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Abstract

Objective: Excessive exercise increases the production of reactive oxygen spe-
cies in skeletal muscles. Sulforaphane activates nuclear factor erythroid 2-related
factor 2 (Nrf2) and induces a protective effect against oxidative stress. In a re-
cent report, sulforaphane intake suppressed exercise-induced oxidative stress and
muscle damage in mice. However, the effect of sulforaphane intake on delayed
onset muscle soreness after eccentric exercise in humans is unknown. We evalu-
ated the effect of sulforaphane supplement intake in humans regarding the de-
layed onset muscle soreness (DOMS) after eccentric exercise.

Research Methods & Procedures: To determine the duration of sulforaphane
supplementation, continuous blood sampling was performed and NQOI mRNA
expression levels were analyzed. Sixteen young men were randomly divided into
sulforaphane and control groups. The sulforaphane group received sulforaphane
supplements. Each group performed six set of five eccentric exercise with the
nondominant arm in elbow flexion with 70% maximum voluntary contraction.
We assessed muscle soreness in the biceps using the visual analog scale, range of
motion (ROM), muscle damage markers, and oxidative stress marker (malondi-
aldehyde; MDA).

Results: Sulforaphane supplement intake for 2 weeks increased NQOI mRNA
expression in peripheral blood mononuclear cells (PBMCs). Muscle soreness
on palpation and ROM were significantly lower 2 days after exercise in the sul-
foraphane group compared with the control group. Serum MDA showed signifi-
cantly lower levels 2 days after exercise in the sulforaphane group compared with
the control group.

Conclusion: Our findings suggest that sulforaphane intake from 2 weeks before
to 4 days after the exercise increased NQO1, a target gene of Nrf2, and suppressed

DOMS after 2 days of eccentric exercise.
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1 | BACKGROUND

Individuals who do not exercise daily are prone to muscle
pain after acute exercise, and this is one of the factors that
hinders the formation of exercise habits. Myalgia that oc-
curs a certain period after exercise is called delayed onset
muscle soreness (DOMS). It can be observed as pain after
exercise or on palpation of the skeletal muscle. There are
several possible causes of DOMS, including increased lac-
tate concentration (Cheung et al., 2003), muscle spasm,
connective tissue and muscle damage, and inflammatory
response (Armstrong, 1984), but increased skeletal mus-
cle oxidative stress is an important factor (Maughan et al.,
1989; Paschalis, Nikolaidis, Fatouros, et al., 2007; Ristow
et al., 2009).

Excessive exercise increases the production of reactive
oxygen species (ROS) and increases skeletal muscle oxi-
dative stress. Oxidative stress causes damage to muscle
tissue, decreased muscle contractility, and decreased exer-
cise tolerance (Reid, 2016); thus, the suppression of ROS
production is important. During exercise, the production
of active oxygen increases and oxidative stress is induced.
Many studies have shown that lipid peroxidation products
(malonaldehyde [MDA]) are elevated in skeletal muscle
and serum after transient exercise (Oh-ishi et al., 1997;
Paschalis, Nikolaidis, Giakas, et al., 2007), and there have
been several studies of supplements targeting the suppres-
sion of oxidative stress (Mason et al., 2020).

The transcription factor Nrf2 (nuclear factor eryth-
roid 2-related factor 2) is an important master gene that
responds to oxidative stress (Uruno & Motohashi, 2011).
Nrf2 regulates the genes of various enzymes involved in
biological defense such as heme oxygenase 1 (HO-1) and
NAD(P)H quinone dehydrogenase 1 (NQO1). On the other
hand, sulforaphane (SFN), a phytochemical that activates
Nrf2, induces a cytoprotective effect on oxidative stress
(Guerrero-Beltran et al., 2012; Thimmulappa et al., 2002).

