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ABSTRACT

Introduction: Exercise training is beneficial for reducing obesity. In particular, exercise training can lower the
catecholamine concentration in circulation. Renalase, whose expression was first confirmed in the kidneys, is
a physiologically active substance that decomposes circulating catecholamines; additionally, it has been re-
ported to be present in the skeletal muscles. The aim of this study was to clarify the expression of renalase in
the skeletal muscles and kidneys after high-intensity exercise training in obese mice. Material and methods:
The mice were divided into four groups: normal diet and sedentary, normal diet and exercise training, high-
fat diet and sedentary, and high-fat diet and exercise training, and the test was performed for 8 weeks. Results:
Body weight and skeletal muscle wet weight were reduced by high-fat diet intake but were rescued by training.
Skeletal muscle renalase gene expression was significantly increased by exercise training. However, in the
kidneys the gene expression of renalase was significantly increased by high-fat diet intake and exercise
training. No significant changes were observed in the gene expression of catecholamine-degrading enzymes,
catechol-O-methyltransferase and monoamine oxidase A and B. Conclusion: We demonstrated that exercise
training increased the gene expression of renalase in the skeletal muscles and kidneys, thus lowering circu-
lating catecholamine levels. This may lead to amelioration of obesity as catecholamines are lipolytic.
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INTRODUCTION

Obesity increases the risk of various diseases including diabetes, and exercise training is a tool to
decrease this risk. In addition, diabetes induces catecholamine levels in the blood [1]. It has been
reported that exercise training leads to an improvement in cardiovascular function, metabolism,
and obesity [2, 3]. Plasma levels of catecholamines, including adrenaline, noradrenaline, and
dopamine, in previously sedentary subjects were decreased by exercise training, although these
were increased by acute exercise [4, 5]. Illi et al. [6] showed that plasma catecholamine levels did
not change in sedentary subjects or those who exercised using inhibitors of catechol-O-meth-
yltransferase (COMT) and/or monoamine oxidase A (MAO-A), which are catecholamine-
degrading enzymes. Thus, the details of the metabolism of catecholamines remain unclear.

Renalase, a flavin adenine dinucleotide (FAD)-dependent soluble MAO, metabolizes cate-
cholamines and regulates heart rate and blood pressure [7–9]. Its expression has been identified
in other tissues, including skeletal muscles, cardiomyocytes, and intestines despite high expres-
sion in the kidneys [9]. In previous studies, renalase concentration in blood was shown to be
increased in hypertensive patients and after exercise [1, 10, 11]. In addition, renalase knockout
mice had higher catecholamine levels compared to wild-type mice [8]. Moreover, Tokinoya et al.
[12] showed that renalase expression in the skeletal muscles and blood is increased by moderate-
intensity exercise. Thus, renalase concentration is increased by acute exercise, whereas it is un-
known whether it is increased in obesity. Moreover, renalase mRNA content is increased by
adrenaline in C2C12 myotubes in vitro [13]. It has been reported that the expression of Sp1,
ZBP89, and STAT3 are renalase regulators of adrenaline [14]. In addition, these transcriptional
factors in the skeletal muscle were increased by acute exercise [12]. Furthermore, Tokinoya et al.
[15] showed that renalase protein expression in the skeletal muscles is increased by low- and
high-intensity exercise, despite decreased renalase expression in the kidneys [15]. Thus, renalase
expression in the skeletal muscles is increased by acute exercise at various intensities.

However, it is unclear whether renalase expression in the skeletal muscles is increased by
exercise training, although it is increased by acute exercise. In addition, the link between renalase
expression in the skeletal muscles and obesity remains unclear. We hypothesize that renalase
contributes to decreased circulating catecholamine levels in normal subjects with exercise training.
This study aimed to elucidate the renalase level and factors related to metabolism of catechol-
amines in the skeletal muscles of mice with high-fat diet-induced obesity and exercise training.

