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ARTICLE INFO ABSTRACT

Keywords: The interest in nutritional strategies that may counteract the deleterious oxidative effects induced by strenuous
Camellia sinensis exercises is remarkable. Herein, the impact of white tea (Camellia sinensis) (WT), a polyphenol-rich beverage, on
Antioxidants

antioxidant status in endurance-trained rats after one session of exhaustive exercise were evaluated. Male Wistar
rats were divided into groups, which received: control groups - water, and testing groups - WT1 (0.25%; w/v) or
WT2 (0.5%; w/v). Drinks were consumed, ad libitum, for 5 or 10 weeks, concomitantly with the running training.
Exhaustive running tests were applied before and after the experimental periods. WT intake increased the serum
antioxidant capacity of rats in a dose-dependent manner (P < 0.001), which was unaccompanied by the activity
of endogenous antioxidant enzymes SOD, GPx, and GR, and GSH content. Inflammatory markers in serum [IL-1f
(P = 0.004) and IL-6 (P = 0.001)] could be downregulated by tea intake. In liver tissue, lower levels of lipid
oxidation (P < 0.05) and improved antioxidant defenses (SOD, GPx, GR, and GSH, P < 0.05) were related to the
consumption of WT in both doses, supporting protective effects in this responsible metabolic organ. In conclu-
sion, long-term consumption of WT could be a promising adjuvant to exercise-stress management, emphasizing

Oxidative stress
Phenolic compounds
Performance
Exercise

its ability to regulate antioxidant responses and prevent oxidative tissue damage.

1. Introduction

Reactive oxygen and nitrogen species (RONS) are unstable atoms and
molecules which can easily react with biocompounds leading to oxida-
tive damage and total loss of cellular function. Exhaustive sessions of
physical exercise or even intense training load allied to periods of
insufficient recovery for athletes result in a non-negligible RONS gen-
eration ratio (Peake et al., 2007; Vezzoli et al., 2016). Excessive
exercise-induced oxidative stress may increase the athlete’s vulnera-
bility to delayed fatigue, inflammation, infections, and overtraining
syndrome, which cause the attention to sports medicine (Fatouros et al.,
2010; Tanskanen et al., 2010; Radak et al., 2017). In endurance exer-
cises, RONS are produced through the aerobic cellular metabolism in
significant amounts due to the increased oxygen consumption. Addi-
tionally, the exercise-induced muscle damage caused by the mechanical
disruption of the myofibrils structure triggers immune cells that release

pro-inflammatory cytokines and RONS (Haramizu et al., 2013; Mason
et al., 2016). In its turn, RONS exacerbates muscle damage and attacks
other tissues by oxidative reactions, and triggers more immune cells.
RONS may also influence pro-inflammatory cytokine production
because activated redox-sensitive signal transduction pathways show a
close relationship between inflammation and oxidative stress (Peake
et al., 2007).

It is hypothesized that antioxidant and anti-inflammatory nutritional
strategies may help accelerate or support the recovery after exercise
sessions and contribute to improving performance (Haramizu et al.,
2013; Buchwald-Werner et al., 2018; Bowtell and Kelly, 2019). Despite
the popular use of antioxidant supplements, the position of the Academy
of Nutrition and Dietetics, Dietitians of Canada, and the American Col-
lege of Sports for physically active individuals is the intake of a diet
based on natural antioxidant-rich foods due to an extensive body of
pieces of evidence with no reported adverse effects on performance
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parameters (Pingitore et al., 2015; Close et al., 2016; Thomas et al.,
2016). Furthermore, previous studies have reported that
polyphenols-rich foods may work in favor of keeping body redox ho-
meostasis by suppressing RONS directly, preventing oxidation of bio-
molecules, or even by up-regulating the endogenous antioxidant
defenses (Liu et al., 2017; Bowtell and Kelly, 2019). These defenses
include enzymes like superoxide dismutase [SOD], catalase [CAT],
glutathione peroxidase [GPx], glutathione reductase [GR], and other
antioxidant compounds like reduced glutathione [GSH]. Often, modu-
lating cellular anti-oxidative systems also reduces the oxidative
stress-induced inflammatory response (Cazarin et al, 2015;
Pena-Oyarzun et al., 2018).

