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Inexperienced vigorous exercise, including eccentric contraction (ECC), causes muscle pain and damage. Similar prior light
exercise suppresses the development of muscle pain (repeated-bout effect), but the molecular mechanisms behind this are not
sufficiently understood. In this study, the influence of a nondamaging preconditioning ECC load (Precon) on muscle pain-related
molecules and satellite cell-activating factors was investigated at the mRNA expression level. Nine-week-old male Wistar rats
(n = 36) were divided into 2 groups: a group receiving only a damaging ECC (100 contractions) load (non-Precon) and a group
receiving a nondamaging ECC (10 contractions) load 2 days before receiving the damaging ECC load (Precon). ECC was loaded
on the left leg, and the right leg was regarded as the intact control (CTL). The medial head of the gastrocnemius muscle from all
rats was excised 2 or 4 days after the damaging ECC loading, and the relative mRNA expression levels of muscle pain- and satellite
cell-related molecules were quantitated using real-time RT PCR. Precon suppressed increases in MHC-embryonic and MHC-
neonatal mRNA expressions. Enhancement of HGF, Pax7, MyoD, and myogenin mRNA expression was also suppressed,
suggesting that Precon decreased the degree of muscle damage and no muscle regeneration or satellite cell activation occurred.
Similarly, increases in mRNA expression of muscle pain-related molecules (BKB, receptor, COX-2, and mPGEC-1) were also
suppressed. This study clearly demonstrated that at the mRNA level, prior light ECC suppressed muscle damage induced by later
damaging ECC and promoted recovery from muscle pain.

1. Introduction

Inexperienced vigorous exercise, including eccentric con-
traction (ECC), induces muscle damage, edema, reduction
of tension, limitation of the range of motion, and muscle
pain. Regarding muscle pain, delayed onset muscle soreness
(DOMS) persists for several days after exercise and generally
resolves after several days [1-3]. ECC more effectively
promotes muscular hypertrophy compared with concentric
and isometric contractions [4, 5]. Therefore, ECC is con-
sidered to be efficient exercise for rehabilitation and training
aiming at improvement of muscle function. On the
other hand, ECC-induced symptoms, such as DOMS, may

influence activity in daily life, rehabilitation, and motivation
of athletes for daily training even though the symptoms are
transient. However, it is also known that performing similar
exercise several days before training reduces the grade of
DOMS and damage and promotes recovery of reduced
tension [2, 6, 7]. This effect of pre-exercise is referred to as
the repeated-bout effect, and it has been reported to appear
within 2 days to one week [6-8] and persist for 6 months [9].
However, the physiological mechanisms concerning the
effects of pre-exercise on muscle pain and regeneration
remain still unclear.

Experimentally, in a model of muscle pain of in-
flammation induced by formalin injection into the
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gastrocnemius muscle, mRNA expression of the B, receptor
of bradykinin (BK) represents several bioactivities, including
induction of increases in muscle pain [10]. As this muscle
pain is suppressed by administration of BKB, receptor
antagonist, the BKB, receptor is considered to be involved in
muscle pain [8, 10]. Other molecules involved in pain in-
clude prostaglandin (PG) E,. The protein and mRNA ex-
pression levels of an enzyme involved in PGE, synthesis,
cyclooxygenase-2 (COX-2), increase after ECC [11]. Muscle
pain and inflammation after ECC and those induced by
carrageenan are reduced by administration of a COX-2
inhibitor, and the level of the final product of COX-2,
PGE,, simultaneously decreases [11, 12]. There are several
isozymes of PGE synthase, which is the final enzyme of the
PGE, synthetic pathway, and microsomal PGE synthase-1
(mPGES-1) has been suggested to be closely associated with
COX-2 [13]. Accordingly, it is likely that expression of COX-
2 and mPGES-1 in the PGE, synthetic pathway is involved in
muscle pain via PGE, production.

Although the BKB, receptor or enzymes in the PGE,
synthetic pathway, such as COX-2 and mPGES-1, may be
associated with muscle pain, the influence of pre-exercise on
the expression of these muscle pain-related molecules is
unclear. In this study, the influence of prior light non-
damaging ECC (Precon) on muscle damage, muscle pain-
related molecules, and muscle regeneration (satellite cell-
activating factors) induced by later damaging ECC was
examined at the mRNA expression level.

2. Materials and Methods

2.1. Animals and Experimental Protocol. All rat experiments
were performed at Yamaguchi University and Sapporo
Medical University and conducted in accordance with ap-
proved protocols by the Committee on Animal Experiments
of Yamaguchi University (No. 290) and Sapporo Medical
University (No. 16-077). Animal care was in accordance with
institutional guidelines.

