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Abstract: Eccentric exercise induces muscle damage and inflammation, resulting in a state of reduced
physical activity with muscle dysfunction and a feeling of tiredness after exercise. Creatine is known
to act as an energy buffer, but it has also been suggested to exert inhibitory effects on muscle damage
and peripheral inflammation. The purpose of this study was to test the hypothesis that creatine
supplementation alleviates fatigue after eccentric exercise and to explore the mechanism of this effect.
C57BL/6J mice were fed an AIN-93G-formulated control diet or a creatine-containing diet for 6 days
and were then subjected to downhill running, a model of eccentric exercise, to assess the effects
on the total creatine concentrations in skeletal muscle and brain tissue, spontaneous activity, the
urine concentration of titin N-fragment, and inflammatory gene expression. The results showed that
creatine supplementation significantly increased the total creatine concentrations in skeletal muscle
and brain tissue. Furthermore, spontaneous activity significantly decreased after downhill running
and creatine supplementation maintained a significantly higher level of spontaneous activity. In
addition, creatine supplementation significantly suppressed the downhill-running-induced increase
in the mRNA expression of genes encoding ICAM-1, E-selectin, CD18, and BKB1R in the soleus
muscle and IL-1β in the hypothalamus. On the other hand, creatine supplementation did not
clearly influence the urine concentration of titin N-fragment. These results indicate that creatine
supplementation may alleviate fatigue after eccentric exercise by partially suppressing inflammation
in slow-twitch skeletal muscle and brain tissue.

Keywords: creatine; fatigue; eccentric exercise; skeletal muscle; brain; inflammation

1. Introduction

Eccentric exercise is observed in a wide range of physical activities. It is required
in sports involving situations such as changing direction, stopping, and descending [1].
Furthermore, eccentric exercise is utilized by the elderly and patients as a means of re-
habilitation training that is less stressful on the circulatory and respiratory systems [2].
However, because of muscle damage and inflammation, it can easily lead to a state of
reduced physical activity with muscle dysfunction and a feeling of tiredness, resulting in
deteriorated exercise performance and quality of life, even after exercise [1,2]. In this study,
we defined fatigue as a state of reduced physical activity after exercise. Although some
interventions have been investigated as methods to reduce fatigue after eccentric exercise,
an easy-to-use method without adverse effects is needed to address this issue [3–5].

Muscle damage is one of the most important factors of muscle dysfunction following
eccentric exercise. When muscle damage occurs, the myocyte membrane is scarred and
myofibrillar proteins are degraded [2,6]. Inflammation is also considered to be a cause of
muscle dysfunction. Increased levels of inflammatory cytokine after acute eccentric exercise
have been shown to cause insulin resistance, resulting in the delayed recovery of muscle
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glycogen storage, which is essential for endurance performance [7–12]. In addition, a study
using knockout mice for the gene coding CD18, a molecule on the surface of leukocytes
that is responsible for tissue infiltration, showed that eccentric-exercise-induced leukocyte
infiltration into skeletal muscle may delay the recovery of muscle strength [13]. These
findings suggest that not only inflammatory cytokines, but also leukocytes per se are a
cause of muscle dysfunction after acute eccentric exercise.

After acute eccentric exercise, feelings of tiredness can dampen motivation for fur-
ther activity, leading to reduced spontaneous activity, i.e., fatigue [14–17]. Therefore,
we postulated that the mitigation of such feelings would contribute to alleviating fa-
tigue. Although physiotherapy and dietary interventions have been used to reduce muscle
dysfunction [3–5], more effective coping strategies could be developed by aiming to reduce
the feelings of tiredness. Inflammatory cytokines in brain tissue are considered to be an
important factor in feelings of tiredness [18]. Carmichael et al. reported that, after an acute
eccentric exercise, brain IL-1β expression increased and spontaneous activity decreased and
that the intracerebroventricular administration of an IL-1 receptor antagonist suppressed
the decrease in physical activity [19,20]. Although other cytokines may be involved, IL-1β
has been suggested to be a key factor in feelings of tiredness in various studies [21].