In this way and thinking about the polyphenols-rich foods, the most
ingested drink in the world (excluding water) is tea (Camellia sinensis (L.)
Kuntze), represented by black tea in the first place. White tea (WT)
differs from other tea types by being produced from young shoots and
leaves of the plant, which undergoes minimal processing (Alcazar et al.,
2007). Several biologic properties of WT, such as antioxidant,
anti-inflammatory, anti-viral, anti-carcinogenic, and DNA protection,
are attributed to its high content of polyphenols, especially catechins
(Hajiaghaalipour et al., 2015; Pastoriza et al., 2017; Sanlier et al., 2018),
besides gallic acid is also present in large amounts (Damiani et al., 2014;
Lin et al., 2017).

Although WT is one of the less-studied varieties of tea, some studies
retracted higher antioxidant effects to WT than green tea, leading to an
increased search for this tea type (Koutelidakis et al., 2009; Pastoriza
etal., 2017). However, there are no reports in the literature about WT as
an antioxidant dietary strategy in the sports context to the best of our
knowledge. Therefore, the present study aimed to evaluate the influence
of long-term WT intake on oxidative and inflammatory parameters
associated with strenuous exercise in trained rats.

2. Materials and methods
2.1. Camellia sinensis and aqueous extract preparation

The plant (C. sinensis) product was purchased from a local market in
Sao Paulo-SP, Brazil. The WT was prepared using 1g of the dried plant
subjected to infusion in 200 mL of previously boiled water (or 0.5%; w/
v) and homogenized over 15 min using a magnetic stirrer and vacuum-
filtered through qualitative filter paper. For each analysis, extractions
were carried out in triplicate. In addition, teas were prepared every two
days to offer to the animals based on previous WT antioxidant stability
tests performed in our laboratory.

2.1.1. Spectrophotometric analysis of white tea bioactive compounds and
antioxidant capacity

All the analyses were performed in the Synergy HT microplate reader
(BioTek, Winooski, USA), which was coupled to the Gen5™ data soft-
ware program (version 2.0). With adaptations, the total reducing ca-
pacity was determined using the Folin—Ciocalteu reagent described by
Swain and Hillis (1959). Briefly, WT or standard solutions were mixed
with distilled water and Folin-Ciocalteau reagent and allowed to rest for
3 min, followed by the addition of a 20% (w/v) sodium carbonate so-
lution. The mixture was kept in the dark for 120 min. The absorbance
was measured at 725 nm, and the results were expressed in gallic acid
equivalents (mg GAE/L).

The oxygen radical absorbance capacity (ORAC) assay was carried
out by adding WT or standard solutions, fluorescein, and AAPH to black
microplates. Phosphate buffer (pH 7.4) was used as a diluent, and Trolox
was used as standard. The readings were done in the following fluo-
rescent filters: excitation wavelength at 485 nm and emission wave-
length at 520 nm; for 80 min every 1 min, at 37 °C (Ou et al., 2013).
Results were expressed as Trolox equivalent (pmol TE)/L.

The ferric reducing antioxidant power (FRAP) assay was performed
according to Benzie and Strain (1996). In brief, WT or standard solutions
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was mixed with working FRAP reagent [acetate buffer, TPTZ in an HCIL
solution, and FeCls] in a microplate, incubated in the dark for 30 min at
37 °C, cooled to room temperature (24 °C) and then absorbance was
read at 595 nm. Results were expressed in Trolox equivalent (pmol
TE)/L.

2.1.2. Ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) analyses of white tea

A stock solution at 1 g/L of each standard was prepared and diluted
in dimethyl sulfoxide. For the calibration curve, an intermediate solu-
tion (1 pg/mL) was obtained by diluting the stock solution of each
standard in ascorbic acid (2.5 mg/mL) + EDTA (0.5 mg/mL)/MeOH
(1:1). This diluent was chosen as previously described in the literature
due to its antioxidant and metal scavenger properties, retarding stan-
dard degradation (Zhou et al., 2003). Then, six calibration points were
diluted with the same diluent, containing 1.0, 10.0, 25.0, 50.0, 75.0, and
100.0 ng/mL of each standard. The samples were diluted appropriately
with the concentration in ascorbic acid (1.25 mg/mL) + EDTA (0.25
mg/mL), mixed for 1 min, and centrifuged for 5 min at 10000 rpm
before being injected into the UPLC-MS/MS system.

