
Life Sciences 96 (2014) 40–45

Contents lists available at ScienceDirect

Life Sciences

j ourna l homepage: www.e lsev ie r .com/ locate / l i fesc ie

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Caffeine supplementationmodulates oxidative stressmarkers
in the liver of trained rats
Rômulo Pillon Barcelos a, Mauren Assis Souza a,b, Guilherme Pires Amaral a, Silvio Terra Stefanello a,
Guilherme Bresciani a,b, Michele Rechia Fighera b,c, Félix Alexandre Antunes Soares a,b,⁎, Nilda Vargas Barbosa a

a Departamento de Química, Centro de Ciências Naturais e Exatas (CCNE), Universidade Federal de Santa Maria (UFSM), Santa Maria, RS, Brazil
b Laboratório de Bioquímica do Exercício (BioEx), Centro de Educação Física e Desportos, Universidade Federal de Santa Maria (UFSM), Santa Maria, RS, Brazil
c Departamento de Neuropsiquiatria, Centro de Ciências da Saúde (CCS), Universidade Federal de Santa Maria (UFSM), Santa Maria, RS, Brazil
⁎ Corresponding author at: Departamento de Química,
Santa Maria, 97105-900 Santa Maria, RS, Brazil. Tel.: +55

E-mail address: felix@ufsm.br (F.A.A. Soares).

0024-3205/$ – see front matter © 2013 Elsevier Inc. All ri
http://dx.doi.org/10.1016/j.lfs.2013.12.002
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 1 October 2013
Accepted 3 December 2013

Keywords:
Caffeine
Exercise training
Liver
Oxidative stress
Redox status modulation

Aims: Caffeine has been widely used in sports competitions due to its ergogenic effects. Most of the studies re-
garding caffeine and exercise have focused on muscle and plasma adaptations, while the impact on the liver is
scarcely described. The aim is to analyze the effects of caffeine and exercise training on oxidative stress markers
and injury-related parameters in the liver.
Main methods: Rats were divided into sedentary/saline, sedentary/caffeine, exercise/saline, and exercise/caffeine
groups. Exercise groups underwent 4 weeks of swimming training, and caffeine (6 mg/kg, p.o.)was supplement-
ed throughout the training protocol. Injury-related liver parameters were assessed in plasma, while redox status
and oxidative stress markers were measured on liver homogenates.
Key findings: Exercise training increased muscle citrate synthase activity in the muscle, while in caffeine de-

creased its activity in both sedentary and trained rats. Aspartate transaminase levels were increased after train-
ing, and caffeine intake suppressed this elevation (p b 0.05). Caffeine also diminished alanine transaminase
levels in both sedentary and exercised rats (p b 0.05). Exercise training induced a significant increase on the ac-
tivity of the enzymes superoxide dismutase and glutathione peroxidase, as an increase on thiobarbituric acid-
reactive substances levels was also reached (p b 0.05); caffeine intake blunted these alterations. Caffeine intake
also suppressed liver catalase activity in both sedentary and exercise groups (p b 0.05).
Significance:Our data suggest that caffeinemodified the hepatic responses associated to exercise-induced oxida-
tive stress without affecting the performance, exerting different actions according to the tissue. However, further
studies are needed to better understand caffeine's role on liver under exercise training.
© 2013 Elsevier Inc. All rights reserved.
Introduction

Caffeine (1,3,7-trimethylxanthine) is a xanthine alkaloid compound
present in many commercial beverages and medicines that acts as a
potent stimulant of the central nervous system (CNS) (Tunnicliffe
et al., 2008). In addition, caffeine incites skeletal muscle metabolism
and therefore it has been widely used in athletic competitions due to
its ergogenic effects (Kalmar and Cafarelli, 2004; Tarnopolsky, 2008;
Goldstein et al., 2010). Its widespread use is allowed by the World
Anti-Doping Agency's despite evidence-based data that documents its
physiological and performance-enhancing effects (Tarnopolsky, 2010).
In this line, it is well known that caffeinemay affect substrate utilization
during exercise (Tunnicliffe et al., 2008; Goldstein et al., 2010; Yang
et al., 2009; Davis et al., 2003). Caffeine increases fatty acidmobilization
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during exercise thus decreasing glycogen reliance during performance
(Ivy et al., 1979; Erickson et al., 1987; Spriet et al., 1992). These effects
have been broadly linked to improvements on aerobic exercise perfor-
mance due to enhanced twitch strength of both skeletal and cardiac
muscles, which result in delay fatigue onset (Goldstein et al., 2010;
Tarnopolsky and Cupido, 2000; Simmonds et al., 2010).