MATERIALS AND METHODS

Animals and experimental design

All the experimental protocols used in the study are in accordance with the principles and
guidelines of animal care of the Physiological Society of Japan and The Animal Ethics Com-
mittee of the University of Tsukuba (approval number: 19-121).
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Three-week-old male C57BL/6J mice (Japan SLC, Shizuoka, Japan) were used for the
experiments. The mice were housed in a room at 20–26 8C with humidity of 40%–60%
and a 12 h light-dark cycle. The study protocol is shown in Fig. 1. The mice were
divided into four groups: normal diet and sedentary (ND-Sed), high-fat diet and
sedentary (HFD-Sed), normal diet and high-intensity exercise training (ND-Tr), HFD
and high-intensity exercise training (HFD-Tr). Animals were fed a normal chow diet
(MF, Oriental Yeast, Tokyo, Japan) or high-fat diet (60% fat; D12492, Research Diet,
New Brunswick, USA) and were given water ad libitum. All mice were familiarized with
a motor-driven horizontal treadmill (TMS-4B, MELQUEST, Toyama) for 30 min using
mild electric shocks (0.1 mA) at the rear end of the treadmill and were put on a 3-day
program after one week of preliminary breeding. Thereafter the mice were divided into
sedentary or exercise training groups. Training was conducted for 5 days/week for 8
weeks. The mice trained at a speed of 25 m/min for 30 min, according to a high-in-
tensity exercise protocol established by Okamoto et al. [16]. In this study, blood lactate
was measured to confirm the exercise intensity in the training session of the last week.
After the last training day, mice were fasted for 16 h. The next day, glucose solution
was administered intraperitoneally (1.5 g/kg), and blood glucose levels were measured at
0–120 min. Then, samples from the gastrocnemius, soleus, plantaris muscles, kidneys,
and white adipose tissue (WAT) were collected and stored at �80 8C for subsequent
analysis.

Real-time quantitative reverse transcription PCR

mRNA isolation was carried out using the following method. Tissues collected from the skeletal
muscles, kidneys, heart, liver, and lungs were homogenized in a TissueLyser bead mixer (Qiagen,
Hilden, Germany) at a frequency of 25 Hz for 2–5 min. Total mRNA was isolated using the
Sepasol-RNA Ⅰ Super G kit (Nacalai Tesque, Kyoto, Japan), according to the manufacturer’s
instructions. The total RNA concentration was measured at 260 nm using the NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, MA, USA). The samples were then frozen and
stored at �80 8C for further analysis.
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ND + Sed

HFD + Sed
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Fig. 1. Experimental protocol
The mice were divided into four groups: ND þ Sed, HFD þ Sed, ND þ Tr, HFD þ Tr before acclimation
breeding. There was a rest for 2 days after learning to run for 3 days. The measurement of body weight was
performed every week, and fresh feed was provided every third day. The mice were fasted for 16 h to perform
the GTT after the final training session. The dissection was performed at 48 h after GTT. ND, normal diet;

HFD, high-fat diet; Sed, sedentary; Tr, high-intensity exercise training; GTT, glucose tolerance test
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Reverse transcription was performed using the following method. Total RNA was reverse
transcribed into cDNA using PrimeScript RT Master Mix (Perfect Real Time; Takara Bio, Shiga,
Japan). To quantify the gene expression levels, PCR was carried out using the KAPA SYBR
FAST qPCR Master Mix kit (Kapa Biosystems, Wilmington, MA, USA) and the Applied Bio-
systems 7500/7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions.

The cycling program included preliminary denaturation at 95 8C for 20 s, followed by 40
cycles of denaturation at 95 8C for 3 s, and annealing and elongation at 60 8C for 3 s. Melting
curve analysis confirmed that the PCR product did not contain non-specific by-products.
TATA-binding protein (Tbp) was used as the internal normalizing control for the mRNA. The
cycle threshold (Ct) value of the target gene mRNAs was normalized to the Ct value of Tbp
mRNA (2�ΔΔCt method) for all groups. The primer sequences used in this study are shown in
Table 1.