Creatine is a non-proteinogenic amino acid that is supplied to tissues through diet and
biosynthesis [22]. Creatine is mostly localized in skeletal muscle and brain tissue, where it
binds to phosphate to form phosphocreatine (PCr) [22,23]. Among the energy-producing
systems, the ATP-PCr system is responsible for the most rapid form of energy produc-
tion [24]. Creatine supplementation has been shown to increase the PCr concentration in
skeletal muscle and to improve high-intensity exercise performance, promoting greater
adaptation to training [22]. In addition, although creatine has been on the market for more
than 25 years, minimal adverse events have been reported [22,25]. Creatine is now popular
as a safe and effective supplement, especially for athletes seeking explosive power and/or
muscle hypertrophy [22,24].

Creatine also exerts actions other than energy production. For example, the prior
intravenous administration of PCr reportedly prevented cardiomyocyte damage caused
by cardiac ischemia [26]. The effect of creatine on skeletal muscle damage has also been
investigated by evaluating plasma creatine kinase activity and/or the lactate dehydroge-
nase level. Although significant inhibitory effects have been observed in some human
studies, a recent meta-analysis did not provide a clear conclusion [27]. In addition, even
though previous studies examining the effects of creatine supplementation on systemic
inflammatory mediators after an acute exercise have yielded mixed results [28], accumulat-
ing evidence suggests that creatine has anti-inflammatory properties in peripheral tissues.
In pulmonary vascular endothelial cells, creatine inhibited endothelial hyperpermeability
and leukocyte adhesion induced by inflammatory cytokines [29]. Creatine also reportedly
mitigated edema formation induced by the subcutaneous administration of carrageenan
in mice [30]. Taking into consideration reports that orally ingested creatine can cross the
blood–brain barrier [31,32] and that creatine supplementation assisted recovery from cen-
tral nervous system disorders such as concussion and depression [33,34], creatine can likely
exert an anti-inflammatory action directly in the brain. Therefore, we thought it would be a
promising inquiry to evaluate the anti-inflammatory effects of creatine supplementation in
peripheral and brain tissue after acute exercise.

However, the effects of creatine supplementation on myofibrillar damage, inflamma-
tion in skeletal muscle and brain tissue, and reduction in physical activity after eccentric
exercise have not been comprehensively reported. Therefore, the purpose of this study was
to test the hypothesis that creatine supplementation can alleviate fatigue after eccentric
exercise through its suppressive effects on myofibrillar damage and/or inflammation.
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2. Materials and Methods
2.1. Animals

Six-week-old male C57BL/6J mice were purchased (The Jackson Laboratory Japan,
Kanagawa, Japan). Each mouse was kept individually in a cage with Care-feeaz (HAMRI,
Ibaraki, Japan) at a temperature of 23 ◦C ± 3 ◦C and a relative humidity of 50% ± 20%
under a 12-h light–dark cycle. Water and food were provided ad libitum. The animals
were acclimated for at least 3 days after receipt. All animal experiments were performed in
accordance with the protocols approved by the Institutional Animal Care and Use Commit-
tee at Taisho Pharmaceutical Co., Ltd. (Saitama, Japan, approval number: AN13636-Z00,
AN13862-Z01, AN13976-Z00, AN14033-Z00).

2.2. Exercise Protocol

A total of two training sessions were performed 3 days prior to the downhill running.
During the training sessions, mice were forced to run on a motorized treadmill (PanLab,
Barcelona, Spain) with a +8◦ inclination. Based on a report that uphill running causes less
muscle damage than level or downhill running [35], we aimed to minimize the repeated
bout effect and to examine the pure impact of an acute downhill running session by using
uphill running during the training sessions. In the first training session, mice ran at
6 m/min for 2 min, 8 m/min for 2 min, 10 m/min for 3 min, and 12 m/min for 3 min. In the
second training session, mice ran at 12 m/min for 2 min, 16 m/min for 2 min, 20 m/min
for 3 min, and 22 m/min for 3 min.

During the downhill running session, mice were forced to run on the treadmill with a
−8◦ inclination immediately after switching to the light phase of the light–dark cycle. Mice
ran at a gradually increasing speed (starting at 16 m/min and increasing by 0.3 m/min
every 1 min) for 20 min and then at 22 m/min for 100 min or more. Mice that were unable to
run at 22 m/min for 100 min during the downhill running were excluded from the analysis.

2.3. Dietary Intervention

As shown in Table 1, the AIN-93G composition was used for the control diet, while the
creatine diet containing 5% creatine monohydrate by diet weight (creatine monohydrate
dose: approximately 120 mg per day) was made by replacing the cellulose with creatine
monohydrate (Sigma-Aldrich, St. Louis, MO, USA) in AIN-93G. During the acclimation
period, the animals were fed the control diet. From 6 days prior to the downhill running,
they were fed only one of the diets until the end of the experiment. These diets were
obtained from Oriental Yeast (Tokyo, Japan).