On the same line, it iswell known that regular exercise trainingplays
a protective role against lifestyle-related diseases across health status
and quality of life improvements (Radak et al., 2004, 2005a,b). Accord-
ingly, it has been stated that regular exercise training may increase
the resistance to various stressors via hormesis (Radak et al., 2005a).
The molecular events involved in this regulation may be linked to
redox status homeostasis, an oxidative stress-related adaptive response
(Radak et al., 2008; Jackson, 2008; Gomez-Cabrera et al., 2008). In fact,
exercise training incites regular adaptations to the continuous presence
of small stimuli such as mild amounts of reactive oxygen species (ROS).
In this case, the regular stimuli can trigger the expression of antioxidant
enzymes and modulates other oxidative stress markers (Radak et al.,
2005a; Jackson, 2008; Gomez-Cabrera et al., 2008; Ji, 1993).
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Although growing evidence shows the beneficial effects of caffeine
intake on skeletal muscle performance during exercise training, the
role of caffeine in other tissues is scarcely described. Specifically, the in-
fluence of caffeine on the oxidative responses elicited by exercise train-
ing has been mostly limited to the skeletal muscle, brain and plasma
samples. Therefore, considering the remarkable metabolic role of the
liver during exercise, this study aimed to analyze the isolated and/or
combined effects of caffeine supplementation and exercise training on
oxidative stress and tissue injury-related markers.

Materials and methods

Ethical approval

The experimental assays were conducted in accordance to
national and international legislations (Brazilian College of Animal Ex-
perimentation (COBEA) and the U.S. Public Health Service's Policy on
Humane Care and Use of Laboratory Animals-PHS Policy). The study
protocol was also approved by the Ethics Committee for Animal
Research of the Universidade Federal de Santa Maria (UFSM, permit
number 115/2010) before experimental set beginning.

Animals and reagents

Male Wistar rats (180–250 g) were obtained from our own breeding
colony and kept in plastic boxes containing a maximum of five animals
per cage. After, cages were placed in controlled environment conditions
(12:12 h light–dark cycle, with onset of light phase at 7:00, 25 ± 1 °C,
55% relative humidity) with food (Guabi, Santa Maria, Brazil) and water
ad libitum. Assay reagents were purchased from Sigma (St. Louis, MO,
USA), and the other chemicals used in this study were of analytical
grade and obtained from standard commercial suppliers.

Study design

The animals were randomly divided into four groups (n = 8):
sedentary-saline (SED-SAL), sedentary-caffeine (SED-CAF), exercise-
saline (EXE-SAL) and exercise-caffeine (EXE-CAF). The exercise and
sedentary groups received caffeine (6 mg/kg in saline) or its vehicle
by intragastric gavage (p.o.) through the experimental period.

Training protocol

For exercise training, animals were weighed and randomly assigned
to the aforementioned groups. The tank used in this studywas 80 cm in
length, 50 cm inwidth, and 90 cm in depth, and the swimming training
was performed in water temperature of 31 ± 1 °C (70 cm depth) be-
tween 10 and 12 h am. The training session consisted of 50 min per
day and 5 days per week (Song et al., 1998). The EXE groups performed
swimming trainingwith a 5% bodyweight overload attached to theback
to improve endurance (Lima et al., 2013; Gobatto et al., 2001). The SED
groups were placed in a separate but similar tank with shallow water
(5 cm) at the same temperature for 30 min, 5 days a week without
the back overload. Caffeine supplementation (6 mg/kg) was adminis-
tered daily throughout the training protocol (Fredholm et al., 1999).

Tissue sampling, and organs weighting

At the end of the exercise training protocol, the ratswere euthanized
and, liver, adrenal gland, soleus and gastrocnemius muscles were re-
moved and weighted. A single ratio between organ and total body
weights was calculated to express this data. Samples of liver and gas-
trocnemius muscle were quickly removed, placed on ice, and homoge-
nized within 10 min in 10 volumes of cold Tris 10 mM (pH 7.4). Liver
and muscle homogenates were centrifuged at 4000 ×g at 4 °C for
10 min to yield the low-speed supernatant fraction that was used for
different biochemical assays in all trials. Blood samples were collected
and centrifuged 1500 ×g for 10 min for plasma isolation in order to per-
form biochemical analysis.

Plasma assays

Biochemical parameters
Plasma levels of creatinine kinase (CK), aspartate transaminase

(AST), alanine transaminase (ALT), triglycerides (TG), total cholesterol
(TC), uric acid (UA), high density lipoprotein (HDL) and urea (UR)
were estimated by standard commercially biological kits (Labtest,
Lagoa Santa, Brazil).

Estimation of DNA damage
The cell death indicated by the presence of double strand DNA in the

plasma (dsDNA) wasmeasured using the PicoGreen® fluorescent assay
(Ahn et al., 1996). The assay was performed according to protocol
supplied by the manufacturer (Quant ItTM, Invitrogen, Brazil). The
fluorescence measurements were recorded on a fluorimeter, and fluo-
rescence emission of PicoGreen® alone (blank) and PicoGreen® with
DNA were recorded at 520 nm using an excitation wavelength of
480 nm at room temperature (25 °C). The results were expressed as %
of control.

Citrate synthase (CS) activity

Citrate synthase activity was determined spectrophotometrically in
mixed gastrocnemius muscle and liver according to the method previ-
ously described (Srere, 1968). The enzyme activitywasmeasured in ho-
mogenates and the amount of the complex resulting from acetyl-CoA
and oxaloacetate was determined at 412 nm and 25 °C. The CS activity
was expressed as percentage of control.

Liver homogenate assays

Catalase (CAT) activity
The CAT enzyme activity was determined according to the method

proposed by Aebi (1984). The kinetic analysis of CAT was started after
H2O2 addition and the color reaction was measured at 240 nm. Data
were corrected by the protein content and expressed as percentage of
control.