In in vitro experiments, Nrf2 translocated into the
nucleus due to the development of ROS in the skeletal
myoblast cell line (C2C12) (Horie et al., 2015; Merry &
Ristow, 2016). Oh et al. applied acute running exercise
to SFN-administered mice and investigated the effects
on oxidative stress, muscle damage, and exercise toler-
ance in skeletal muscle after the acute running exercise
(Oh et al., 2017). It was clarified that Nrf2 was activated
in mouse skeletal muscle by SFN administration, and the
expression level of Nrf2 target genes such as HO-1 and
NQOI was increased. In addition, SFN administration

suppressed oxidative stress and muscle damage and im-
proved exercise tolerance. Recently, Bose et al. reported
that SFN increased Nrf2 activity in skeletal muscle and
inhibited the decline in muscle function caused by aging
in mice (Bose et al., 2020). These results suggest that SFN
supplementation in humans may activate Nrf2 in skeletal
muscle and induce a myoprotective effect. Moreover, Lee
et al. suggested that oxidative stress is one of the factors
that induce DOMS (Lee et al., 2002), suggesting that acti-
vation of Nrf2 by SFN might suppress DOMS via antioxi-
dative effect. However, the effect of SFN intake on DOMS
in humans after exercise is unknown.

This pilot study aimed to evaluate the effect of SFN in-
take in humans with respect to the suppression of DOMS
after eccentric exercise using subjective indicators and
biochemical indicators.

2 | MATERIALS AND METHODS
The ethics committee approved the study protocol, which
conformed to the ethical principles of the 7th revision
(2013) of the Declaration of Helsinki. The participants
were asked to refrain from taking of broccoli sprouts,
which are rich in SFN during the experiment. In addition,
participants were instructed to refrain from (1) massaging
the upper arm during exercise experiments, (2) strenuous
exercise, (3) alcohol, and (4) supplements. Participants
provided written informed consent and authorization for
the disclosure of protected health information before en-
rolling in the study.

2.1 | Study subjects (Experiment 1)

The first experiment included six healthy men without
exercise habits, smoking, or medication and aimed to
determine the duration of supplement intake. SFN sup-
plements were purchased from Kagome Co. Ltd. The in-
gredients of the supplement are indicated in Table 1. The
tablet used in this study contains 30 mg/3 tablet of SGS,
a precursor of SFN, which is converted to SFN in the in-
testinal lumen, by myrosinase of the intestinal microflora
(Fahey et al., 2001). Subjects took one tablet of SFN sup-
plement per meal, three times a day. Blood sampling was
conducted before supplement intake and weekly after sup-
plement intake. Gene expression levels of the Nrf2 target
genes (NQO1 and HO-1) in peripheral blood mononuclear
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cells (PBMCs) before and after supplement intake were
compared. The period of the supplement intake was de-
termined when the mRNA expression level in the PBMCs
increased compared to before the intake of supplement.

2.2 | Study subjects (Experiment 2)

The second experiment included 16 healthy men without
exercise habits, smoking, or medication were included
in the experiment. Sixteen young men were randomly
divided into an SFN supplement group (SFN group) or a
control group (CON group). There were no differences in
physical characteristics between the two groups (Table 2).
All subjects were instructed to avoid strenuous exercise,
drinking, massage, and medication during the study du-
ration. Before the experiment, the height, body weight,
body mass index, body fat percentage, and body skeletal
muscle weight were measured with a body composition
analyzer (Tanita). Moreover, the maximal voluntary con-
traction (MVC) of the biceps was measured using Biodex
system 4 (Sakai Med. Co.,). The participants started tak-
ing supplements after a 2-week washout period after the

TABLE 1 Content of sulforaphane supplement

Nutrients Per three tablets
Calories 3 keal

Protein 0-02¢g

Fat 0-0.02 g
Carbohydrate 06g

SGS 30 mg

Note: The SFN group took one tablet per meal (three tablets per day)
during the experiment including the 2-week pre-exercise period, just before
the exercise, just after the exercise, and post-exercise for 4 days. SGS:
glucosinolates precursor of SFN (sulforaphane glucosinolate).
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MVC was measured. On the exercise day, subjects took
supplements after arriving at the lab. Afterward, blood
samples and measurements at Ex-Pre were taken, which
took 10-20 min. After that, exercise was performed within
30 min. Over the next 4 days, all body functions were ana-
lyzed within 30 min of taking the supplement. All meas-
urements were performed by the same evaluator who was
unaware of the group allocation.