The LC-MS/MS analysis was carried out using an ultra-performance
liquid chromatography system (Waters Xevo I-Class, Milford, USA)
coupled to a tandem mass spectrometry detector with an electrospray
source ionization (ESI) in positive mode. The compounds separation was
carried out on a BEH C18 column (50 mm x 2.1 mm x 1.7 pm, Waters,
Milford, USA) at a 0.8 mL/min flow rate. The mobile phase consisted of
solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in
methanol). The linear gradient was from 2 to 100% of solvent B over 3.5
min, and the column oven was kept at 40 °C. The instrument control and
data processing were performed by MassLynx software (Waters Co.)
version 4.1. Samples were analyzed in MRM mode, according to pa-
rameters described in Table S1 (Supplementary material). The following
parameters were set for the MS operating conditions: capillary voltage
2.0 kV, source temperature 150 °C, desolvation temperature 550 °C,
cone gas flow 20 L/h and desolvation gas flow 900 L/h. All sample so-
lutions were prepared and analyzed in triplicate.

2.2. In vivo experiment

2.2.1. Animals and diet

The experiment was previously approved by the Ethics Committee on
Animal Experiments (CEUA/UNICAMP #3 595-1/14, Campinas-SP,
Brazil). All procedures followed the Guide for the Care and Use of
Laboratory Animals and the institutional ethical guidelines. In addition,
all sections of this report adhere to the ARRIVE Guidelines for reporting
animal research.

Sixty-three male Wistar rats (Rattus norvegicus, 3-weeks old) obtained
from the Multidisciplinary Center for Biological Research at UNICAMP
(CEMIB) were maintained in individual cages under controlled condi-
tions of temperature (22 °C + 2), humidity (60-70%), and inverted
light-dark cycle (12/12 h). Food (commercial diet for rodents - Nuvi-
lab®) and drink were supplied under free access throughout the
experimental period, and the intake was monitored three times a week
and the weight gain once a week. The tea offered to the animals was
prepared every two days based on previous WT antioxidant stability
tests in our laboratory.

2.2.2. Treadmill training and exhaustive test protocols

The exercise protocol used was adapted from Hohl et al. (2009),
which developed an exercise’s impact rat model considering it would
not be appropriate to use human subjects for these studies. A motorized
treadmill without inclination containing 12 individual lanes was used in
a dark room with minimum light. A shock grid at the back of the
treadmill provided a mild shock (1.5 mA) if the rat’s pace went below
the treadmill rate. Animals were subjected to 10 experimental weeks of
running training, divided into two phases of 5 weeks each, as shown in
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Table 1
Exercise training protocol.
Experimental Exercise Running Running Number Number
weeks training speed time of daily of
phases (m/min) (min) sessions weekly
sessions
0 Acclimation 12.0 10 1 2
1 1 14.0 20 1 3
2 1 15.5 30 1 3
3 1 17.0 40 1 3
4 1 18.5 50 1 3
5 1 20.0 60 1 3
6-10 2 20.0 60 1 3

Table 1. Phase 1 consisted of an acquisition period to improve fitness,
characterized by a progressive increase in speed and running time, while
in phase 2, the pacing parameters remain constant. Thus, we distinguish
three groups of experiments based on training time: time 0 (T0), time 5
(T5), and time 10 (T10). TO was not subjected to the training protocol,
and it was used as the control group, while T5 and T10 experiments
represent phase 1 concluded and phase 1 + phase 2 concluded,
respectively. The animals that refused to run during the experiment
were excluded from the study (n = 5).

An exhaustive running test was applied at the end of each training
period (TO, T5, and T10), always 72 h after the last training session, with
animals euthanized immediately afterward. The test started at an initial
speed of 12 m/min, and it was increased by 1 m/min every 2 min until it
reached 20 m/min. After that, the speed was increased by 2 m/min
every 3 min until the animals reached exhaustion, which was defined as
when animals were unable to sustain the exercise, and then it was
rescued. Time to reach exhaustion was recorded and expressed in min.
For the tests, the animals were randomly selected and received a
different identification to ensure the blinding evaluation by the
researchers.

2.2.3. Experimental groups

The tea was prepared in two concentrations to be tested in the animal
experiment: 0.25% (w/v) of WT and 0.5% (w/v) of WT, which were
named White tea 1 (WT1) and White tea 2 (WT2), respectively.