Table 1. Composition of the diets.

Ingredients
Diets (g/kg Diet)

Control Diet Creatine Diet

Casein 200 200
L-Cystine 3 3
Cornstarch 397.486 397.486
α-Cornstarch 132 132
Sucrose 100 100
Cellulose 50 —
Creatine monohydrate — 50
Soybean oil 70 70
t-butylhydroquinone 0.014 0.014
Mineral Mix (AIN93G) 35 35
Vitamin Mix (AIN93) 10 10
Choline bitartrate 2.5 2.5
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2.4. Experimental Design

An overview of the experiments is shown in Figure 1. To minimize the influence of
the sampling itself on the indices, multiple experiments were conducted separately.
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2.4.1. Experiment 1-1

Immediately after the first training session, 20 mice were randomly divided into two
groups based on body weight and food intake during the acclimation period: a Downhill
group (10 mice) that received the control diet, and a Creatine + Downhill group (10 mice)
that received the creatine diet.

Six days after the grouping, the mice were forced to perform the downhill running
and were then returned to each home-cage immediately thereafter. Approximately 24 h
after the downhill running, the mice were euthanized under isoflurane anesthesia. Then,
the soleus and plantaris muscles were removed. The samples were quickly frozen in liquid
nitrogen and stored at −80 ◦C until the total creatine concentration measurements.

2.4.2. Experiment 1-2

Immediately after the first training session, 12 mice were randomly divided into
2 groups based on body weight and food intake during the acclimation period: a Downhill
group (6 mice) that received the control diet, and a Creatine + Downhill group (6 mice) that
received the creatine diet.

The procedure from downhill running to euthanasia was the same as that in experi-
ment 1-1. Immediately after the euthanasia, the hypothalamus and cortex were removed.
The samples were quickly frozen in liquid nitrogen and stored at −80 ◦C until the total
creatine concentration measurement.

2.4.3. Experiment 1-3

Immediately after the first training session, 30 mice were randomly divided into
two groups based on body weight and food intake during the acclimation period: a
Downhill group (15 mice) that received the control diet, and a Creatine + Downhill
group (15 mice) that received the creatine diet. Six days after the grouping, the mice
were forced to perform the downhill running and were then returned to each home-cage
immediately thereafter.

Spontaneous activity was measured using an infrared cage top motion sensor
(SUPERMEX, Muromachi Kikai, Tokyo, Japan) installed in each home-cage. Since spon-
taneous activity is rarely observed during the light phase of the light–dark cycle, only
the activity during the dark phase was used for the data calculation in this study. The
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average spontaneous activity during the 3 days before downhill running was used as
the baseline value. The respective total spontaneous activity one day before (Pre) and on
the day of (Post) the downhill running were expressed relatively to the baseline value
for each mouse.

Two timepoints for urine collection were set at approximately 96 h before (Pre) and
24 h after (Post) the downhill running. Urine was discharged by stimulating the sacrum
and was collected with a pipette. The urine samples were stored at −80 ◦C until the titin
N-fragment measurement. Since 6 µL of urine sample was required for the measurement,
mice that failed to provide a 6 µL urine sample at Pre or Post were excluded from
the analysis.

2.4.4. Experiment 2

Immediately after the first training session, 42 mice were randomly divided into
three groups based on body weight and food intake during the acclimation period: a Rest
group (12 mice) that received the control diet without downhill running, a Downhill group
(15 mice) that received the control diet with downhill running, and a Creatine + Downhill
group (15 mice) that received the creatine diet with downhill running.

Six days after the grouping, mice other than those in the Rest group were forced to
perform the downhill running and were then returned to each home-cage immediately
thereafter. Approximately 8 h after the downhill running (immediately before the dark
phase), the mice were euthanized under isoflurane anesthesia. Then, the soleus muscle,
plantaris muscle, hypothalamus, and cortex were removed. The removed samples were
quickly frozen in liquid nitrogen and stored at −80 ◦C until RNA extraction.

2.5. Measurement of Total Creatine Concentration in Skeletal Muscle and Brain Tissue

After the wet weight of each tissue was measured, the tissue was homogenized using
a disposable homogenizer (PowerMasher II, Nippi, Tokyo, Japan). The Creatine Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA) was used following the protocol as instructed by
the manufacturer to measure the amount of total creatine content in the homogenate. The
total creatine concentration was calculated by dividing the total creatine content by the wet
weight of each tissue.