Superoxide dismutase (SOD) activity
The SOD enzyme activity was determined according to the method

proposed by Misra and Fridovich (1972). The kinetic analysis of SOD
was started after adrenaline addition, and the color reaction was mea-
sured at 480 nm. Data were corrected by the protein content and
expressed as percentage of control.

Glutathione peroxidase (GPx) activity
The GPx activity was determined spectrophotometrically at 340 nm

by NADPH consumption for 2 min at 30 °C (Flohé and Günzler, 1984).
The reaction was initiated by adding the H2O2 to a final concentration
of 0.4 mM. The GPx activity was determined using themolar extinction
coefficient 6220 M−1 cm−1 and expressed as percentage of control.

Glutathione reductase (GR) activity
For GR activity determination, the measurements were made at

340 nm and initiated with addition of 20 mM GSSG, at 30 °C for
2 min (Carlberg andMannervik, 1985). The GR activity was determined
using the molar extinction coefficient 6220 M−1 cm−1, corrected by
the protein content, and expressed as percentage of control.

Fluorimetric assay of reduced (GSH) and oxidized glutathione (GSSG)
For measurement of GSH and GSSG levels, the method previously

described by Hissin and Hilf (1976) was used (Hissin and Hilf, 1976).



Table 1
Effects of swimming training and caffeine on relative organ/body weight. The data are
expressed as means ± SEM (n = 5–8) and presented as the ratio between tissue and
total rat weight.
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The GSH and GSSG levels were determined from comparisons with a
linear GSH or GSSG standard curve, respectively. The results were
expressed as GSH/GSSG ratio.
SED-SAL SED-CAF EXE-SAL EXE-CAF

Liver (10−2) 3.50 ± 0.34 3.03 ± 0.14 3.278 ± 0.11 3.275 ± 0.13
Adrenal (10−4) 2.58 ± 0.26 2.09 ± 0.10 1.99 ± 0.14 2.19 ± 0.16
Soleus (10−4) 8.60 ± 0.91 9.63 ± 1.11 11.13 ± 1.14 11.079 ± 1.06
Gastrocnemius (10−3) 4.79 ± 0.36 5.10 ± 0.31 5.48 ± 0.25 5.34 ± 0.27

SED-SAL: sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL: exercise-saline; EXE-
CAF: exercise-caffeine.
Thiobarbituric acid reactive substance (TBAR) levels determination
Lipid peroxidation was estimated by measuring TBARS and

expressed in terms of malondialdehyde (MDA) content according to
the method of Ohkawa et al. (1979). The TBAR levels were measured
at 532 nm, and the absorbance was compared with the standard
curve using MDA and corrected by the protein content.
Protein determination

The protein contentwas determined as described previously (Lowry
et al., 1951) using bovine serum albumin (BSA) as standard.
Statistical analysis

Statistical analysis was performed using two-way analysis of
(ANOVA), followed by Student–Newman–Keuls test when appropriate
to determine possible interactions. Data are expressed as means ± SEM.
Values of p b 0.05 were considered significant.
Results

Total body weight and organ-to-body weight ratio

The EXE groups had a reduction in the bodyweight gain when com-
pared to the SED groups as seen in Fig. 1 (p b 0.05). This exercise
training effect was not modified by caffeine intake. Similarly, caffeine
did not change the body weight of SED groups. No changes in the
organ-to-body weight ratio were observed for liver, adrenal gland,
soleus, or gastrocnemius muscles among the groups (Table 1).
Plasma biochemical levels

No significant differences in plasma lipid content (TC, TG, and HDL-
cholesterol), urea, or uric acid were detected among the groups as
presented in Table 2.
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Fig. 1. Effects of exercise training and caffeine supplementation on bodyweight gain. Data
are presented as total body weight gain after 4 weeks of exercise and expressed as
means ± SEM (n = 5–8). *Denotes p b 0.05 when compared with the control group
(SED-SAL). SED-SAL: sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL: exercise-
saline; EXE-CAF: exercise-caffeine.
Muscle and liver citrate synthase (CS) activity

Statistical analysis showed that CS activity was higher among EXE
groups in the gastrocnemius muscle (Fig. 2a). On the opposite, liver CS
activity decreased with caffeine supplementation on both SED and
EXE groups (Fig. 2b, p b 0.05).

Injury-related markers
Table 3 depicts the results of tissue injury-relatedmarkers in plasma.

No differenceswere found for DNA PicoGreen® among the groups. Con-
versely, exercise training induced an increase in plasma AST and CK
levels when compared to SED groups (p b 0.05). Caffeine intake re-
stored the AST levels modified by exercise and diminished ALT levels
in both SED/CAF and EXE/CAF rats. Caffeine intake did not alter plasma
CK levels in EXE or SED rats.

Hepatic markers

Antioxidant enzyme activities
The liver antioxidant enzyme activities are summarized in Fig. 3. Caf-

feine intake reduced CAT activity in both SED/CAF and EXE/CAF groups
(Fig. 3a, p b 0.05). Exercise training caused an increase in SOD and GPx
activities when compared with SED/SAL rats (p b 0.05). These effects
induced by exercise on antioxidant enzymes were blunted by caffeine
intake (Fig. 3b and c, p b 0.05). No differences among the groups were
observed regarding GR activity (data not shown).