2.3 | Isolation of peripheral blood
mononuclear cells from the blood sample

PBMCs were isolated from whole blood using lympho-
cyte separation medium (LSM) density gradients (MP
Biomedical). Blood was placed on LSM solution and cen-
trifuged at 200 G for 20 min to extract the lymphocyte
layer (PBMCs). The PBMCs were washed with saline and
centrifuged at 200 G for 10 min. The precipitate was used
as the PBMC sample.

2.4 | Real-time quantitative polymerase
chain reaction

Total RNA was extracted by adding chloroform to
PBMCs containing Sepasol-RNA I super G, with imme-
diate mixing and centrifugation. We added 2-propanol
and centrifugation was repeated. After centrifuga-
tion, the supernatant was washed with ethanol and
dried. cDNA synthesis was performed using Takara
PrimeScript™ RT Master Mix (Takara Bio) using the
standard protocol. Real-time quantitative polymerase
chain reaction (QPCR) was performed with ¢cDNA and
fast SYBR Green Mix (Thermo Fisher Scientific). The
gPCR analysis used the CFX384™Real-Time System

TABLE 2 Characteristics of the subjects in the first and second experiments

First experiment

Age Height Weight BMI %Fat Muscle

Groups n year cm kg kg/m* %o kg
6 23.6+04 1719 +1.8 69.1 + 3.9 23.6+1.5 20.8 +3.17 513+ 1.6

Second experiment

Age Height Weight BMI %Fat Muscle MVC
Groups n year cm kg kg/m* %o kg kg
Control 8 22+1 170.9 + 1.7 61.3 + 3.6 209 +1.2 16.8 £+ 1.9 48.0+1.8 164+ 1.4
Sulforaphane 8 20 +£0.8 W77 gk 1LY 63.2 + 2.6 21.5+ 0.9 16.6 + 1.5 49.8 £ 1.7 17.0+ 1.9

Note: Values are presented as mean + SE.

%fat, whole body fat/body weight; muscle, whole body muscle; MVC, maximal voluntary contraction.
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(BIORAD). The following primers were used: NQOI—
Forward  (F), 5-CTGATCGTACTGGCTCACTC-3,
Reverse (R), 5~AACAGACTCGGCAGGATAC-3', HO-1—
Forward, 5-CCAGGCAGAGAATGCTGAGT-3', Reverse,
5-GTAGACAGGGGCGAAGACTG-3, and GAPDH—
Forward, 5-AGGTGAAGGTCGGAGTCA-3', Reverse,
5-GGTCATTGATGGCAACAA-3. The mRNA expres-
sion levels were normalized to that of the gene encoding
GAPDH.

2.5 | Exercise protocol

The exercise experiment comprised before exercise, imme-
diately after exercise, and 1, 2, 3, and 4 days after the exercise
(Figure 1). The exercise, blood sampling, and measurement
for all participants were on an empty stomach early in the
morning (6:00-8:30 a.m.). During the measurements, sub-
jects gathered in the laboratory and only subjects of the SFN
group took the SFN supplement. First, subjects underwent
blood sampling and were then assessed for muscle soreness
using the visual analog scale (VAS) and range of motion
(ROM) of the elbow joint before exercise.

The exercise protocol was an eccentric exercise of the
brachial flexor muscle group of the nondominant arm (Ra
et al., 2013). Exercise intensity was set to 70% MVC and
was performed for 5 s X 5 repetitions X 6 sets. There was
a 2-min break between sets. The exercise was performed
according to an electronic metronome (60 beats/min), and
we provided assistance when the subjects could not main-
tain the rhythm by themselves. After an eccentric contrac-
tion of 5 s, we took 3 s to achieve the correct arm position;
thereafter, we started at the same position again with the
subject relaxed.