After acclimatization on the treadmill, the rats were randomly
distributed into four groups accordingly to Fig. 1 and appropriately
ordered in close cages. The WT1 and WT2 groups received tea instead of
water throughout the experimental period. Sedentary control (SC)
groups were not subjected to the training protocol, just to the acclima-
tization on the treadmill (Fig. 1). This group was considered to ensure
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WT2(n=7) ——— WT2(n=7)
Exhaustion test To T5 T10

and euthanasia

Fig. 1. Overview of experimental design. TO experiment consists in one sub-
group (n = 7): SC; T5 experiment consists in four subgroups (n = 7 each): SC,
EC, WT1 and WT2; and T10 experiment consist in four subgroups (n = 7 each):
SC, EC, WT1 and WT2. SC: Sedentary control group; EC: Exercise control group;
WT1: Exercise training + WT1 group; WT2: Exercise training + WT2 group.
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that the growth and maturation stage of the rats did not influence the
results. All groups performed the exhaustive running test immediately
before euthanasia.

2.2.4. Biologic sampling

The animals were anesthetized intraperitoneally with ketamine
chloride and xylazine chloride (300 and 30 mg/kg, respectively), and
euthanized by exsanguination through cardiac puncture. Blood samples
were collected in tubes lacking EDTA and centrifuged at 3,000 g for 15
min to obtain serum. The whole liver, heart, gastrocnemius, and soleus
muscles were immediately removed after euthanasia, cleaned with sa-
line solution (0.9%), and weighed. Samples were stored at —80 °C until
analyses. The liver homogenate was prepared in a 50 mmol/L phosphate
buffer (pH 7.4) solution using a manual homogenizer (MA102/Mini,
Marconi, Piracicaba, SP, Brazil). The protein concentrations were
determined using the Bradford method (Bradford, 1976).

2.3. Antioxidant analyses in serum and liver

All the analyses were performed using a spectrophotometer (Synergy
HT, Biotek, Winooski, VT, USA) and Gen5™ 2.0 data analysis software.

2.3.1. Total antioxidant potential in serum

Serum proteins were precipitated using ethanol: deionized water
(2:1, v/v) and 0.75 mol/L metaphosphoric acid, previously the antiox-
idant analysis (Leite et al., 2011). The hydrophilic ORAC assay was
performed as previously described from WT (see section 1.1.1.).

2.3.2. Endogenous antioxidant systems in serum and homogenate liver

SOD activity was quantified using the method described by Winter-
bourn et al. (1975). Samples and working solution (0.1 mmol hypo-
xanthine, 0.07 U xanthine oxidase, and 0.6 mmol NTB in PB at 1:1:1
proportions) were added to a microplate, and the kinetic reaction was
monitored at 560 nm for 10 min.

GR activity was measured by monitoring the decrease in absorbance
at 340 nm for 10 min, according to Carlberg and Mannervik (1985). GPx
activity was determined as described by Flohé and Giinzler (1984). The
sample was mixed with reduced glutathione (10 mmol/L), NADPH (4
mmol/L), and GR (1 U), and the decrease in absorbance was monitored
after the addition of HyO4 (0.25 mmol/L) at 365 nm for 10 min.

Reduced thiol (GSH) content was determined in serum and liver
homogenate protein-free using DTNB (5,5~ dithiobis-(2-nitrobenzoic
acid)), the Ellman’s reagent (Ellman, 1959). GSH was used as the
external standard, and colors’ samples were read at 412 nm.

2.3.3. Lipid peroxidation

The thiobarbituric acid reactive substances (TBARS) level in the liver
was measured according to the method described by Ohkawa et al.
(1979), with some modifications. First, the liver homogenate was mixed
with 8.1% sodium dodecyl sulfate (SDS) and a working reagent (TBA,
20% acetic acid, and 5% sodium hydroxide) using a vortex. After 60 min
of heating (95 °C), samples were chilled in ice and then centrifuged at
10,000 g for 10 min (4 °C). The absorbance of the supernatant was read
at 532 nm in a microplate using 1.1.3.3-tetraethoxypropane as standard.

2.4. Inflammatory biomarkers

The interleukin (IL) 6 and IL-1p levels in serum were measured using
commercial Elisa kits (Peprotech, Ribeirao Preto-SP, Brazil) following
the manufacturer’s instructions.
2.5. Statistic treatment

Student’s t-test was performed to compare averages between two

groups in the biological assays, and One-way analysis of variance
(ANOVA) was followed by the Tukey test to compare more than two
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groups. The difference was considered to be statistically significant
when P < 0.05. For outlier identification the method presented by
Anbarasi et al. (2011) was used. Statistical analyses were carried out
using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA)
software.