Oxidative stress parameters
Fig. 4 presents the results of the oxidative stress markers in liver

homogenates. No significant differences in the GSH/GSSG ratio were
found among the groups (Fig. 4a). The levels of TBARSwere significantly
augmented in EXE/SAL group compared to SED/SAL rats (Fig. 4b,
p b 0.05). This effect was suppressed by caffeine intake in EXE/CAF rats.

Discussion

In the present study, swimming training increased muscle CS activ-
ity, plasma CK and AST levels and decreased the weight gain of rats. Ex-
ercise training also induced changes on the antioxidant status and
oxidative markers in the liver, specifically represented by lipid peroxi-
dation and SOD and GPx activities increased. Most effects linked to
Table 2
Effects of swimming training and caffeine treatment on biochemical serum parameters.
The data are expressed as means ± SEM (n = 5–8).

SED-SAL SED-CAF EXE-SAL EXE-CAF

TC (UI) 1.55 ± 0.07 1.41 ± 0.11 1.51 ± 0.09 1.55 ± 0.07
TG (UI) 0.61 ± 0.06 0.64 ± 0.08 0.61 ± 0.03 0.69 ± 0.09
HDL (UI) 2.96 ± 0.48 2.95 ± 0.25 2.85 ± 0.15 2.76 ± 0.24
UR (nmol/L) 8.11 ± 0.90 8.34 ± 1.14 7.64 ± 0.84 8.09 ± 0.48
UA (μmol/L) 79.90 ± 17.90 53.98 ± 5.00 55.22 ± 5.73 65.70 ± 6.25

Total cholesterol (TC); triglycerides (TG); high-density lipoprotein (HDL); urea (UR); uric
acid (UA). SED-SAL: sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL: exercise-
saline; EXE-CAF: exercise-caffeine.
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Fig. 2. Effects of exercise training and caffeine supplementation onmuscle (a) and liver (b)
citrate synthase activity. The data are presented as percentage of control and expressed as
means ± SEM (n = 5–8). *Denotes p b 0.05 when compared with the control group
(SED-SAL). #Denotes p b 0.05 when compared with the EXE-SAL group. SED-SAL:
sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL: exercise-saline; EXE-CAF:
exercise-caffeine.
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exercise training were modified by caffeine intake. Caffeine decreased
CS activity in both SED/CAF and EXE/CAF groups in the liver.

Exercise trained rats exhibited a plateau in body weight gain during
the 4-week training period. This finding corroborates previous data
indicating that swimming training stabilizes the body weights of rats
(Lima et al., 2013; Ravi Kiran et al., 2006; Clavel et al., 2002). This pla-
teau in body weight may be related to the intensity of the swimming
protocol applied in this study considering it has been long stated that in-
tense training influences bodyweight in rats (Lima et al., 2013). Despite
the well-described caffeine effects on the metabolism, the CAF groups
did not show differences compared to SAL groups.
Table 3
Effects of swimming training and caffeine treatment on tissue injury-relatedmarker levels.
The data are expressed as means ± SEM (n = 5–8) comparing to control group (%).

SED-SAL SED-CAF EXE-SAL EXE-CAF

AST 100.00 ± 5.83 91.49 ± 7.84 132.66 ± 10.76⁎ 104.19 ± 5.46#

ALT 100.00 ± 10.62 63.29 ± 3.55⁎ 84.51 ± 9.13 66.22 ± 6.20⁎#

DNA 100.00 ± 4.54 102.60 ± 4.26 102.34 ± 3.91 95.02 ± 3.45
CK 100.0 ± 10.84 140.6 ± 23.86 225.41 ± 46.11⁎ 233.3 ± 40.49⁎

Aspartate transaminase (AST); and alanine transaminase (ALT); creatine kinase (CK).
SED-SAL: sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL: exercise-saline; EXE-
CAF: exercise-caffeine.
⁎ Denotes p b 0.05 when compared with the control group (SED-SAL).
# Denotes p b 0.05 when compared with the EXE-SAL group.

Fig. 3. Effects of exercise training and caffeine supplementation on liver catalase (a), su-
peroxide dismutase (b), and glutathione peroxidase (c) activities. The data are presented
as means ± SEM (n = 5–8) and expressed as percentage of control. *Denotes p b 0.05
when compared with the control group (SED-SAL). #Denotes p b 0.05 when compared
with EXE-SAL group. SED-SAL: sedentary-saline; SED-CAF: sedentary-caffeine; EXE-SAL:
exercise-saline; EXE-CAF: exercise-caffeine.
The EXE groups exhibited higher CK levels, potentially indicating
exercise-related damage caused by intense swimming training. In this
regard, there is evidence that high CK levels lead to oxidative damage
and increased lipid peroxidation, which was also seen in this study
through increased TBAR levels on the EXE/SAL group (Itoh et al., 2000;
Jiménez et al., 2001; Márquez et al., 2001; Zajac et al., 2001). On the
same line, muscle CS activity was higher in the trained groups,
supporting previous reports on favorable adaptations of the aerobic
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Fig. 4. Effects of exercise and caffeine on liver GSH/GSSG ratio (a) and TBAR levels (b). The
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metabolism to regular training (Jackson, 2008; Gomez-Cabrera et al.,
2008; Ji, 1993; Ristow and Schmeisser, 2011; Ji et al., 2006). However,
our results showed that the liver CS activity was decreased in CAF
groups, whichmay indicate a differential caffeinemodulation according
to the analyzed tissue. The decreased liver CS activity was accompanied
by a similar tissue injury-related marker modulation. AST and ALT are
useful plasmatic parameters of hepatic injury that are associated with
liver toxicity (Qin et al., 2007; Ozer et al., 2008; de David et al., 2011).
In this study, increases in AST levels amongEXE/SAL ratswere observed.
This is in agreement with previous studies that suggest exhaustive
exercisemay increase AST andALT activities (Bowers et al., 1978). Inter-
estingly, caffeine supplementation protected the liver from increased
AST levels induced by swimming training, and reduced ALT levels in
SED/SAL animals. In this sense, ALT levels showed a similar trend as CS
activity in the liver, indicating a decrease on liver metabolism through
caffeine supplementation. These are remarkable findings and corrobo-
rate previous studies showing that caffeine may prevent increases in
plasma AST and ALT and thus decrease the risk of chronic liver damage
(Honjo et al., 2001; Ruhl and Everhart, 2005; Tanaka et al., 1998; Cadden
et al., 2007). These data suggest that exercise-induced liver adaptations
may bemodified by caffeine supplementation on a tissue-specific trend.