Male Wistar rats (9-week old, n = 36) were supplied by
Sanyo Labo Service (Sapporo, Japan). Rats were housed in an
environmentally controlled room (24 + 2°C, 12h:12 h light-
dark cycle) and given food and water ad libitum. Rats were
assigned to a Precon group and a non-Precon group (n = 18
in each group). In all the groups, ECC was loaded on the left
leg, and the right leg was regarded as intact control (CTL) of
each experimental group. In the Precon group, the left
plantar flexor muscles were exposed to Precon (i.e., 10 re-
peated ECC) 2 days prior to 100 repeated damaging ECC.
Previous studies showed that muscle damage increase
progressively with the number of forced ECC [14, 15]. In the
preliminary experiments, we confirmed that the maximum
isometric torque of the plantar flexor muscles was not re-
duced 48 hours after 10 repeated ECC (data not shown). The
left muscles in the non-Precon group were exposed to
damaging ECC without Precon. 0 (Immediately), 2, or 4 days
after completion of damaging ECC, the planter flexor
muscles were removed from each animal (n =6 in each
group). The medial gastrocnemius muscles were used for
further analyses.
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2.2. Eccentric Contractions. Under isoflurane anesthesia, rats
were placed supine on a platform and their left foot was
secured in a foot plate connected to a torque sensor (S-
14154, Takei Scientific Instruments, Tokyo, Japan) at an
angle of 0° dorsiflexion (i.e., 90° relative to the tibia). ECC
comprised forced dorsiflexion from 0° to 40° at 150°/s
combined with neuromuscular electrical stimulation (ES).
Plantar flexor muscles were stimulated supramaximally
(45V) via a pair of surface electrodes every 4s. Stimulation
parameters were set as follows: 1 ms monophasic rectangular
pulse and 50 Hz stimulation frequency. The torque pro-
duction was measured during ES.

2.3. Histochemical Analysis. Cryostat sections (10 ym) were
stained with hematoxylin and eosin (H&E). To obtain
sections with Evans blue dye (EBD), rats were in-
traperitoneally injected with 1% (wt/vol) EBD solution
(1 mg/10 g body wt) 24 hours before sacrifice. H&E and EBD
images were obtained from the serial sections using a fluo-
rescence microscope BIOREVO BZ-9000 (KEYENCE,
Osaka, Japan).

2.4. Real-Time RT PCR. The procedure described in the
previous study was used for real-time RT PCR analysis [16].
The muscle samples were homogenized with TRIzol reagent
(Molecular Probes, Breda, Netherlands) to extract total
RNA. Genomic DNA was removed from total RNA by
treating for 30 min at 37°C with TURBO DNase (Ambion,
Austin, USA). To synthesize first strand cDNA, DNase-
treated RNA (0.5ug) was used with an Exscript RT re-
agent kit (Takara, Tokyo, Japan). Subsequently, the SYBR
Green PCR Master Mix protocol in the StepOne Plus Real-
Time PCR system (Applied Biosystems Japan, Tokyo, Japan)
was used for real-time PCR analysis of cDNA products.

The amplification program was composed of an initial
denaturation step at 95° for 10 min, 40 cycles of denaturation
at 95° for 30 sec, and annealing/extension at 58° for 1 min.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used to estimate an internal control. The normalization of
each mRNA was calculated from GAPDH by subtracting the
cycle threshold (C;) value of GAPDH from the C, value of the
target gene (AC, (target)). The relative expression of the
target gene was calculated as the relative quantification value
for the CTL value. No nonspecific amplification in cDNA
samples was detected by dissociation curve analysis after the
relative expression.

Table 1 shows the sequences of the specific primers used
in the present study. Primer Express software (Applied
Biosystems Japan) was used for design of each PCR primer.
The oligonucleotides were purchased from FASMAC
(FASMAC, Kanagawa, Japan).

2.5. Statistical Analyses. All values are expressed as mean +
standard error (SE). Differences in mRNA expressions be-
tween groups were compared using one-way ANOVA fol-
lowed by t-test with Bonferroni adjustment. Statistical
significance was set at P <0.05.
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TaBLE 1: Real-time RT PCR primer sequences.