Statistical analysis

Data are shown as mean ± standard deviation (S.D.). For all measurements, two-way analysis of
variance was used to evaluate the significance. In the case of significant F values, comparisons
were performed using Tukey’s post-hoc test. Statistical analyses were conducted using GraphPad
Prism 7 software (GraphPad, Inc., La Jolla, CA, USA). P values below 0.05 were considered
significant.

RESULTS

Body weight and weight of tissues

The weight of the body and tissues of the mice are shown in Fig. 2. The final weight of the body
and WAT showed a significant interaction among all groups. The HFD-Tr group had a
significantly lower weight compared to the HFD-Sed group, although the HFD groups had
higher weights compared to the ND groups.

The weight of the skeletal muscles showed a significant interaction among all groups. The
HFD-Tr group had a significantly higher muscle weight compared to the HFD-Sed group,
except for the soleus muscle. However, the HFD groups had lower muscle weights than the ND
groups.

Table 1. Primer sequences used in real time – qRT - PCR analyses

Gene name Forward Reverse

Tbp CAGCCAAGATTCACGGTAGAT CCAATGACTCCTATGACCCCTA
Renalase GGGTGGGGATATAGGGGGAAG GGTGATGTACTGAGCTCCCA
Comt AGACCGCTACCTTCCAGACA GTTCCCGGGACAATGACA
Mao-a CGGATATTCTCAGTCACCAATG ATTTGGCCAGAGCCACCTA
Mao-b CCAGAATCATCTCAACAACCAA TCACTTGACCAGATCCACCA

Tbp, TATA-binding protein; Comt, catechol-O-methyltransferase; Mao-a, monoamine oxidase A; Mao-b,
monoamine oxidase B.
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Fig. 2. Body weight and weight of WAT and skeletal muscles in mice fed a high-fat diet and subjected to
exercise training.

Different characters indicate statistical significance (P < 0.05). ND, normal diet; HFD, high-fat diet; Sed,
sedentary; Tr, high-intensity exercise training; EDL, extensor digitorum longus; WAT, white adipose tissue;

n 5 9 in Sed group; n 5 8 in high-intensity exercise training group
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Blood lactate, plasma total cholesterol and glucose tolerance tests

Blood lactate in the Tr groups was significantly higher than that in the Sed groups (Table 2). The
plasma total cholesterol level in the HFD groups was higher than that in the ND groups
(Table 2).

The results of the glucose tolerance test (GTT) showed a significant interaction among all
groups (Fig. 3). Fasting blood glucose level was higher in the HFD groups than in the ND
groups at 0 min. The ND-Tr group showed a lower blood glucose level compared to the other
groups at 15 min. At 30 and 60 min, there was a significant difference between ND and HFD
groups. The HFD-Sed group showed a higher blood glucose level compared to the other groups
at 120 min.

Renalase mRNA content in each tissue

The change in renalase mRNA content in various tissues is shown in Fig. 4. Renalase mRNA
content in the gastrocnemius and extensor digitorum longus (EDL) muscles in the Tr groups
was higher than that in the Sed groups, whereas there was a significant interaction between

Table 2. Blood lactate and plasma total cholesterol

Group Lactate total cholesterol

ND-Sed 2.0 ± 0.4 93.8 ± 3.2
HFD-Sed 1.6 ± 0.2 154.0 ± 24.6yy

ND-Tr 3.1 ± 0.8** 87.3 ± 6.1
HFD-Tr 3.5 ± 1.5** 140.9 ± 25.0yy

Data showed as mean±SD. ** and yy indicated significant main effects (P < 0.01) vs. training or high fat diet,
respectively. ND, normal diet; HFD, high fat diet; Sed, sedentary; Tr, high intensity exercise training.

Fig. 3. Results of glucose tolerance test and fasting blood glucose of mice fed a high-fat diet and subjected to
exercise training.