To the best of our knowledge, this is the first study that investigates
the isolated and combined effects of caffeine on the liver redox status
homeostasis of sedentary and trained rats. Regular exercise imposes
a mild beneficial ROS production, which increases organic resistance
to various diseases (Radak et al., 2004, 2005a,b). This recent hypoth-
esis has been extended to the ROS-generating effects of exercise
(Radak et al., 2005a; Ji et al., 2006). Regular exercise appears to exert a
dual effect: (1) the generation of oxidative stress and, consequently,
(2) increased antioxidant enzyme activities that minimize the deleteri-
ous effects of these oxidants (Liu et al., 2000; Ji, 1996). Unlike acute and
exhaustive exercises which allow insufficient recovery for biochemical
adaptations, these antioxidant modulations have been observed during
regular exercise training such as the swimming training herein de-
scribed (Fukai et al., 2000; Rush et al., 2003). In our experimental proto-
col, swimming training induced compensatory responses regarding
oxidative stress. Specifically, SOD and GPx activities were enhanced
probably due to increased TBAR content in the EXE/SAL group. Similarly,
the increase on GPx activity following vigorous exercise has been sug-
gested as an adaptation to efficiently eliminate exercise-related ROS
production and to minimize ROS-mediated damage (Oh-ishi et al.,
1997). Therefore, it seems that TBAR increases were compensated by
equal increases on SOD and GPx activities in order to maintain redox
status. Nevertheless, EXE/CAF presented similar redox status when
comparing to SED groups, indicating the antioxidant role of caffeine. In-
terestingly, this antioxidant activity of caffeine in the liver did not influ-
ence the muscle aerobic capacity herein assayed across the CS activity.

Accumulating evidence has suggested a potential antioxidant role
for caffeine (Aoyama et al., 2011; Rossowska and Nakamoto, 1994;
Zeidán-Chuliá et al., 2013). Chemical studies have proposed a ROS
scavenging role for caffeine, particularly the hydroxyl radical (OH·)
(Shi et al., 1991; Devasagayam et al., 1996). The beneficial effects of caf-
feine are usually attributed to its major metabolites 1-methylxanthine
and methyluric acid, which are highly effective antioxidants (Lee,
2000). Herein, we verify that caffeine intake blunted exercise-induced
increases in TBARS, SOD, and GPx in the liver. These effects were accom-
panied by decreases on CS activity in the liver of CAF groups, which in-
dicates a decreased aerobic metabolism. In fact, epidemiologic studies
have demonstrated that caffeine intake is associated with reduced
levels of oxidative stress biomarkers (Ofluoglu et al., 2009); however,
a growing number of evidence has indicated the deleterious effects of
the antioxidant treatment to performance. In exercise training it has
been described that an antioxidant supplementation may prevent the
expected adaptations associated with regular training in the muscle
(Jackson, 2008; Gomez-Cabrera et al., 2008). In this study, we observed
a similar associationwith caffeine supplementation during regular exer-
cise training which blunted antioxidant adaptations in the liver. Al-
though caffeine have exhibited antioxidant properties in liver redox
status, the aerobic training performance markers (muscle CS activity)
did not changed by caffeine administration in our experimental proto-
col. Moreover, caffeine supplementation significantly reduced the liver
CS activity, showing that in this specific tissue caffeine may influence
cell bioenergetics and reduce its metabolism. Interestingly, this de-
crease in liver metabolism did not affect exercise performance, consid-
ering both EXE groups presented similar CS activity in the muscle.
Moreover, EXE/CAF group showed the same aerobic capacity as EXE/
SAL in spite of redox status and injury-related markers decreases, indi-
cating that the liver was protected by caffeine supplementationwithout
performance impairment.

Conclusion

In addition to previous findings in skeletalmuscle, brain and plasma,
our results suggest that exercise training induced liver adaptations asso-
ciated to oxidative stress. Caffeine, which has antioxidant properties
and is widely used in athletic competitions, blunted these exercise-
related responses and decreased the liver CS activity. Thus, this study
points out the differential antioxidant role of caffeine in the liver with-
out performance deterioration. However, further investigations to un-
dercover the role of caffeine under exercise training on the liver are
still needed.