2 weeks

2.6 | Evaluation of muscle soreness and
muscle damage

Subjective muscle soreness in the biceps muscle was eval-
uated by VAS, which consisted of a 100-mm straight line
with "no pain” at the left end and "extreme pain” at the
right end. Muscle soreness was assessed before exercise,
immediately after exercise, and from Day 1 to Day 4 based
on the subject’s subjective judgment. Two types of evalu-
ation for muscle soreness were performed: palpation and
spontaneous maximal extension (Ra et al., 2013). Muscle
soreness on palpation was evaluated when the evaluator
palpated the muscle belly of the biceps for 3 s. Muscle
soreness on spontaneous maximal extension was evalu-
ated when the subjects extended the elbow joint. VAS was
calculated as score of each days minus Ex-pre. In order to
match the assessments, the same evaluator was used for
all subjects.

2.7 | Evaluation of range of motion

ROM in the elbow joint, which reflects muscle soreness
and damage, was measured using a goniometer (TAKASE
MED). Starting from the lateral superior condyle of the
humerus, we aligned both axes of the goniometer with
the acromion and radial styloid process, and set the maxi-
mum extension and maximum flexion within a pain-
free range. ROM was calculated as maximum extension
angle minus maximum flexion angle. Maximum flexion
elbow joint angle and maximum extension elbow joint
angle were calculated as each days of angle minus Ex-pre
of angle. The ROM was measured twice and the average
value was calculated.

Ex-post 1day 2day 3day 4day

|
|
A
A
A
A

=
> > -
> O -
- [

A SFN group: SFN intake
(3 tablets/day)

A Blood
sampling

A roMm A vas

FIGURE 1 A schematic illustrating the experimental protocol and time course of the study. The arrowheads indicate the timing of SFN
intake or analysis during the experiment. Ex-post: just after exercise; Ex-pre: before exercise; Pre: before sulforaphane intake; 1 day: 1 day

after exercise; 2 day: 2 days after exercise; 3 day: 3 days after exercise; 4 day: 4 days after exercise. EXE, eccentric exercise; MVC, maximal
voluntary contraction; ROM, range of motion; SFN, sulforaphane; VAS, visual analog scale
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2.8 | Blood parameters

Blood samples were collected from the antecubital vein.
After the blood sampling, samples were requested from
the Tsukuba i-Laboratory LLP to measure muscle damage
makers (CK; creatine kinase, LDH; lactate dehydrogenase,
ALD; aldolase, and AST; aspartate aminotransferase).
After measuring, the serums were stored at —80°C until
they were needed for measurement.

2.9 | Measurement of oxidative stress
marker

Lipid peroxidation (Malondialdehyde; MDA) is an indi-
cator of exercise-induced oxidative stress. To evaluate
oxidative stress after eccentric exercise, we measured
MDA in the serum. Serum MDA was measured using
the standard protocol of the TBARS assay kit (Cayman
Chemical). Briefly, the MDA-thiobarbituric acid (TBA)
adduct formed by the reaction of MDA and TBA under
high temperature (90-100°C) and acidic conditions were
measured with the Varioskan microplate reader (Thermo
Fisher Scientific). An absorbance of 540 nm was used.

2.10 | Statistical analysis

Statistical analyses were performed with SPSS ver-
sion 25 for Windows (IBM). All data are expressed as
mean =+ standard error (SE). Comparisons between mRNA
levels were performed using one-way analysis of variance
followed by Tukey's multiple comparison. The Mann-
Whitney U test was used to compare the two groups. The
Wilcoxon signed-rank test was used to compare the Ex-
Pre or Ex-Post. A p value less than 0.05 was considered
statistically significant.
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3 | RESULTS

The mRNA expression levels of NQO1 and HO-1, the tar-
get genes of Nrf2, in PBMCs before 1 week, and 2 weeks
after SFN intake are shown in Figure 2. NQOI was sig-
nificantly higher at 2 weeks than before SFN intake, while
HO-1 was not significantly different between these two
periods. Based on these results, we decided on a 2-week
SFN intake period and conducted the eccentric exercise
experiment.