2.6. Measurement of Urine Concentration of Titin N-Fragment

The amount of titin N-fragment in the urine sample was determined using the
Mouse/Rat Titin N-Fragment Assay Kit (Immuno-Biological Laboratories, Gunma, Japan).
The Protein Assay BCA Kit (Nacalai Tesque, Kyoto, Japan) was used to measure the amount
of total protein in the sample. These methods were in accordance with the instructions of
each kit. The amount of titin N-fragment was divided by the amount of total protein in
each urine sample to calculate the urine concentration of titin N-fragment.

Titin is a myofibrillar protein and is considered to exert tension during the eccen-
tric phase of exercise [36]. When it is degraded following tissue injury, its N-terminal
fragment enters the urine [37]. The urine concentration of titin N-fragment has been uti-
lized as an indicator of myofibrillar damage [38,39]. The advantage of this indicator is
its low invasiveness. No puncture wound is necessary, thereby avoiding any effect on
spontaneous activity.

2.7. RNA Extraction and Quantitative Real Time PCR

The frozen samples were immersed in RNAlater-ICE Frozen Tissue Transition Solution
(Thermo Fisher Scientific, Waltham, MA, USA) and cooled to −20 ◦C for at least 16 h to
stabilize the RNA in the samples. Each sample was then homogenized with a beads kit on
a Precellys 24 tissue homogenizer (Bertin Technologies, Pas du Lac, France). RNA was then
extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Venlo, The Netherlands) for
the muscle samples and the RNeasy Lipid Tissue Mini Kit (Qiagen, Venlo, The Netherlands)
for the brain samples according to the manufacturers’ instructions. Based on the total RNA
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concentration measured with the NanoDrop 2000c (Thermo Fisher Scientific, Waltham,
MA, USA), the concentrations between samples were aligned identically by adding Milli-Q
water as appropriate.

cDNA was obtained by a reverse transcription reaction using ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). The cDNA was used as tem-
plate, and quantitative real-time PCR was performed using THUNDERBIRD® SYBR qPCR
Mix (TOYOBO, Osaka, Japan) on a StepOnePlus Real-time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). The analysis was performed according to the standard
curve method, using GAPDH as an internal standard for skeletal muscle and RPS18 as an
internal standard for brain tissue. The mRNA expression level of gene in each sample was
calculated relative to that of the internal standard, and that of each group was expressed
relative to the mean value of that in the Rest group. The primer sequences (Takara Bio,
Shiga, Japan) for the mRNAs of the genes coding each protein were as follows: tumor
necrosis factor α (TNFα) (GeneBank accession number: NM_001278601.1): forward, GC-
CTCTTCTCATTCCTGCTTGTG and reverse, TGATGAGAGGGAGGCCATTTG; interleukin
1 beta (IL-1β) (GeneBank accession number: NM_008361.4): forward, CCAGGATGAG-
GACATGAGCAC and reverse, TGTTGTTCATCTCGGAGCCTGTA; interleukin 6 (IL-6)
(GeneBank accession number: NM_001314054.1): forward, CCACTTCACAAGTCGGAG-
GCTTA and reverse, TGCAAGTGCATCATCGTTGTTC; intercellular adhesion molecule
1 (ICAM-1) (GeneBank accession number: NM_010493.3): forward, AACTGTGGCAC-
CGTGCAGTC and reverse, AGGGTGAGGTCCTTGCCTACTTG; E-selectin (GeneBank
accession number: NM_011345.2): forward, GATGCCGCCTACCTGTGAA and reverse,
AGCAATGAGGACGATGTCAGGA; cluster of differentiation 18 (CD18) (GeneBank ac-
cession number: NM_008404.5): forward, CGAGTGTGACAATGTCAACTGTGAG and
reverse, CGTAACCGGGCTTGCAACTA; bradykinin beta 1 receptor (BKB1R) (GeneBank
accession number: NM_007539.3): forward, ACCTGCCTGCTCATCTGGGTA and re-
verse, GGATGCAGGCAGAGATGTTCA; bradykinin beta 2 receptor (BKB2R) (GeneBank
accession number: NM_009747.2): forward, AGAACCCGTCCAGATGGAGA and re-
verse, CAATCCTCACACACTTGGCAGTA; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (GeneBank accession number: NM_008084.3): forward, TGTGTCCGTCGTG-
GATCTGA and reverse, TTGCTGTTGAAGTCGCAGGAG; ribosomal protein S18 (RPS18)
(GeneBank accession number: NM_011296.3): forward, TTCTGGCCAACGGTCTAGA-
CAAC and reverse, CCAGTGGTCTTGGTGTGCTGA.