45R.P. Barcelos et al. / Life Sciences 96 (2014) 40–45
Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

The work was supported by the PRONEM # 11/2029-1 research
grant of FINEP. F.A.A.S. and N.B.V.B. received a fellowship from CNPq.
R.P.B., S.T.S., G.P.A. and G.B. received a fellowship from CAPES.

References

Aebi H. Catalase in vitro. Methods Enzymol 1984:105121–6.
Ahn SJ, Costa J, Emanuel JR. PicoGreen quantitation of DNA: effective evaluation of sam-

ples pre- or post-PCR. Nucleic Acids Res 1996;24(13):2623–5.
Aoyama K, Matsumura N, Watabe M, Wang F, Kikuchi-Utsumi K, Nakaki T. Caffeine and

uric acid mediate glutathione synthesis for neuroprotection. Neuroscience 2011:
181206–15.

Bowers WD, Hubbard RW, Leav I, Daum R, Conlon M, Hamlet MP, et al. Alterations of rat
liver subsequent to heat overload. Arch Pathol Lab Med 1978;102(3):154–7.

Cadden IS, Partovi N, Yoshida EM. Review article: possible beneficial effects of coffee on
liver disease and function. Aliment Pharmacol Ther 2007;26(1):1–8.

Carlberg I, Mannervik B. Glutathione reductase. Methods Enzymol 1985:113484–90.
Clavel S, Farout L, Briand M, Briand Y, Jouanel P. Effect of endurance training and/or fish

oil supplemented diet on cytoplasmic fatty acid binding protein in rat skeletal mus-
cles and heart. Eur J Appl Physiol 2002;87(3):193–201.

Davis JM, Zhao Z, Stock HS, Mehl KA, Buggy J, Hand GA. Central nervous system effects of
caffeine and adenosine on fatigue. Am J Physiol Regul Integr Comp Physiol
2003;284(2):R399–404.

de David C, Rodrigues G, Bona S, Meurer L, González-Gallego J, Tuñón MJ, et al. Role of
quercetin in preventing thioacetamide-induced liver injury in rats. Toxicol Pathol
2011;39(6):949–57.

Devasagayam TP, Kamat JP, Mohan H, Kesavan PC. Caffeine as an antioxidant: inhibition
of lipid peroxidation induced by reactive oxygen species. Biochim Biophys Acta
1996;1282(1):63–70.

Erickson MA, Schwarzkopf RJ, McKenzie RD. Effects of caffeine, fructose, and glucose in-
gestion on muscle glycogen utilization during exercise. Med Sci Sports Exerc
1987;19(6):579–83.

Flohé L, Günzler WA. Assays of glutathione peroxidase. Methods Enzymol 1984:
105114–21.

Fredholm BB, Bättig K, Holmén J, Nehlig A, Zvartau EE. Actions of caffeine in the brain with
special reference to factors that contribute to its widespread use. Pharmacol Rev
1999;51(1):83–133.

Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G, Harrison DG. Regulation of the
vascular extracellular superoxide dismutase by nitric oxide and exercise training.
J Clin Invest 2000;105(11):1631–9.

Gobatto CA, de Mello MA, Sibuya CY, de Azevedo JR, dos Santos LA, Kokubun E. Maximal
lactate steady state in rats submitted to swimming exercise. Comp Biochem Physiol A
Mol Integr Physiol 2001;130(1):21–7.

Goldstein ER, Ziegenfuss T, Kalman D, Kreider R, Campbell B,Wilborn C, et al. Internation-
al society of sports nutrition position stand: caffeine and performance. J Int Soc Sports
Nutr 2010;7(1):5.

Gomez-Cabrera MC, Domenech E, Viña J. Moderate exercise is an antioxidant: upregula-
tion of antioxidant genes by training. Free Radic Biol Med 2008;44(2):126–31.

Hissin PJ, Hilf R. A fluorometric method for determination of oxidized and reduced gluta-
thione in tissues. Anal Biochem 1976;74(1):214–26.

Honjo S, Kono S, Coleman MP, Shinchi K, Sakurai Y, Todoroki I, et al. Coffee consumption
and serum aminotransferases in middle-aged Japanese men. J Clin Epidemiol
2001;54(8):823–9.

Itoh H, Ohkuwa T, Yamazaki Y, Shimoda T, Wakayama A, Tamura S, et al. Vitamin E sup-
plementation attenuates leakage of enzymes following 6 successive days of running
training. Int J Sports Med 2000;21(5):369–74.

Ivy JL, Costill DL, Fink WJ, Lower RW. Influence of caffeine and carbohydrate feedings on
endurance performance. Med Sci Sports 1979;11(1):6–11.

Jackson MJ. Free radicals generated by contracting muscle: by-products of metabolism or
key regulators of muscle function? Free Radic Biol Med 2008;44(2):132–41.

Ji LL. Antioxidant enzyme response to exercise and aging. Med Sci Sports Exerc
1993;25(2):225–31.

Ji LL. Exercise, oxidative stress, and antioxidants. Am J Sports Med 1996;24(6 Suppl.):
S20–4.