3. Results
3.1. Chemical characterization of white tea

The reducing capacity determined by the Folin assay in WT was
92.78 + 1.34 mg GAE/L, and the antioxidant capacity according to
ORAC and FRAP assays were 1,758.04 + 94.41 pmol TE/L and 2,024.21
+ 15.95 pmol TE/L, respectively. The phenolic compounds identified
and quantified in WT through the use of the UPLC-MS/MS method were
gallic acid (3.94 mg/L), quercetin (0.06 mg/L), and catechin (0.02 mg/
L).

3.2. Food and drink intake, body and tissue weight

The WT offered to the animals, as well as the exercise training did not
influence food and drink intake (data not shown). Considering a median
daily intake of 39.92 + 3.24 mL of tea by WT1 animals and 42.56 +
3.89 mL of tea by WT2 animals, it was estimated the ingestion of 3.70
mg and 1.97 mg of phenolic compounds per day, respectively, based on
Folin assay of WT.

There was no difference in body weight in TS5 or T10 groups
throughout the experimental weeks (Fig. 2). Gastrocnemius muscle,
soleus muscle, and liver relative weights (g/100g total body weight)
were also statistically similar in T5 or T10 groups (Fig. 3A, B, and C).
However, a significant increase (P = 0.0035) in the relative heart weight
(g/100g total body weight) was observed in all trained groups compared
to the sedentary control group in T10 (Fig. 3D).

3.3. Performance on treadmill running test

As shown in Fig. 4, the time to exhaustion of the sedentary groups
was lower than the trained groups at both periods (T5 and T10). It means
that the groups were submitted to different workloads (volume and in-
tensity) and exposed to different levels of RONS in the exhaustion test
(Gargallo et al., 2018). As expected, the exercise control group took
longer to reach exhaustion compared to the sedentary group, showing
that the training protocol was efficient in improving the endurance
ability of the rats. The WT intake did not promote an additional gain in
endurance capacity. Although the WT1 group showed a lower exhaus-
tion time compared with the EC group in the T5 experiment, after 5
weeks of maintenance of the exercise workload, the WT1 group
exhibited similar performance to the EC group, as observed in T10.
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3.4. Serum antioxidant parameters

According to the ORAC assay, the WT1 group presented higher
serum antioxidant capacity compared to the control group after 10
weeks of WT intake (Fig. 5A). WT2 showed a similar effect independent
of the duration of the intake (5 or 10 weeks). Also, a positive correlation
(R? = 0.79) should be established between the concentration of tea and
the serum antioxidant capacity of the T10 groups.

In T5, the serum’s antioxidant enzyme activities (SOD, GPx, and GR)
were statistically similar among WT and EC groups (Fig. 5B, C, and D).
However, in T10, the WT1 group presented the lower activity of these
three enzymes compared to the EC group. Regarding the thiol content
after five weeks, the WT2 group showed higher GSH levels compared to
the trained and sedentary control groups, at 17.0% and 23.7% range,
respectively (Fig. 5E), but in T10 was no difference among the groups.

3.5. Liver antioxidant parameters and lipid peroxidation

A long-term WT intake reduced lipid peroxidation in the liver (39.0%
for WT1 and 22.1% for WT2) compared to the EC group (Fig. 6A).
Interestingly, liver MDA values of both WT groups did not differ from the
sedentary group even though it was submitted at a higher workload in
the exhaustion test (Fig. 4).

In the T5 experiment, WT intake did not cause a significant impact on
SOD activity and GSH content in the liver (Fig. 6B and C). However, GPx
activity was increased in WT groups (in 29.6% for WT1 and 44.5% for
WT2) and also GR activity (WT2) in comparison to the water trained
group (Fig. 6D and E).

In the T10 experiment, despite the GPx activity exhibiting a depen-
dent dose-response pattern to the WT concentrations, WT1 seemed to be
the most effective dose to improve liver antioxidant defenses. The WT1,
but not WT2, had improved liver SOD, GPx, and GR activities and liver
GSH content compared to the control trained group.