2.8. Statistical Analyses

Calculations were conducted using Microsoft Excel 2016 (Microsoft, Redmond, WA,
USA), and data are shown as the means ± SEM. Statistical analyses were performed
using SAS 9.4 (EPS, Tokyo, Japan). The normality of the data was examined using the
Shapiro–Wilk test. A p value < 0.05 was considered statistically significant.

For the total creatine concentrations, food intakes and body weights in experiment 1-1,
1-2, and 1-3, comparisons were made between two groups using the Student t-test (data with
normality and homoscedasticity) or the Wilcoxon rank sum test (data without normality
or homoscedasticity). The homogeneity of variance was confirmed using the F-test. For
spontaneous activity and the urine concentration of titin N-fragment in experiment 1-3,
analyses were conducted using a 2 × 2 (diet × time) repeated-measurement ANOVA.

In experiment 2, multiple comparisons were performed for mRNA expression levels,
body weights, and food intakes. The Tukey–Kramer test was used for the data with
normality and homoscedasticity, while the Steel–Dwass test was used for the data without
normality or homoscedasticity. The homogeneity of variance was examined using the
Bartlett test.
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3. Results
3.1. Experiment 1-1

Eight mice in the Downhill group and seven mice in the Creatine + Downhill group
were able to run downhill for 100 min or more (for 120 min at 22 m/min in all mice). After
grouping, the food intake of each group was 2.4 ± 0.1 g/day in the Downhill group and
2.5 ± 0.1 g/day in the Creatine + Downhill group. The body weight just before the downhill
running was 21.0 ± 0.4 g in the Downhill group and 20.7 ± 0.4 g in the Creatine + Downhill
group. No significant differences in these indices were seen between the two groups.

The total creatine concentration in skeletal muscle is shown in Figure 2. In the soleus
and plantaris muscles, the Creatine + Downhill group had significantly higher values
than the Downhill group (15.4% ± 3.9% and 9.7% ± 3.5%, respectively). Since the extent
of this increase was comparable to that observed in human studies with creatine sup-
plementation [22,40], the dietary intervention protocol in this study was deemed to be
physiologically relevant.
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3.2. Experiment 1-2

Six mice in the Downhill group and six mice in the Creatine + Downhill group were
able to run downhill for 100 min or more. The running time ranged from 100 to 160 min,
with a mean ± SEM of 121.0 ± 12.3 min in the Downhill group and 150.0 ± 6.5 min
in the Creatine + Downhill group. After grouping, the food intake of each group was
2.3 ± 0.1 g/day in the Downhill group and 2.4 ± 0.1 g/day in the Creatine + Downhill
group. The body weight just before the downhill running was 21.6 ± 0.3 g in the Downhill
group and 21.6 ± 0.3 g in the Creatine + Downhill group. No significant differences in
these indices were seen between the two groups.

The total creatine concentration in the brain is shown in Figure 3. The Creatine + Downhill
group had significantly higher values in the hypothalamus and cortex than the Downhill
group (18.1% ± 4.5% and 22.9% ± 1.2%, respectively).
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difference from the Downhill group in the equivalent brain region (p < 0.05).

3.3. Experiment 1-3

Six mice in the Downhill group and eight mice in the Creatine + Downhill group were
able to run downhill for 100 min or more (for 120 min at 22 m/min in all mice). After
grouping, the food intake of each group was 2.3 ± 0.1 g/day in the Downhill group and
2.2 ± 0.0 g/day in the Creatine + Downhill group. The body weight just before the downhill
running was 23.2 ± 0.2 g in the Downhill group and 22.8 ± 0.2 g in the Creatine + Downhill
group. No significant differences in these indices were seen between the two groups.

Spontaneous activity for 12 h prior to (Pre) and after (Post) the downhill running is
shown in Figure 4. Significant main effects were found for time and diet. Spontaneous
activity significantly decreased after downhill running. The Creatine + Downhill group
maintained a significantly higher level of spontaneous activity than the Downhill group.
There was no interaction between time and diet.
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Figure 4. Spontaneous activity before and after downhill running in the Downhill group (black bar,
n = 6) and the Creatine + Downhill group (gray bar, n = 8). Values are the means ± SEM. The results
of 2 × 2 repeated-measurement ANOVA (statistical analysis for main effects and interaction) are
presented. N.S.: Not significant.