Ji LL, Gomez-Cabrera MC, Vina J. Exercise and hormesis: activation of cellular antioxidant
signaling pathway. Ann N Y Acad Sci 2006:1067425–35.

Jiménez L, Lefèvre G, Richard R, Couderc R, Saint George M, Duvallet A, et al. Oxidative
stress in hemodialyzed patients during exhausting exercise. J SportsMed Phys Fitness
2001;41(4):513–20.

Kalmar JM, Cafarelli E. Caffeine: a valuable tool to study central fatigue in humans? Exerc
Sport Sci Rev 2004;32(4):143–7.

Lee C. Antioxidant ability of caffeine and its metabolites based on the study of oxygen rad-
ical absorbing capacity and inhibition of LDL peroxidation. Clin Chim Acta
2000;295(1–2):141–54.
Lima FD, StammDN, Della-Pace ID, Dobrachinski F, de Carvalho NR, Royes LF, et al. Swim-
ming training induces liver mitochondrial adaptations to oxidative stress in rats sub-
mitted to repeated exhaustive swimming bouts. PLoS One 2013;8(2):e55668.

Liu J, Yeo HC, Overvik-Douki E, Hagen T, Doniger SJ, Chyu DW, et al. Chronically and acute-
ly exercised rats: biomarkers of oxidative stress and endogenous antioxidants. J Appl
Physiol 2000;89(1):21–8.

Lowry O, Roserbrough N, Farr A, Randall R. Protein measurement with the Folin phenol
reagent. J Biol Chem 1951;193(1):265–75.

Márquez R, Santángelo G, Sastre J, Goldschmidt P, Luyckx J, Pallardó FV, et al. Cyanoside
chloride and chromocarbe diethylamine are more effective than vitamin C against
exercise-induced oxidative stress. Pharmacol Toxicol 2001;89(5):255–8.

Misra HP, Fridovich I. The role of superoxide anion in the autoxidation of epinephrine and
a simple assay for superoxide dismutase. J Biol Chem 1972;247(10):3170–5.

Ofluoglu E, Pasaoglu H, Pasaoglu A. The effects of caffeine on L-arginine metabolism in the
brain of rats. Neurochem Res 2009;34(3):395–9.

Oh-ishi S, Kizaki T, Ookawara T, Sakurai T, Izawa T, Nagata N, et al. Endurance training im-
proves the resistance of rat diaphragm to exercise-induced oxidative stress. Am J
Respir Crit Care Med 1997;156(5):1579–85.

Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by thiobarbituric
acid reaction. Anal Biochem 1979;95(2):351–8.

Ozer J, Ratner M, ShawM, Bailey W, Schomaker S. The current state of serum biomarkers
of hepatotoxicity. Toxicology 2008;245(3):194–205.

Qin LQ, Wang Y, Xu JY, Kaneko T, Sato A, Wang PY. One-day dietary restriction changes
hepatic metabolism and potentiates the hepatotoxicity of carbon tetrachloride and
chloroform in rats. Tohoku J Exp Med 2007;212(4):379–87.

Radák Z, Chung HY, Naito H, Takahashi R, Jung KJ, Kim HJ, et al. Age-associated increase in
oxidative stress and nuclear factor kappaB activation are attenuated in rat liver by
regular exercise. FASEB J 2004;18(6):749–50.

Radak Z, Chung HY, Goto S. Exercise and hormesis: oxidative stress-related adaptation for
successful aging. Biogerontology 2005a;6(1):71–5.

Radak Z, Goto S, Nakamoto H, Udud K, Papai Z, Horvath I. Lung cancer in smoking patients
inversely alters the activity of hOGG1 and hNTH1. Cancer Lett 2005b;219(2):191–5.

Radak Z, Chung HY, Goto S. Systemic adaptation to oxidative challenge induced by regular
exercise. Free Radic Biol Med 2008;44(2):153–9.

Ravi Kiran T, Subramanyam MV, Prathima S, Asha Devi S. Blood lipid profile and myocar-
dial superoxide dismutase in swim-trained young and middle-aged rats: comparison
between left and right ventricular adaptations to oxidative stress. J Comp Physiol B
2006;176(8):749–62.

RistowM, Schmeisser S. Extending life span by increasing oxidative stress. Free Radic Biol
Med 2011;51(2):327–36.

Rossowska MJ, Nakamoto T. Effects of chronic caffeine feeding on the activities of oxygen
free radical defense enzymes in the growing rat heart and liver. Experientia
1994;50(5):465–8.

Ruhl CE, Everhart JE. Coffee and caffeine consumption reduce the risk of elevated serum
alanine aminotransferase activity in the United States. Gastroenterology
2005;128(1):24–32.

Rush JW, Turk JR, Laughlin MH. Exercise training regulates SOD-1 and oxidative stress in
porcine aortic endothelium. Am J Physiol Heart Circ Physiol 2003;284(4):H1378–87.

Shi X, Dalal NS, Jain AC. Antioxidant behaviour of caffeine: efficient scavenging of hydrox-
yl radicals. Food Chem Toxicol 1991;29(1):1–6.

Simmonds MJ, Minahan CL, Sabapathy S. Caffeine improves supramaximal cycling but not
the rate of anaerobic energy release. Eur J Appl Physiol 2010;109(2):287–95.