DOMS was induced by applying a load of 70% MVC and
performing an extensional exercise. Subjective muscle sore-
ness was analyzed by VAS. The VAS on palpation of CON
groups peaked at 2 days after exercise. On the other hand,
the VAS of SFN group peaked at 1 day after exercise. The val-
ues in CON group were significantly higher at 1 and 2 days
than immediately after exercise (Ex-post). The SFN group
showed a significantly lower VAS on palpation at 2 days
after exercise than the CON group (Figure 3a). The VAS on
extension pain peaked at 1 day after exercise in the CON and
SFN groups, but the pain was observed at 1 and 2 days after
exercise only in the CON group (Figure 3b). There was no
significant difference between the CON and the SFN groups.

The ROM of the elbow joint, the angle at elbow flex-
ion, and the angle at elbow extension from before to
4 days after the exercise experiment are shown in Figure
4a-c. The ROM of the elbow joint within the pain-free
range was significantly smaller in the SFN group than
in the CON group at 2 days after exercise (Figure 4a).
Compared to the Ex-post, the ROM of the CON group
showed a significant difference after 3 days of exer-
cise, while that of the SFN group showed a significant
difference from 1 day after exercise. In the analysis of
the elbow flexion and extension angles, the peak flex-
ion angle appeared immediately after the exercise and
then gradually decreased, but there was no significant
difference between the groups (Figure 4b). However, the

(a) (b)
10 - % 2
n.s.
c
S S
‘@ 8 - @
0 = U — 1.5
X 5
g- Q x Q
) & 6 () %
<0 S0
) Z g 11
FIGURE 2 Changes in Nrf2 o ‘6 £ o
£ 4 - )
target genes due to sulforaphane o 9 QX T
supplementation. mRNA expression of (a) E 5 [ ‘g = 05
NQOI and (b) HO-1 in PBMCs. Asterisk % 2] o el
indicates significant differences between o e
groups (p < 0.05, one-way ANOVA
followed by Tukey's multiple comparison) 0 0
(n=8) pre 1w 2w pre 1w 2w
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FIGURE 3 Normalized changes in the visual analog scale (VAS). (a) Change in muscle soreness at palpation. (b) Change in muscle
soreness on extension. Both changes were analyzed by VAS. Calculated by score of each days——Ex-pre. Asterisk indicates significant
differences between the groups (p < 0.05, Mann-Whitney U test) (n = 8). Dagger indicates significant differences with Ex-post (p < 0.05,
Wilcoxon signed-rank test). CON, control group; Ex-pre, before exercise; SFN, sulforaphane group; 1 day: 1 day after exercise; 2 day: 2 days
after exercise; 3 day: 3 days after exercise; 4 day: 4 days after exercise
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FIGURE 4 Changes in range of motion. (a) Range of motion. (b) Elbow joint flexion angle. (c) Elbow joint extension angle. Asterisk
indicates significant differences between the groups (p < 0.05, Mann-Whitney U test) (n = 8). Dagger indicates significant differences with
Ex-post (p < 0.05, Wilcoxon signed-rank test). CON: control group; Ex-post: just after exercise; Ex-pre: before exercise; SFN: sulforaphane
group; 1 day: 1 day after exercise; 2 day: 2 days after exercise; 3 day: 3 days after exercise; 4 day: 4 days after exercise
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decrease in the extension angle peaked at 2 days after
exercise, but this peak was suppressed by SFN intake
(Figure 4c).

The changes in muscle damage markers (CK, AST,
LDH, and ALD) from before exercise to 4 days after
exercise are shown in Figure 5a-d. Compared to the
Ex-pre, the CK activity in the serum of the CON group
showed a significant increase after 1 day of exercise,
while that of the SFN group showed a significant in-
crease at 4 days after exercise. The CK activity in the
serum of the SFN group tended to be lower than that of
the CON group after 2 days of exercise, but there was
no significant difference between the CON and SFN
groups (p = 0.081, Figure 5a). The peak values of AST,
LDH, and ALD occurred 3-4 days after exercise, but
there was no significant difference between the CON
and SFN groups.