The urine concentration of titin N-fragment at approximately 96 h before (Pre) and 24 h
after (Post) the downhill running is shown in Figure 5. The analysis showed a significant
main effect for time. The urine concentration of titin N-fragment significantly increased
after downhill running. No significant main effect for diet or interaction between time and
diet were observed.
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Figure 5. Urine concentration of titin N-fragment before and after downhill running in the Downhill
group (black bar, n = 5) and the Creatine + Downhill group (gray bar, n = 6). Values are the
means ± SEM. The results of 2 × 2 repeated-measurement ANOVA (statistical analysis for main
effects and interaction) are presented. N.S.: Not significant.

3.4. Experiment 2

Ten mice in the Downhill group and ten mice in the Creatine + Downhill group
were able to run downhill for 100 min or more (for 120 min at 22 m/min in all mice).
After grouping, the food intake of each group was 3.0 ± 0.1 g/day in the Rest group,
2.9 ± 0.1 g/day in the Downhill group, and 2.7 ± 0.0 g/day in the Creatine + Downhill
group. The body weight just before the downhill running was 21.4 ± 0.3 g in the Rest
group, 21.2 ± 0.2 g in the Downhill group, and 21.4 ± 0.1 g in the Creatine + Downhill
group. No significant differences in these indices were seen between the three groups.

The mRNA expression levels of inflammatory genes in skeletal muscle are shown
in Figure 6. In soleus muscle (Figure 6A), the mRNA expressions of TNFα, IL-1β, IL-6,
ICAM-1, E-selectin, CD18, and BKB1R were significantly higher in the Downhill group than
in the Rest group, while those of ICAM-1, E-selectin, CD18, and BKB1R were significantly
lower in the Creatine + Downhill group than in the Downhill group. In plantaris muscle
(Figure 6B), the mRNA expressions of TNFα, IL-1β, ICAM-1, E-selectin, and BKB1R were
significantly higher in the Downhill group than in the Rest group. On the other hand,
no significant differences in these markers were found between the Rest group and the
Creatine + Downhill group. No significant differences in the mRNA expressions of IL-6,
CD18, and BKB2R in plantaris muscle were observed among the three groups. The number
of cases in the Downhill group is 10, except for the E-selectin in plantaris muscle (the
mRNA expression level of the E-selectin in plantaris muscle of one mouse in the Downhill
group could not be quantified).

The mRNA expression levels of inflammatory genes in the brain are shown in
Figure 7. The mRNA level of IL-1β in the hypothalamus was significantly higher in the
Downhill group than in the Rest group, while it was significantly lower in the
Creatine + Downhill group than in the Downhill group (Figure 7A). The mRNA level of
TNFα in the hypothalamus was significantly higher in the Downhill group than in the Rest
group, while no significant difference was seen between the Creatine + Downhill group and
the Rest group. Regarding the mRNA levels of TNFα and E-selectin in the cortex (Figure 7B),
the Downhill and Creatine + Downhill groups had significantly higher values than the Rest
group, while no significant difference was observed between the Downhill group and the
Creatine + Downhill group. No significant differences in the other markers were found
among the three groups.
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Figure 6. Relative mRNA expressions of genes coding inflammatory molecules in the soleus (A) and
plantaris (B) muscles of the Rest group (white bar, n = 12), the Downhill group (black bar, n = 9–10),
and the Creatine + Downhill group (gray bar, n = 10). Values are the means ± SEM. * indicates a
significant difference from the Rest group (p < 0.05). # indicates a significant difference from the
Downhill group (p < 0.05).
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Figure 7. Relative mRNA expressions of genes coding inflammatory molecules in the hypothalamus
(A) and cortex (B) of the Rest group (white bar, n = 12), the Downhill group (black bar, n = 10), and the
Creatine + Downhill group (gray bar, n = 10). Values are the means ± SEM. * indicates a significant
difference from the Rest group (p < 0.05). # indicates a significant difference from the Downhill group
(p < 0.05).
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4. Discussion

