, duration, and type of physical exercise) and to the choice of sampling

time points which can mask the exercise-induced changes [61–63].

According to many scientific evidences, a single session of moderate aerobic activity, such

as that undertaken by the enrolled individuals in our study, could not significantly change cir-

culating cytokine levels [30–33]. Therefore, it is not surprising that, after the short physical

exercise session performed in this study, serum levels of most of the cytokines analyzed

remained unchanged. In our case, an early post-stress variation was only observed for MCP-1

and EGF, whose levels significantly decreased after the exercise, although, of note, also TNFα
and INFγ show a reduction trend in some groups, coherently with previous findings that high-

light the effects of physical exercise on the inflammatory response [43].

MCP-1 is a potent monocyte chemoattractant, mainly produced by monocytes, macro-

phages, and dendritic cells, which may induce adhesion molecule expression, tissue factor

secretion, and smooth muscle cell proliferation in the context of inflammation, insulin resis-

tance, and atherosclerosis. The adipose tissue is an important source for the release of MCP-1,
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which–by promoting the recruitment of immune cells to fat–contributes to inflammation and

glucose intolerance in obesity [64]. Interestingly, at physiological concentration, MCP-1 is the

only adipocytokine able to impair insulin signaling and glucose uptake in skeletal muscle [65].

Therefore, a decrease in this biomarker during physical exercise facilitates insulin-mediated

glucose disposal. Although a decrease in MCP-1 even after a short exercise have been also

reported by other studies [30,66], our results showed a post-exercise decrease in MCP-1 only

in sedentary normal weight group, while no significant variation was observed either in over-

weight or obese people. We hypothesize that in obese subjects, due to a chronic low-grade pro-

inflammatory status, a mild physical activity might not be sufficient to determine a reduction

of this marker [67].

EGF is a potent activator of cell growth, proliferation and differentiation, and EGF recep-

tors are highly expressed in adipose and muscle tissues [68]. EGF serum levels have been

described to inversely correlate with fat mass and BMI, supporting a role of EGF in the patho-

genesis of obesity and related diseases [69,70]. Consistently, we found a negative correlation

between EGF and BMI, with significantly higher levels of EGF in normal weight than in obese

subjects. After physical activity, we observed a significant reduction of EGF serum levels in all

groups (although more evident in severely obese subjects). The same trend has been previously

observed in young males after a similar exercise protocol [67]. A possible explanation for the

decrease in EGF levels subsequent to physical activity may be linked to the role of EGF in ROS

production. It has been reported that ROS may function as mediators of cellular responses,

including EGF signaling pathway [71]. The EGF interaction with its receptor leads to the acti-

vation of NADPH oxidase and the consequent production of ROS, which, in turn, stimulate

the autophosphorylation of the membrane receptor and the induction of the signal cascade

[72]. It is plausible that the post-exercise EGF reduction, an already reported finding [67], is

finalized to facilitate defense mechanisms against oxidative stress. This hypothesis is supported

by the proportional reduction in EGF levels in association with increasing BMI, concurrently

with the exacerbation of oxidative stress levels in obese subjects.

A particular strength of the present work is that the study has been performed in the same

place, with the same conditions, while all the blood samples have been processed immediately

to guarantee optimal analytical conditions.

Conversely, as a limitation of this study, the small sample size, due to the difficulty to enroll

volunteers willing to have two consecutive blood samples withdrawn within a short time

period. As a consequence of this limitation, the inter-group comparisons should be interpreted

cautiously. In addition, as this investigation was performed in men only, caution should be

used in generalizing conclusions.

Conclusions

Based on our observations, this study may contribute to clarify some early physiological mech-

anisms by which sedentary individuals with different BMI categories respond to physical

stress. We hypothesize that, while all BMI categories display a proportional reduction of EGF

to limit ROS production, in severe obesity, GR activity increases to resist a more evident oxida-

tive status. Concomitantly, in normal weight conditions, but not in obesity, a decrease in the

pro-inflammatory cytokine MCP-1 facilitates insulin action in the muscle. All these observa-

tions are compatible with the concept that the adaptive mechanisms to physical stress may

physiologically involve both the redox balance and the metabolic status. Understanding these

mechanisms, and identifying novel biomarkers, may ultimately lead to new preventive and

therapeutic strategies for obesity and obesity-related disorders.
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to oxidative stress induced by prolonged exercise: antioxidant enzyme gene expression in lymphocytes.

Eur J Appl Physiol. 2006; 98: 263–269. https://doi.org/10.1007/s00421-006-0273-y PMID: 16896722

20. Trayhurn P, Wang B, Wood IS. Hypoxia in adipose tissue: a basis for the dysregulation of tissue func-

tion in obesity? Br J Nutr. 2008; 100: 227–235. https://doi.org/10.1017/S0007114508971282 PMID:

18397542

21. Messineo S, Laria AE, Arcidiacono B, Chiefari E. Luque Huertas RM, Foti DP, et al. Cooperation

between HMGA1 and HIF-1 contributes to hypoxia-induced VEGF and visfatin gene expression in 3T3-

L1 adipocytes. Front Endocrinol. 2016; 7: 73.