3.6. Serum inflammatory biomarkers

The results of inflammatory cytokines in serum are presented in
Fig. 7. Trained control groups exhibited higher IL-1p levels than
sedentary control groups (16.6% in T5 and 38.4% in T10). The highest
workload sustained in the exhaustion test was possibly related to more
significant muscle damage and subsequent higher inflammatory
response in the EC group compared to the SC group (Koch et al., 2014).
WT intake attenuated this increase when ingested for 5 weeks (20.1% to
WT1 and 17.3% to WT2) and 10 weeks (7.6% to WT1). Regards the
serum IL-6 levels it was statistically similar between the trained and
sedentary control groups. Between the treated groups, the ingestion of
WT2 for 10 weeks promoted the lowest IL-6 level compared to the
trained group with water ingestion.

Fig. 2. The curve of body weight throughout the
experimental weeks. Values expressed as mean =+
SEM. (A) TS5 experiment; (B) T10 experiment. SC:
Sedentary control group; EC: Exercise control group;
WT1: Exercise + WT1 group; WT2: Exercise + WT2
group. No statistic differences were observed between
groups (n = 5-7) at the same experimental

week by one-way ANOVA followed by a Tukey test, P
> 0.05.
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Fig. 3. Tissues weight. Values expressed as mean + SEM. SC: Sedentary control group; EC: Exercise control group; WT1: Exercise training + WT1 group; WT2:
Exercise training + WT2 group; bw: Body weight. The subgroups (n = 5-7) were compared at the same experimental group (T5 or T10). # indicates significant
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Fig. 4. Results from the exhaustion test. Values expressed as mean + SEM. SC:
Sedentary control group; EC: Exercise control group; WT1: Exercise training +
WT1 group; WT2: Exercise training + WT2 group. The subgroups (n = 5-7)
were compared at the same experimental group (T5 or T10). # indicates sig-
nificant differences from the SC group and * indicates significant differences
from the EC group according to Student’s t-test (2 sign = P < 0.01; and 3 sign =
P < 0.001).

4. Discussion

Natural extracts rich in bioactive compounds, such as phenolic
compounds, have been extensively explored as food or dietary supple-
ments for sports nutrition (Shanely et al., 2014; Fuster-Munoz et al.,
2016; Buchwald-Werner et al., 2018; Bowtell and Kelly, 2019). Black
and green tea from C. sinensis are included in the top richest dietary
sources for total polyphenols in the Phenol-Explorer database, based on
the comparison among 452 foods (Perez-Jimenez et al., 2010). Con-
cerning C. sinensis teas, previous studies presented that WT has higher
contents of polyphenols, for example, gallic acid (Zhao et al., 2011),
some catechins (Sun et al., 2019), some flavonol glycosides, and flavone
glycosides (Dai et al., 2017) compared with green and black teas.
However, there are few studies in the literature about the functional
application of the WT compared to the last ones. Thus, the present study
investigated the effect of a long-term WT intake on antioxidant and in-
flammatory responses after an exhaustive exercise in healthy trained
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animals.

The most abundant phenolic compounds present in WT were gallic
acid, quercetin, and catechin, according to UPLC-MS/MS analyses.
Catechins have been identified as the major class of polyphenols in WT
in many studies, whose antioxidant effects are attributed (Damiani et al.,
2014; Tan et al., 2017; Sanlier et al., 2018). The (—)-epigallocatechin
and (—)-epigallocatechin gallate were the catechins found in higher
concentrations in WT by Tan et al. (2017) and Damiani et al. (2014).
While in the present study, the monomer catechin was found in higher
amounts.

Different results about the chemical constituents profile of teas were
observed in previous studies and required attention to the variety, re-
gion, manufacturing procedure of the tea plant, and also the extraction
methods and solvents applied (Zhang et al., 2018; Perez-Burillo et al.,
2018). During the extraction process, for example, the structural trans-
formation from epi-catechins [(—)-epicatechin, (—)-epicatechin gallate,
(—)-epigallocatechin, and (—)-epigallocatechin gallate] to their corre-
sponding trans-catechins [(+)-catechin, (—)-catechin gallate, (+)-gallo-
catechin, and (—)-gallocatechin gallate] can occur, as well as the
hydrolysis of gallic acid (degallation) from catechins. In this way,
time-temperature specific conditions can influence these molecular
changes, which significantly change the bioactivity of these compounds
(Lin et al., 2017). Despite that, the present study’s focus was to mimic
the domestic way of preparing WT to drink as a sustainable and practical
dietary polyphenol source and evaluate its effect on the experimental
exercise model, especially in recovering the oxidative damages gener-
ated after the exhaustion.