To test the hypothesis that creatine supplementation alleviates fatigue after eccentric
exercise through suppressive effects on myofibrillar damage and/or inflammation, we ex-
amined the effects of creatine supplementation on various indices using downhill running
as an eccentric exercise model. The results showed that spontaneous activity significantly
decreased after downhill running and creatine supplementation maintained a significantly
higher level of spontaneous activity. In addition, creatine supplementation partially sup-
pressed the downhill-running-induced increase in inflammatory gene expressions in both
skeletal muscle and brain tissue. On the other hand, creatine supplementation did not
clearly influence the myofibrillar damage index. These results suggest that creatine may be
useful for alleviating fatigue after eccentric exercise and that its inhibitory effects on inflam-
matory responses in skeletal muscle and brain tissue may be involved in its mechanism
of action.

The increased expression of adhesion molecules, such as ICAM-1 and E-selectin, is
observed in tissues undergoing inflammation. These molecules induce the migration of
leukocytes into tissues [41–43]. In addition, since CD18 is a receptor of adhesion molecules
specifically expressed on the leukocyte surface regardless of the type of leukocyte, the
mRNA expression level of the gene encoding CD18 has been used as an indicator of the
extent of leukocyte infiltration into tissues [44,45]. In pulmonary vascular endothelial cells,
creatine inhibited the increase in ICAM-1 and E-selectin expression [29]. In this study,
creatine supplementation inhibited the downhill-running-induced increase in the mRNA
expression of genes coding for ICAM-1, E-selectin, and CD18 in soleus muscle (Figure 6A),
suggesting that creatine prevented leukocyte infiltration into the skeletal muscle by sup-
pressing the increase in the expression of adhesion molecules. Pizza et al. reported that
CD18-mediated leukocyte infiltration into skeletal muscle after eccentric exercise delayed
the recovery of muscle strength [13]. Among various kinds of leukocytes, neutrophils in
particular infiltrate skeletal muscle at the earliest stage after eccentric exercise and deteri-
orate muscle contractile function by secreting proteases and acids [46,47]. Therefore, the
inhibitory effect on neutrophil infiltration into skeletal muscle is thought to be one of the
mechanisms responsible for the anti-fatigue effect of creatine.

BKB1R and BKB2R are receptors for bradykinins and their metabolites [48]. They
promote vascular permeability and edema formation during inflammation [49,50]. BKB1R
is reported to be poorly expressed under normal conditions, but its expression is increased
at the mRNA level during tissue injury [48,51]. BKB2R is thought to mediate delayed-onset
muscle soreness [52,53]. In this study, creatine supplementation inhibited the downhill-
running-induced increase in BKB1R mRNA expression in soleus muscle (Figure 6A). Thus,
creatine supplementation may play a preventive role in skeletal muscle vascular permeabil-
ity and edema formation via the suppression of BKB1R expression.

As shown in Figure 6, the downhill-running-induced changes in gene expression
appeared to be more pronounced in soleus muscle than in plantaris muscle. Regarding all
mRNA expressions, the extent of the downhill-running-induced increase was greater in
soleus muscle than in plantaris muscle. For example, the extent of the increase in IL-1β
was 166.3 ± 125.8 in soleus muscle and 4.4 ± 1.2 in plantaris muscle with the means ±
SEM. Since the downhill running in this study was a low-intensity exercise that could
be sustained for 120 min, the soleus muscle, which has a predominance of slow-twitch
muscle fibers, may have been preferentially mobilized over the plantaris muscle, which
has a predominance of fast-twitch muscle fibers; this would be in accordance with the
size principle. In addition, the increase in the total creatine concentration seemed greater
in the soleus muscle (15.4% ± 3.9%) than in the plantaris muscle (9.7% ± 3.5%), and the
inhibitory effect of creatine supplementation on the downhill-running-induced changes in
mRNA expression was statistically significant in the soleus muscle. Although creatine has
been used as a supplement mainly by power/strength athletes [22], this study shows that
creatine also alleviates fatigue after low-intensity eccentric exercise, which is loaded mainly
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on slow-twitch muscles. These results suggest that creatine may be useful for endurance
athletes and non-athletic individuals who perform low-intensity exercise.

Inflammatory cytokines in brain tissue are considered to be a cause of feelings of
tiredness after eccentric exercise [18]. Carmichael et al. reported that acute downhill
running increased brain IL-1β expression and decreased spontaneous activity, and that
the intracerebroventricular administration of an IL-1 receptor antagonist suppressed the
decrease in spontaneous activity [19,20]. In the present study, creatine supplementation
inhibited the downhill-running-induced increase in IL-1β mRNA expression in the brain
(Figure 7A). Therefore, creatine supplementation may have maintained the higher level of
spontaneous activity by suppressing the increase in brain IL-1β expression.