Gene Accession number Sequence Primer position
GAPDH NMLOTO084 GAGGCTGGCACTGCACAA o
MHC-embryonic  NMLOI6041 R Ger AGMCTTATICICICGCTICACA . 4sbaden2
MHCneomatal  NM_OOHO0ass1 G CCAAAGEGAGGAGTTGTCA 795 o15
Her NMLOTO72 O GACGOTGTAAATCCTCCATATC 1306 120
o MMGSTIGCGTIMGIGoGI
MyoD NMLITOSL U AGTOGAAACACGGATCATCATAGA 29631
Myogenin M24393.1 I;orward GACCCTACAGGTGCCCACAA 604-623
everse CCGTGATGCTGTCCACGAT 643-661
B, receptor M2 CCOCITATGCCGTGAGACAAGA 1553 1605
cox.2 vossser G GCGTTTGOGGTACTCATIGA Li70-118
mPGES-1 NM_021583.3 ioervvﬁif CC&%%ECCC(SfISCiQFTg’E’ngTG 1??:?;14

GAPDH, glyceraldehydes-3-phosphate dehydrogenase; MHC, myosin heavy chain; HGF, hepatocyte growth factor; Pax7, paired box transcription factor-7;
MyoD, myogenic determination factor; BKB,, bradykinin B, receptor; COX-2, cyclooxygenase 2; mPGES-1, microsomal prostaglandin E synthase-1.

3. Results

3.1. Histochemical Properties of Skeletal Muscle after Dam-
aging ECC. There was not obvious histopathological alter-
ation in sections of H&E at 0 day between non-Precon
and Precon groups (Figures 1(a) and 1(b)). In sections of
H&E at 2 and 4 days after damaging ECC, a number of
swollen myofibers with rounded shape and many in-
flammatory cells surrounding them were observed in the
non-Precon group (Figures 1(c) and 1(e)), while these
unfavorable changes dramatically were suppressed in the
Precon group (Figures 1(d) and 1(f)).

In agreement with these results, EBD-positive fibers
which indicate development of membrane damage were not
observed in 0 day (Figures 1(g) and 1(h)), increased at 2 and
4 days after damaging ECC in the non-Precon group
(Figures 1(i) and 1(k)), and little increased during the same
period in the Precon group (Figures 1(j) and 1(1)).

3.2. Expression of Skeletal Muscle Damage- and Regeneration-
Related Factors mRNA. The expression level was presented
as a value relative to that in CTL muscles of each group at
0 day. MHC-embryonic and MHC-neonatal are expressed
during the regeneration process after muscle damage. At 2
days after damaging ECC, the expression level of MHC-
embryonic mRNA was significantly increased in the Pre-
con group (Figure 2(a)). At 4 days after damaging ECC,
both the non-Precon and Precon groups showed signifi-
cant increase in MHC-embryonic mRNA expression,
whereas the expression of MHC-embryonic in the non-
Precon group was significantly greater than in the Precon

group.

The expression level of MHC-neonatal, at 0, 2, and 4 days
after damaging ECC, was significantly increased in both the
non-Precon and Precon groups (Figure 2(b)). However,
there was no difference between the non-Precon and Precon
groups.

The expression level of HGF mRNA, which is a well-
studied activation factor for satellite cells, was significantly
increased in the Precon group at 2 and 4 days after damaging
ECC (Figure 3(a)). In the non-Precon group, the mRNA
expression of HGF was significantly increased at 2 and 4 days
after damaging ECC. However, at 2 and 4 days after
damaging ECC, the expression level of HGF mRNA was
significantly lower in the Precon group compared with the
non-Precon group.

The mRNA expression level of Pax7, which is expressed
in activation and proliferation state of satellite cells, was
significantly increased only in the nonPrecon group at 2 and
4 days after damaging ECC (Figure 3(b)). In addition, at 4
days after damaging ECC, the expression of Pax7 mRNA was
significantly lower in the Precon group compared with non-
Precon group.

The mRNA expression level of MyoD regulating pro-
liferation and differentiation of satellite cells was signifi-
cantly increased in the non-Precon group 2 days after
damaging ECC (Figure 3(c)). At 4 days after damaging ECC,
the expression level of MyoD mRNA in the Precon group
was significantly lower than in the non-Precon group.

The mRNA expression level of myogenin, which is
expressed in the differentiation state of satellite cells, was
significantly increased in the Precon group at 0 and 2 days
after damaging ECC (Figure 3(d)). In the non-Precon group,
at 2 and 4 days after damaging ECC, the mRNA expression
level of myogenin was significantly increased. Furthermore,
the expression level of myogenin mRNA was significantly
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FIGURE 1: Photomicrograph of hematoxylin and eosin (a-f) and Evans blue dye (g-1) staining on sections of the left medial gastrocnemius

muscles after damaging eccentric contractions.
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lower in the Precon group compared with non-Precon group
at 2 and 4 days after damaging ECC.