In the biologic assay, the first interesting finding was related to the
heart: treadmill exercise training for 10 weeks increased myocardial
mass. Typically, cardiac hypertrophy may reflect a physiological or
pathological condition. Endurance exercises promote morphological
alterations in the heart, such as enlargement and proliferation of car-
diomyocytes and angiogenesis in response to the redistribution of blood
and energy requirements (Ma and Liao, 2019). This cardiac remodeling
is directly related to enhanced cardiac function and cardioprotective
effects promoted by exercise (Wang et al., 2017). Similar results were
observed in rodents submitted to a swimming protocol for 8 weeks
(Ramasamy et al., 2015) or a voluntary wheel running for 13 weeks
(Copes et al., 2015).

It is clear that regular exercise training also results in total
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antioxidant capacity improvement (Radak et al., 2017; Wang et al.,
2017). Nevertheless, intense training can increase ROS production, fa-
voring fatigue and decreasing performance during training and com-
petitions (He et al., 2016). In the current study, trained animals that
received WT exhibited higher serum antioxidant potential, in a
dose-dependent manner, than the trained control. It might be attribut-
able to the association between the great antioxidant status and
controlled oxidative stress levels, pre- and during the exhaustive exer-
cise, respectively (Jowko et al., 2015). A previous study reported that
flavanol and its metabolites can be found in the human plasma until 8 h
following the ingestion of 500 mL of green tea (containing 648 pmol of
flavanols) (Stalmach et al., 2009). Hence, circulating WT polyphenols
and their derivates may have acted directly as a RONS scavenger or as an
electron donator contributing, at least partially, to the great blood
antioxidant status immediately after the running session. Importantly,
this result can positively influence helping muscle recovery after pieces
of training and competitions.

Regarding the antioxidant enzymes, we found no correlations among
SOD, GR, and GPx activities and the total antioxidant capacity in serum.
These results indicate that the improvement in the serum antioxidant
status is related to the exogenous antioxidants ingested by the WT and
not by the endogenous antioxidant system.

According to the hormeses theory, disruption of body redox ho-
meostasis by RONS generation is essential to regulate and improve de-
fense adaptations when repeated activation, as occurs under moderate-
intensity exercise training (Pingitore et al., 2015; Radak et al., 2017). In
contrast, exhaustive exercises are not generally associated with a regular
stimulus and generate various deleterious physiological events,
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Experimental group

impairing health parameters and physical performance (Pingitore et al.,
2015; Olah et al., 2015).

Exhaustive exercise induces muscle damage and RONS production,
which triggers a series of inflammatory responses. Importantly, dietary
bioactive compounds have been shown to modulate cytokine production
and downregulate inflammatory pathways activated by them (Shanely
et al., 2014; Mohamed et al., 2016). Here, after an acute exhaustive
running, a long-term WT intake was able to counteract the augment in
some systemic pro-inflammatory cytokines, like IL-1f and IL-6. In
another recent study, aqueous tea polyphenols (300 mg/kg/day) sup-
plementation for 4 weeks effectively reduced inflammation and tissue
damage among rats submitted to an exhaustive swimming exercise (Liu
et al., 2017). Haramizu et al. (2013) had pointed as the mechanism of
polyphenols to decrease the inflammation observed in exercise could be
related to blocking the release of inflammatory cytokines by inactivating
the nuclear factor-xB (NF-kB) pathway and neutrophil and macrophage
decrease infiltration in the muscle. So, linking the inflammatory and
antioxidant responses in serum, we suggest a favorable antioxidant
status and lower cell damage levels promoted by WT. However, further
experimental studies are required to clarify the role of WT polyphenols
in exercise-induced muscle damage and inflammation.

Accumulated urea, inflammation, and hepatic damage markers were
previously reported following exhaustive exercises (Huang et al., 2010).
Commonly, little attention is directed to liver health in exercised in-
dividuals because of the lack of clinical symptoms when in low grade
(Tang et al., 2016). In the present study, MDA, one of the many alde-
hydes formed as a secondary product during the lipid peroxidation
process, was used as a complementary biomarker to evaluate
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Fig. 6. Liver lipid peroxidation and antioxidant de-
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exercise-induced oxidative stress in the liver. Animals that received WT
for 10 weeks presented lower MDA levels than the water control, indi-
cating potential protection against the oxidation of the cellular unsat-
urated lipid constituents. In agreement, other studies have reported the
benefic effects of polyphenols-rich foods to counteract the oxidative
damage after high-intensity exercise sessions (Allgrove et al., 2011;
Jowko et al., 2015; Fuster-Munoz et al., 2016). Moreover, as a target
organ of polyphenols metabolism, hepatic damage markers could evi-
dence no toxicological risk of WT in rats in both doses administered (Hu
et al., 2018).