The changes in oxidative stress markers (MDA) are
shown in Figure 6. Compared to the Ex-pre, the serum
MDA concentration showed significant increase after
2 days of exercise only in the CON group. In the SFN
group, the serum MDA concentration was significantly
lower at 2 days after exercise compared to the CON group.

8000 ~
6000 -

4000 -

CK (U/L)

Ex-pre Ex-post 1day 2day 3day 4day

(©) 300+
LIcoN n.s.
B SFN

200
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4 | DISCUSSION
In this study, the continuation of SFN intake from 2 weeks
before and up to 4 days after the eccentric exercise sup-
pressed exercise-induced oxidative stress and inhibited
muscle soreness and muscle damage after eccentric exer-
cise. To our knowledge, the present study is the first to
analyze the effects of SFN in humans; SFN was shown to
be effective in mice for muscle damage (Oh et al., 2017).
In this study, 2 weeks of SFN intake resulted in a signif-
icant increase in the mRNA expression of NQOI, a target
gene of Nrf2, but no change in the mRNA expression of
HO-1 was noted. NQOI has been used to assess Nrf2 ac-
tivity (Malaguti et al., 2009; Oh et al., 2017; Ushida et al.,
2015). Ushida et al. measured serum NQO1 activity before
and 24 h after the ingestion of 30 and 60 mg of glucora-
phanin (the precursor of SFN; SGS) (Ushida et al., 2015).
Serum NQO1 activity was significantly higher in the 30
and 60 mg groups at 24 h after intake than before intake.
Like the above study, ours reported a significant duration-
dependent increase in serum NQOI mRNA expression.
Recently, Liu et al. reported that when SFN was added
to the PBMCs of healthy subjects in ex vivo experiments,

(b)

100 -
LICON n.s
80 1 MSFN
a 60
2
5 40
<
TR
0

Ex-pre Ex-post 1day 2day 3day 4day

80 1
LICON n.s.

BSFN

60

40

20 |J_L
ollmm 1NN [Cwm h

Ex-pre Ex-post 1day 2day 3day 4day

ALD (U/L)

FIGURE 5 Changes in serum muscle damage markers. (a) CK activity, (b) AST activity, (c) LDH activity, and (d) ALD activity. (n = 8).
Dagger indicates significant differences with Ex-pre (p < 0.05, Wilcoxon signed-rank test). ALD, aldolase; AST, aspartate aminotransferase;
CK, creatine kinase; CON, control group; Ex-post, just after exercise; Ex-pre, before exercise; LDH, lactate dehydrogenase; SFN,

sulforaphane group; 1 day: 1 day after exercise; 2 day: 2 days after exercise; 3 day: 3 days after exercise; 4 day: 4 days after exercise
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FIGURE 6 Changes in serum oxidative stress marker.
Malondialdehyde concentration in serum. Asterisk indicates
significant differences between the groups (p < 0.05, Mann-
Whitney U test) (n = 8). Dagger indicates significant differences
with Ex-pre (p < 0.05, Wilcoxon signed-rank test). CON: control
group; Ex-post: just after the exercise; Ex-pre: before the exercise;
SFN: sulforaphane group; 1 day: 1 day after exercise; 2 day: 2 days
after exercise; 3 day: 3 days after exercise; 4 day: 4 days after
exercise; MDA, malondialdehyde

NQOI1 expression was increased, while HO-1 was not in-
creased at a low SFN concentration (0.5 uM) (Liu et al.,
2020). However, when 2 or 5 uM of SFN was added to the
PBMCs, both NQOI and HO-I gene expression were in-
creased. The concentration of the SFN supplement may be
a reason why the amount of supplementation used in our
protocol (30 mg/ 1 day, for 2 weeks) did not increase HO-1
expression. Based on our first experiment, we speculated
that SFN intake for 2 weeks was sufficient to activate Nrf2,
because the mRNA expression of NQO1 was increased.