3.3. The Expression of Muscle Pain-Related Molecules mRNA.
The expression level of BKB, receptor mRNA in the Precon
group was significantly increased at 0, 2, and 4 days after
damaging ECC (Figure 4(a)). In the non-Precon group, the
mRNA expression of BKB, receptor was significantly in-
creased at 2 and 4 days after damaging ECC. However, at 2
and 4 days after damaging ECC, the expression level of BKB,
receptor mRNA was significantly lower in the Precon group
compared with the non-Precon group.

The mRNA expression level of COX-2 in the Precon and
non-Precon group was significantly increased at 2 days after
damaging ECC (Figure 4(b)). However, at 4 days after
damaging ECC, the expression of COX-2 was significantly
increased only in the non-Precon group and its expression in
the Precon group was significantly lower than in the non-
Precon group.

The expression level of mPGES-1 in the non-Precon
group was significantly increased at 2 and 4 days after
damaging ECC, whereas there was no marked alteration in
the Precon group (Figure 4(c)). In addition, at 4 days after
damaging ECC, the expression level of mPGES-1 mRNA was
significantly lower in the Precon group compared with the
non-Precon group.

4. Discussion

The influence of prior light nondamaging ECC on muscle
damage, muscle pain, and muscle regeneration-related
molecules induced by later damaging ECC was in-
vestigated. In fact, Precon suppressed histopathological al-
teration induced by damaging ECC, corresponding to our
previous results [17]. Furthermore, Precon suppressed in-
creases in MHC-embryonic and MHC-neonatal mRNA
expressions, suggesting a decrease in the degree of muscle
damage. Similarly, increases in mRNA expression of HGF,
Pax7, MyoD, and myogenin were suppressed by Precon,
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suggesting that Precon reduced the degree of muscle
damage, negating the need for muscle regeneration. En-
hancement of mRNA expression of muscle pain-related
molecules was also suppressed. This study demonstrated
that prior light ECC reduces muscle damage induced by later
damaging ECC and promotes recovery from muscle pain at
the mRNA level.

In this study, we did not confirm the effect of Precon
itself on mRNA expression. However, most of the mRNA
expressions including muscle pain-related molecules in the
non-Precon group did not significantly increase compared
with its control and Precon groups at 0 day (2 days after
Precon). Considering that the Precon itself (10 repeated
ECC) has less impact than non-Precon (100 repeated ECC),
the effect of Precon itself on mRNA expression was spec-
ulated to be little at least 0 and 2 days after the Precon.

4.1. Muscle Damage and Regeneration Induced by Eccentric
Contraction. Skeletal muscle expresses developmental MHC,
such as MHC-embryonic and MHC-neonatal, in the recovery
course after muscle damage, in addition to mature MHC,
such as MHC I, IIa, IIx, and IIb [18, 19]. These developmental
MHCs are replaced by mature MHC during recovery after

muscle damage. MHC-embryonic and MHC-neonatal
mRNA expression increased after damaging ECC, but the
degree of the increase in MHC-embryonic at 4 days after
damaging ECC was reduced by Precon. Muscle satellite cells
play an important role in muscle regeneration after muscle
damage. Satellite cells are localized between the basement and
plasma membranes, but they are normally in the resting state
and express Pax7 [20]. When satellite cells are stimulated by
muscle damage, they are activated, and they proliferate,
differentiate, and supply new muscle fiber and nuclei [20].
Some cells then return to the resting state [20]. Many studies
have demonstrated that growth factors such as HGF are
associated with activation and proliferation of myoblasts [21].
Furthermore, MyoD and myogenin are expressed when
satellite cells are activated, and they proliferate, or differentiate
[20]. In the rats that received only damaging ECC, HGF, Pax7,
MyoD, and myogenin mRNA expression increased after
damaging ECC, suggesting a functional muscle regeneration
mechanism, whereas these increases were not observed in the
Precon group, suggesting that prior Precon reduced the
degree of muscle damage, leading to only a slight need for
muscle regeneration. Damage by vigorous ECC has been
clarified by indirect analysis (serum creatine kinase) [1, 2] and
histological analysis [22-24]. In our study, the muscle was
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damaged in the group only with damaging ECC, confirming
that Precon markedly reduced the degree of damage at the
mRNA expression level.