In this study, WT efficiently increases the endogenous antioxidant
defense system activity in hepatic tissue after 5 weeks (GPx and GR) and
10 weeks (SOD, GPx, GR, and GSH) of WT intake. These finds can be
associated with the effect of the natural antioxidants, e.g., catechins, in
the activation of the transcription factor Nrf2 [nuclear factor (erythroid-

T5
Experimental group

5
Experimental group

Experimental group
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the same experimental group (T5 or T10). # indicates
significant differences from the SC group and * in-
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=P < 0.01; and 3 sign = P < 0.001).
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group (T5 or T10). # indicates significant differences
from the SC group and * indicates significant differ-
ences from the EC group according to Student’s t-test
(2 sign = P < 0.01; and 3 sign = P < 0.001).

T10

derived 2) related factor), the master regulator of the expression of the
antioxidant enzymes (Upadhyay and Dixit, 2015; Wang et al., 2015).

Liver GPx, which activity was highest in all WT groups than in its
respective trained controls, is particularly engaged in reducing H2O3 to
water and lipid hydroperoxides (LOOH) to the corresponding alcohols
(Lushchak, 2012). LOOH are the primary products of lipid peroxidation,
and its decomposition results in interrupting the propagation of the lipid
peroxidation process and, consequently, MDA formation, as observed
here (Ayala et al., 2014). Thus, the peroxidative damage inhibition in
the liver after 10 weeks of WT intake may be attributed partially to the
rise of the GPx enzyme and, therefore, the rise of the antioxidant
glutathione system.

GSH, together with other non-enzymatic antioxidant substances, is
responsible for reducing RONS and other antioxidants in their oxidized
form, for complexing metal ions, as well as being adjuvant in repairing



P. Berilli et al.

processes of damaged cells (Lushchak, 2012). When it is oxidized,
glutathione is regenerated to GSH in the presence of NADPH, and the
oxidative pentose phosphate cycle (OPPC) delivers the major source of
cellular NADPH. Under exhaustive endurance exercise and muscle
glycogen depletion conditions, the ability of OPPC to generate NADPH is
likely to be attenuated because is relies on glucose-6-phosphate, an
important OPPC substrate (Makarov et al., 2006; Lushchak, 2012). This
compromises the regeneration of glutathione and the maintenance the
redox homeostasis during the exercise, favoring the delayed fatigue (Li
et al., 2013; Vezzoli et al., 2016; Radak et al., 2017). OPPC is active in
liver rather than in the muscle, which means greater GSH levels in this
organ. Considering GSH can cross the plasma membrane cells, the
preservation or improvement in liver GSH content, as observed after
chronic WT intake, should be especially important due to liver GSH can
supply skeletal muscle and other organs that are exposed to higher
RONS levels during exhaustive exercise (Lushchak, 2012; Vezzoli et al.,
2016).

Based on the information mentioned above, it seems that exercise
training is responsible for many physiological adaptive responses by the
organism. However, in exhaustive exercise sessions, improving the
antioxidant defenses with additional dietary antioxidant sources may be
a suitable noninvasive tool for reducing oxidative damage and critical
inflammation without compromising performance. Nevertheless, addi-
tional analyses are required to confirm some hypotheses raised in this
study, especially cellular damage/integrity and muscle recovery
markers after exercise. Moreover, comparisons with different studies are
challenging since the experimental models differ regarding animal
species, biomarkers, type and magnitude of exercises, training level of
individuals and supplementation regime, factors that directly influence
the results, and may to be considered.

In conclusion, the present study reveals that long-term WT intake
may play a role in supporting a favorable antioxidant status of
endurance-trained rats after an acute exhaustive exercise. Although the
circulating inflammatory markers have been reduced after WT intake,
the mechanisms involved in the effect of the polyphenols-rich foods in
counteracting the inflammation in this situation need to be better
explored in future research. WT intake effectively counteracts lipid
peroxidation in hepatic tissue and enhances endogenous antioxidant
defenses, suggesting a protective effect on oxidative damage.
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