22. Ye J. Emerging role of adipose tissue hypoxia in obesity and insulin resistance. Int J Obes. 2009; 33:

54–66.

23. Pedersen BK. The anti-inflammatory effect of exercise: its role in diabetes and cardiovascular disease

control. Essays Biochem. 2006; 42: 105–117. https://doi.org/10.1042/bse0420105 PMID: 17144883

24. La Gerche A, Heidbuchel H. Can intensive exercise harm the heart? You can get too much of a good

thing. Circulation. 2014; 130: 992–1002. https://doi.org/10.1161/CIRCULATIONAHA.114.008141

PMID: 25223770

25. Nemet D, Pontello AM, Rose-Gottron C, Cooper DM. Cytokines and growth factors during and after a

wrestling season in adolescent boys. Med Sci Sports Exerc. 2004; 36: 794–800. PMID: 15126712

26. La Gerche A, Inder WJ, Roberts TJ, Brosnan MJ, Heidbuchel H, Prior DL. Relationship between Inflam-

matory Cytokines and Indices of Cardiac Dysfunction following Intense Endurance Exercise. PLoS

One. 2015; 2; 10(6): e0130031. https://doi.org/10.1371/journal.pone.0130031 PMID: 26070197

27. Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived interleukin-6. Phy-

siol Rev. 2008; 88: 1379–1406. https://doi.org/10.1152/physrev.90100.2007 PMID: 18923185

28. Nielsen HG,Øktedalen O, Opstad PK, Lyberg T. Plasma Cytokine Profiles in Long-Term Strenuous

Exercise. J Sports Med. 2016; 2016: 7186137.

29. Tahan F, Karaaslan C, Asian A, Kiper N, Kalayci O. The role of chemokines in exercise induced bronch-

oconstriction in asthma. Ann Allergy Asthma Immunol. 2006; 96: 819–825. https://doi.org/10.1016/

S1081-1206(10)61344-0 PMID: 16802769

30. Fatouros I, Chatzinikolaou A, Paltoglou G, Petridou A, Avloniti A, Jamurtas A, et al. Acute resistance

exercise results in catecholaminergic rather than hypothalamic–pituitary–adrenal axis stimulation dur-

ing exercise in young men. Stress. 2010; 13: 461–468. https://doi.org/10.3109/10253891003743432

PMID: 20666650

31. Nosaka K, Clarkson PM. Changes in indicators of inflammation after eccentric exercise of the elbow

flexors. Med Sci Sports Exerc. 1996; 28: 953–961. PMID: 8871903

Oxidative stress, inflammation and physical exercise

PLOS ONE | https://doi.org/10.1371/journal.pone.0178900 June 5, 2017 11 / 13

https://doi.org/10.1080/02640414.2010.484067
http://www.ncbi.nlm.nih.gov/pubmed/20686993
https://doi.org/10.1113/expphysiol.2009.050526
https://doi.org/10.1113/expphysiol.2009.050526
http://www.ncbi.nlm.nih.gov/pubmed/19880534
http://www.ncbi.nlm.nih.gov/pubmed/15126709
http://www.ncbi.nlm.nih.gov/pubmed/15692315
http://www.ncbi.nlm.nih.gov/pubmed/9453530
http://www.ncbi.nlm.nih.gov/pubmed/8725853
https://doi.org/10.1164/rccm.200411-1580OC
http://www.ncbi.nlm.nih.gov/pubmed/16040783
https://doi.org/10.1007/s00421-006-0273-y
http://www.ncbi.nlm.nih.gov/pubmed/16896722
https://doi.org/10.1017/S0007114508971282
http://www.ncbi.nlm.nih.gov/pubmed/18397542
https://doi.org/10.1042/bse0420105
http://www.ncbi.nlm.nih.gov/pubmed/17144883
https://doi.org/10.1161/CIRCULATIONAHA.114.008141
http://www.ncbi.nlm.nih.gov/pubmed/25223770
http://www.ncbi.nlm.nih.gov/pubmed/15126712
https://doi.org/10.1371/journal.pone.0130031
http://www.ncbi.nlm.nih.gov/pubmed/26070197
https://doi.org/10.1152/physrev.90100.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923185
https://doi.org/10.1016/S1081-1206(10)61344-0
https://doi.org/10.1016/S1081-1206(10)61344-0
http://www.ncbi.nlm.nih.gov/pubmed/16802769
https://doi.org/10.3109/10253891003743432
http://www.ncbi.nlm.nih.gov/pubmed/20666650
http://www.ncbi.nlm.nih.gov/pubmed/8871903
https://doi.org/10.1371/journal.pone.0178900


32. No authors listed. National High Blood Pressure Education Program Working Group Report on Hyper-

tension in the Elderly. Hypertension. 1994; 23: 275–285. PMID: 8125550

33. Psaty BM, Furberg CD, Kuller LH, Bild DE, Rautaharju PM, Polak JF, et al. Traditional risk factors and

subclinical disease measures as predictors of first myocardial infarction in older adults: the Cardiovas-

cular Health Study. Arch Intern Med. 1999; 59: 1339–1347.