4.2. Muscle Pain Markers Induced by Eccentric Contraction.
PGE, increases in skeletal muscle during dynamic exercise,
but it does not increase during static exercise [25]. An
enzyme in the PGE, synthetic pathway, COX-2, is highly
involved in muscle pain. In fact, COX-2 inhibitors can re-
duce muscle pain when it is applied before lengthening
contraction [11, 12]. In addition, the final enzyme of PGE,
synthesis, mPGES-1, also produces PGE, from COX-2-
derived metabolites [13] and is also involved in PGE,-in-
duced pain and inflammation [26]. Therefore, COX-2 and
mPGES-1 may induce muscle pain through PGE, pro-
duction. In inflammation, COX-2 is expressed in neutro-
phils, macrophages, endothelial cells, and muscle
nuclei/muscle satellite cells [11, 27, 28]. mPGES-1 has
been reported to be localized in macrophages and fibroblasts
during inflammation [29, 30]. In the present study, Precon
suppressed COX-2 and mPGES-1 mRNA expression, in-
dicating decreased PGE2 production. Accordingly, muscle
pain due to PGE, may have been reduced in the Precon
group compared with in the non-Precon group.

Eccentric exercise elevates the blood [31] and interstitial
BK levels in skeletal muscle and tendon tissue [32]. There are
2 types of BK receptors: BKB; and BKB,. The BKB; receptor
is expressed when tissue is damaged and contributes to
chronic inflammation, whereas the BKB, receptor is con-
stantly expressed and considered to be involved in acute
inflammation [33-35]. BKB, receptor mRNA expression
was decreased by Precon 2 and 4 days after damaging ECC.
In a previous study, muscle pain developed in the intact leg
from 1 to 4 days after eccentric contraction, but when a BKB,
receptor antagonist was administered before eccentric
contraction, later muscle pain was suppressed, whereas the
BKB, receptor antagonist exerted no muscle pain-inhibitory
effects [36]. In an inflammation model induced by in-
tramuscular injection of formalin, both BKB; and B, re-
ceptor antagonists demonstrated muscle pain-inhibitory
effects from immediately after formalin injection to 7 hours
later, but only the B, receptor antagonist reduced IL-6
mRNA expression [10]. IL-6 is an inflammatory marker
that has been suggested to contribute to muscle pain [37, 38].
Thus, the BKB, receptor may be more closely involved in
muscle pain from inflammation compared with the B; re-
ceptor. In addition, administration of a BKB, receptor an-
tagonist 30 minutes after ECC did not suppress muscle pain,
suggesting that the BKB, receptor functions in the
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development of muscle pain rather than the maintenance of
muscle pain [36]. In this study, BKB2 receptor mRNA ex-
pression showed significant increase at 0 day (immediately
after damaging ECC). However, BKB2 receptor mRNA
expression of the non-Precon group gradually increased
while those of the Precon group showed gradual decrease,
suggesting that the peak of pain marker shifted to the left in
the Precon group. Although we could not prove whether the
peak shift of BKB2 receptor mRNA expression directly relate
to muscle pain, the mRNA expression of the Precon group
was suppressed in accordance with other muscle pain-
related molecules and histopathological damage at 2 and
4 days after damaging ECC.

In summary, we found that the BKB2 receptor which
plays an important role in muscle pain significantly in-
creased after eccentric contraction and the expression of
mRNA was suppressed by prior low-load ECC in relatively
early stage.

4.3. Influence of Preconditioning on Training Effect. ECC- and
pre-exercise-induced muscle damage, muscle regeneration,
and muscle pain were investigated. Our results suggest that
prior light ECC reduces muscle damage caused by later
damaging ECC and accompanying muscle regeneration and
suppresses muscle pain at the mRNA expression level. Based
on these findings, in order to reduce exercise-induced
muscle pain, prior light exercise may be preferable. How-
ever, to improve muscle function, prior light exercise may
reduce the later training effects because Precon suppressed
mRNA expression of a muscle satellite cell marker, Pax7,
which plays an important role in muscular hypertrophy, as
well as MyoD and myogenin, which are involved in pro-
liferation and differentiation of satellite cells [20]. In addi-
tion, the importance of COX-2 for muscular hypertrophy
has been reported using a compensatory muscular hyper-
trophy model with a COX-2 inhibitor [28]. Thus, sup-
pression of COX-2 expression and activity may be a good
method to reduce muscle pain, but COX-2 expression and
activity may be necessary when the objective is muscular
hypertrophy. Further studies on the long-term effects are
necessary.
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