We found that muscle soreness on palpation was sup-
pressed 2 days after exercise in the SFN group compared
with the CON group. Lau et al. performed 6 X 10 sets of
maximal eccentric contractions in an upper arm flexion
group of healthy men without exercise habits and ob-
served a change in pain on palpation from pre-exercise to
5 days post-exercise (Lau et al., 2015). The pain on palpa-
tion reached its peak 1-2 days after exercise and recovered
to baseline 5 days after exercise. The CON group in this
study showed similar changes to those in this previous
study, indicating that the induction of DOMS by exercise
load could be reproduced. However, the pain on palpation
in the SFN group peaked after 1 day of exercise and was
lower than that in the CON group after 2 days of exercise.
The peak in the SFN group may have been an apparent
peak on Day 1 as a result of pain suppression after 2 days.
The difference between the groups after 2 days of exercise
in this study may be due to the suppression of endogenous
metabolic responses (e.g., oxidative stress and inflamma-
tion) via Nrf2, which suppressed the peak after 2 days
(Kobayashi et al., 2016).

The decrease in elbow ROM at 2 days after exercise
was suppressed in the SFN group compared with the
CON group. The decrease in the elbow extension angle
was suppressed in the SFN group, and there was no sig-
nificant difference in the elbow flexion angle between the
groups. The decrease in elbow ROM may be due to the
suppression of the joint angle in extension rather than in
flexion. ROM was decreased by DOMS (Ra et al., 2018).
In the present study, ROM was assessed by range of mo-
tion of the elbow joint within the pain-free range, and it is
thought that the suppression of DOMS was involved in the
maintenance of ROM.

We measured serum CK, LDH, AST, and ALD ac-
tivities because they are markers of muscle damage.
Furthermore, DOMS is associated with muscle damage,
and when muscle damage occurs, CK, LDH, ALD, and
AST, which are enzymes present in muscle cells, are re-
leased into the blood (Bassit et al., 2010; Clarkson et al.,
1992; Cooke et al., 2009; Nosaka et al., 2002a, 2002b,
2005). In particular, CK activity has been used as a marker
of muscle damage in many studies, and the peak increase
in CK activity after exercise occurs 2-4 days after exercise
(Manfredi et al., 1991). In an upper arm flexion group,
CK activity in the blood peaked at 4 days after exercise
(Nosaka et al., 2002a; Tanabe et al., 2015), and in our SFN
group, CK activity peaked at 4 days after exercise. In the
SFN group, there was a trend toward a lower value at
2 days after exercise (p = 0.081) compared with the CON
group, suggesting that muscle damage might have been
suppressed.

During exercise, the production of ROS markedly in-
creases and oxidative stress is induced. Many studies
have shown that TBARS increases in the skeletal muscle,
myocardium, liver, and plasma after transient exercise
(Paschalis, Nikolaidis, Giakas, et al., 2007). In addition,
TBARS, an oxidative stress marker after acute exercise,
increases significantly 2 days after exercise (Paschalis,
Nikolaidis, Fatouros, et al., 2007; Paschalis, Nikolaidis,
Giakas, et al., 2007; Ra et al., 2013). In the present study,
TBARS showed a peak value after 2 days of exercise, and
the value was significantly lower in the SFN group. In the
present study, TBARS levels peaked after 2 days of exercise
and were significantly lower in the SFN group, suggest-
ing that SFN intake suppressed exercise-induced oxidative
stress. SFN intake may protect the balance of antioxidant
capacity and suppress the excessive oxidative stress caused
by exercise.

These results showed that the continuation of SFN in-
take from 2 weeks before and up to 4 days after the ec-
centric exercise suppressed muscle soreness and muscle
damage after elongated exercise. We suggest that the sup-
pression of exercise-induced oxidative stress by SFN was
involved in this process. This study was limited by the lack
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of a placebo control and the sample size. Additionally, we
indirectly assessed Nrf2 activation using NQO1 mRNA ex-
pression in PBMCs. In the future, it is desirable to directly
analyze the activation of Nrf2 in skeletal muscle after sup-
plementation. Further studies are needed to clarify our
findings.
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