In the present study, creatine supplementation significantly increased the total crea-
tine concentration in the brain (Figure 3). Based on this finding, the increased presence
of creatine in the brain may have directly suppressed the increase in IL-1β expression.
The downhill-running-induced increase in brain IL-1β disappeared by eliminating brain
macrophages with the intracerebroventricular administration of clodronate [54]. This
suggests that the increased brain IL-1β level after downhill running is derived from
brain macrophages. After physical and psychological stress, brain-cell-derived damage-
associated molecular patterns (DAMPs) are released into the extracellular space and recog-
nition of DAMPs by receptors such as Toll-like receptors (TLRs) can promote the expression
of proinflammatory cytokines in macrophages [55]. Furthermore, a study in which creatine
was applied to macrophages in vitro reported that creatine suppressed the expression of
TLRs in macrophages [56]. Therefore, the increased presence of creatine may have inhibited
IL-1β production by brain macrophages through the DAMPs-TLRs pathway.

In the present study, an inhibitory effect of creatine on brain inflammatory cytokines
was found only for IL-1β in the hypothalamus. Among various kinds of inflammatory
cytokines, IL-1β has been suggested to be a key factor in fatigue in various pathological
conditions [21]. In addition, the hypothalamus is a brain region that integrally regulates
behaviors, and increased IL-1β expression in the hypothalamus has been associated with
behavioral abnormalities in various animal models [57–59]. Based on these reports, we think
that IL-1β in the hypothalamus has a significant effect on behavior, and the suppression of
its expression can be considered as part of the mechanism of action of creatine.

A recent meta-analysis of human studies evaluating plasma creatine kinase activity
and the lactate dehydrogenase level did not provide a clear conclusion as to the effect
of creatine supplementation on muscle damage [27]. These markers are useful because
creatine kinase and lactate dehydrogenase in skeletal muscle are released into the blood
when the membranes of muscle cells are damaged [60]. Strictly speaking, therefore, they
are markers of membrane damage in skeletal muscle and are not directly related to muscle
function. On the other hand, the titin N-fragment is strongly related to the muscle con-
tractile function because it reflects the degree of degradation of titin, which exerts tension
during eccentric contraction [36–39]. Therefore, we used the urine concentration of titin
N-fragment as an indicator of myofibrillar damage. In the present study, the effect of
creatine supplementation on the urine concentration of titin N-fragment was not clear
(Figure 5). We believe that no clear difference was observed because of large individual
differences in the effects of downhill running on myofibrillar proteins.

Although creatine supplementation is known to enhance high-intensity exercise per-
formance and muscle hypertrophy [22], we think that these actions are not involved in the
anti-fatigue effect of creatine supplementation in this study. The reason is that the intensity
of the downhill running and spontaneous activity in this study was presumed to be low.
Therefore, the anti-inflammatory actions of creatine observed in this study are more likely
to be involved. Furthermore, to the best of our knowledge, no intervention capable of miti-
gating eccentric-exercise-induced inflammation in the brain has been reported. We firstly
discovered that creatine supplementation can mitigate brain inflammation. Fatigue may
not be fully alleviated, since feelings of tiredness can remain even if muscle dysfunction is
mitigated. In this study, creatine supplementation exerted beneficial effects in both skeletal
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muscle and the brain, making it a promising new approach to deal with post-exercise
fatigue. Since creatine is safe and has some degree of recognition [22,24], this study would
have a significant impact with a high potential for practical application.

We did not directly measure the feeling of tiredness and muscle function, which
are essential components of fatigue, although we made reasonable assumptions about
these parameters based on the data. Future research should examine the effect of creatine
supplementation on these parameters.

5. Conclusions

In this study, spontaneous activity significantly decreased after eccentric exercise and
creatine supplementation maintained a significantly higher level of spontaneous activity.
In addition, inhibitory effects on inflammation in skeletal muscle and brain tissue may be
involved in mechanisms of action of creatine. The anti-inflammatory effects of creatine
were pronounced in slow-twitch skeletal muscle, suggesting that creatine may be useful
for relieving fatigue in endurance athletes and non-athletic individuals who perform low-
intensity exercise.
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