Song YJ, Sawamura M, Ikeda K, Igawa S, Nara Y, Yamori Y. Training in swimming reduces
blood pressure and increases muscle glucose transport activity as well as GLUT4 con-
tents in stroke-prone spontaneously hypertensive rats. Appl Human Sci 1998;17(6):
275–80.

Spriet LL, MacLean DA, Dyck DJ, Hultman E, Cederblad G, Graham TE. Caffeine ingestion
and muscle metabolism during prolonged exercise in humans. Am J Physiol
1992;262(6 Pt 1):E891–8.

Srere PA. Studies on purified citrate-enzymes: metabolic interpretations. Biochem Soc
Symp 1968:2711–21.

Tanaka K, Tokunaga S, Kono S, Tokudome S, Akamatsu T, Moriyama T, et al. Coffee con-
sumption and decreased serum gamma-glutamyltransferase and aminotransferase
activities among male alcohol drinkers. Int J Epidemiol 1998;27(3):438–43.

Tarnopolsky MA. Effect of caffeine on the neuromuscular system—potential as an ergo-
genic aid. Appl Physiol Nutr Metab 2008;33(6):1284–9.

Tarnopolsky MA. Caffeine and creatine use in sport. Ann Nutr Metab 2010;57:21–8.
[Suppl.].

Tarnopolsky M, Cupido C. Caffeine potentiates low frequency skeletal muscle force in ha-
bitual and nonhabitual caffeine consumers. J Appl Physiol 2000;89(5):1719–24.

Tunnicliffe JM, Erdman KA, Reimer RA, Lun V, Shearer J. Consumption of dietary caffeine
and coffee in physically active populations: physiological interactions. Appl Physiol
Nutr Metab 2008;33(6):1301–10.

Yang JN, Chen JF, Fredholm BB. Physiological roles of A1 and A2A adenosine receptors in
regulating heart rate, body temperature, and locomotion as revealed using knockout
mice and caffeine. Am J Physiol Heart Circ Physiol 2009;296(4):H1141–9.

Zajac A, Waśkiewicz Z, Pilis W. Anaerobic power, creatine kinase activity, lactate concen-
tration, and acid–base equilibrium changes following bouts of exhaustive strength
exercises. J Strength Cond Res 2001;15(3):357–61.

Zeidán-Chuliá FF, Gelain DP, Kolling EA, Rybarczyk-Filho JL, Ambrosi P, Resende Terra S,
et al. Major components of energy drinks (caffeine, taurine, and guarana) exert cyto-
toxic effects on human neuronal SH-SY5Y cells by decreasing reactive oxygen species
production. Oxid Med Cell Longev 2013;2013:1–22. [2013791795].

http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0005
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0010
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0010
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0015
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0015
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0015
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0020
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0020
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0025
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0025
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0030
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0035
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0035
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0035
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0040
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0040
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0040
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0045
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0045
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0045
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0050
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0050
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0050
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0055
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0055
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0055
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0060
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0060
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0065
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0065
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0065
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0070
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0070
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0070
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0075
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0075
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0075
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0080
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0080
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0080
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0085
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0085
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0090
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0090
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0095
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0095
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0095
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0100
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0100
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0100
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0105
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0105
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0110
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0110
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0115
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0115
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0120
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0120
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0125
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0125
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0130
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0130
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0130
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0135
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0135
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0140
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0140
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0140
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0145
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0145
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0145
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0150
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0150
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0150
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0155
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0155
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0160
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0160
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0160
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0165
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0165
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0170
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0170
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0170
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0170
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0175
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0175
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0175
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0180
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0180
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0185
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0185
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0190
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0190
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0190
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0195
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0195
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0195
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0200
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0200
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0205
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0205
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0210
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0210
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0215
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0215
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0215
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0215
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0220
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0220
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0225
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0225
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0225
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0230
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0230
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0230
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0235
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0235
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0240
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0240
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0245
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0245
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0250
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0250
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0250
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0250
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0255
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0255
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0255
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0260
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0260
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0265
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0265
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0265
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0270
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0270
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0275
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0275
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0280
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0280
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0285
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0285
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0285
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0290
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0290
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0290
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0295
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0295
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0295
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0300
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0300
http://refhub.elsevier.com/S0024-3205(13)00749-2/rf0300

	Caffeine supplementation modulates oxidative stress markers in the liver of trained rats
	Introduction
	Materials and methods
	Ethical approval
	Animals and reagents
	Study design
	Training protocol
	Tissue sampling, and organs weighting
	Plasma assays
	Biochemical parameters
	Estimation of DNA damage

	Citrate synthase (CS) activity
	Liver homogenate assays
	Catalase (CAT) activity
	Superoxide dismutase (SOD) activity
	Glutathione peroxidase (GPx) activity
	Glutathione reductase (GR) activity
	Fluorimetric assay of reduced (GSH) and oxidized glutathione (GSSG)
	Thiobarbituric acid reactive substance (TBAR) levels determination

	Protein determination
	Statistical analysis

	Results
	Total body weight and organ-to-body weight ratio
	Plasma biochemical levels
	Muscle and liver citrate synthase (CS) activity
	Injury-related markers

	Hepatic markers
	Antioxidant enzyme activities
	Oxidative stress parameters


	Discussion
	Conclusion
	Conflict of interest
	Acknowledgments
	References