34. Swain DP, Abernathy KS, Smith CS, Lee SJ, Bunn SA. Target heart rates for the development of

cardiorespiratory fitness. Med Sci Sports Exerc. 1994; 26(1): 112–116. PMID: 8133731

35. Franckowiak SC, Dobrosielski DA, Reilley SM, Walston JD, Andersen RE. Maximal heart rate predic-

tion in adults that are overweight or obese. Strength Cond Res. 2011; 25(5): 1407–12.

36. Paglia DN, Valentine WN. Studies on the quantitative and qualitative characterization of erythrocyte glu-

tathione peroxidase. J Lab Clin Med. 1967; 70: 158–160. PMID: 6066618

37. Greco M, Chiefari E, Montalcini T, Accattato F, Costanzo FS, Pujia A, et al. Early effects of a hypocalo-

ric, mediterranean diet on laboratory parameters in obese individuals. Mediators Inflamm. 2014; 2014:

750860. https://doi.org/10.1155/2014/750860 PMID: 24729662

38. Radak Z, Zhao Z, Koltai E, Ohno H, Atalay M. Oxygen consumption and usage during physical exercise:

the balance between oxidative stress and ROS-dependent adaptive signaling. Antioxidants Redox Sig-

naling. 2013; 18: 1208–1246. https://doi.org/10.1089/ars.2011.4498 PMID: 22978553

39. Gliemann L, Nyberg M, Hellsten Y. Nitric oxide and reactive oxygen species in limb vascular function:

what is the effect of physical activity? Free Radical Research. 2014; 48: 71–83. https://doi.org/10.3109/

10715762.2013.835045 PMID: 23962038

40. Heiss K, Vanella L, Murabito P, Prezzavento O, Marrazzo A, Castruccio Castracani C, et al. (+)-Pentaz-

ocine reduces oxidative stress and apoptosis in microglia following hypoxia/reoxygenation injury. Neu-

rosci Lett. 2016; 626: 142–148. https://doi.org/10.1016/j.neulet.2016.05.025 PMID: 27208832

41. Li P, Zhang D, Shen L, Dong K, Wu M, Ou Z, et al. Redox homeostasis protects mitochondria through

accelerating ROS conversion to enhance hypoxia resistance in cancer cells. Sci Rep. 2016; 6: 22831.

https://doi.org/10.1038/srep22831 PMID: 26956544

42. Elosua R, Molina L, Fito M, Arquer A, Sanchez-Quesada JL. Response of oxidative stress biomarkers

to a 16-week aerobic physical activity program and to acute physical activity in healthy young men and

women. Atherosclerosis. 2003; 167(2): 327–334. PMID: 12818416

43. Dimitrov S, Hulteng E, Hong S. Inflammation and exercise: Inhibition of monocytic intracellular TNF pro-

duction by acute exercise via β2-adrenergic activation. Brain Behav Immun. 2017; 61: 60–68. https://

doi.org/10.1016/j.bbi.2016.12.017 PMID: 28011264

44. Diaz KM, Feairheller DL, Sturgeon KM, Williamson ST, Brown MD. Oxidative stress response to short

duration bout of submaximal aerobic exercise in healthy young adults. Int J Exerc Sci. 2011; 4(4): 247–

256. PMID: 24340124

45. Powers SK, Nelson WB, Hudson MB. Exercise-induced oxidative stress in humans: cause and conse-

quences. Free Radic Biol Med. 2011; 51: 942–950. https://doi.org/10.1016/j.freeradbiomed.2010.12.

009 PMID: 21167935

46. Margaritelis NV, Kyparos A, Paschalis V, Theodorou AA, Panayiotou G, Zafeiridis A, et al. Reductive

stress after exercise: The issue of redox individuality. Redox Biol. 2014; 2: 520–528. https://doi.org/10.

1016/j.redox.2014.02.003 PMID: 24634834

47. Huang CJ, McAllister MJ, Slusher AL, Webb HE, Mock JT, Avecedo EO. Obesity-Related Oxidative

Stress: the Impact of Physical Activity and Diet Manipulation. Sports Med Open. 2015; 1: 32. https://

doi.org/10.1186/s40798-015-0031-y PMID: 26435910

48. Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal role in multiple forms of insu-

lin resistance. Nature. 2006; 440(7086): 944–948. https://doi.org/10.1038/nature04634 PMID:

16612386

49. Fisher-Wellman KH1, Neufer PD. Linking mitochondrial bioenergetics to insulin resistance via redox

biology. Trends Endocrinol Metab. 2012; 23(3): 142–153. https://doi.org/10.1016/j.tem.2011.12.008

PMID: 22305519

50. Muoio DM, Noland RC, Kovalik JP, Seiler SE, Davies MN, DeBalsi KL, et al. Muscle-specific deletion of

carnitine acetyltransferase compromises glucose tolerance and metabolic flexibility. Cell Metab. 2012;

15(5): 764–777. https://doi.org/10.1016/j.cmet.2012.04.005 PMID: 22560225
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