Characters indicates statistical significance (P < 0.05). a, ND-Tr group versus the other groups; b, ND groups
versus HFD groups; c, HFD-Sed group versus ND groups. ND, normal diet; HFD, high-fat diet; Sed, sedentary;
Tr, high-intensity exercise training; n 5 9 in Sed group; n 5 8 in high-intensity exercise training group
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exercise training and HFD in the soleus muscle. In addition, there was a significant interaction
between exercise training and HFD in the kidneys.

mRNA content of regulators related to metabolism of catecholamines

Comt, Mao-a, and Mao-b mRNA contents in various skeletal muscles are shown in Fig. 5.
The amount of these mRNAs in the gastrocnemius and EDL muscles did not change in
any of the groups. Mao-a and Mao-b mRNA contents in the soleus muscle did not
change in any of the groups. However, Comt mRNA content was significantly higher in
the soleus muscle.

Fig. 4. Renalase mRNA expression in the skeletal muscles and kidneys in mice fed a high-fat diet and
subjected to exercise training.

Different characters indicate statistical significance (P < 0.05). ND, normal diet; HFD, high-fat diet; Sed,
sedentary; Tr, high-intensity exercise training; EDL, extensor digitorum longus; n 5 7–9 in each group
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DISCUSSION

This study was performed to investigate the change in renalase mRNA content with high-
intensity exercise training and/or HFD for 8 weeks in mice. There was a significant differ-
ence in body weight and the weight of WAT between the HFD-Sed and HFD-Tr groups. The
GTT results revealed that only the HFD-Sed group had significantly higher blood glucose
than the ND groups at 120 min. Thus, high-intensity exercise training for 8 weeks improved
obesity induced by HFD in this study. Okamoto et al. reported the lactate threshold with
moderate-intensity exercise in mice at the speed of 17.5–20 m/min. In this study, exercise

Fig. 5. COMT, MAO-A, and MAO-B mRNA content in skeletal muscles in mice fed a high-fat diet and
subjected to exercise training.

ND, normal diet; HFD, high-fat diet; Sed, sedentary; Tr, high-intensity exercise training; EDL, extensor
digitorum longus; COMT, catechol-O-methyltransferase; MAO-A, monoamine oxidase A; MAO-B,

monoamine oxidase B; n 5 4–6 in each group
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intensity was set to 25 m/min, which is estimated to be high intensity for mice [16].
Moreover, the blood lactate in the Tr groups was higher than that in the Sed groups. This
demonstrates that the mice in the Tr groups completed the training protocol, high intensity
exercise. Therefore, in this study, the obesity experimental model and exercise training were
reliable.

The Tr groups had increased renalase mRNA content in the gastrocnemius and EDL
muscles compared to the Sed groups. It has been reported that exercise training results in a
decrease in blood catecholamine levels [1]. Renalase secreted from the kidneys is known to
metabolize circulating catecholamines in the blood [7, 8]. Therefore, our results suggest that
renalase in the skeletal muscle also metabolizes circulating catecholamines. While exercise
training did not lead to a change in renalase mRNA content in the soleus muscle, the HFD-
Sed group had higher renalase mRNA content than the ND-Sed group for 8 weeks. High-
intensity exercise mainly recruits fast-twitch fibers in the EDL muscle [17]. Czarkowska-
Paczek et al. [18] showed that renalase expression increased in the white fibers of the
gastrocnemius muscle; however, there was no change in the red fibers immediately after
exercise. Tokinoya et al. [15] reported that the increase in renalase expression in the skeletal
muscles is related to exercise intensity and muscle fiber type. The effect of low-intensity
exercise training on the renalase mRNA content in the soleus muscle should be explored
further. Therefore, renalase mRNA content in the soleus muscle might be changed by low
intensity exercise training.

Interestingly, the renalase mRNA content in the kidneys was increased by both HFD and
exercise training despite being increased in the skeletal muscle. Type 2 diabetes (T2DM) and
acute exercise induce an increase in circulating catecholamines [1, 19]. Both obesity and exercise
are related to hypertension [20, 21]. In previous studies, renalase concentration in T2DM showed
a significantly higher value than that in healthy subjects [1]. It is likely that this is brought about
by increased renal secretion, because our findings showed that renalase mRNA content in the
kidney only increased in the HFD group. On the other hand, it is unclear why renalase mRNA
content in the kidney is increased by exercise training. Renalase is classified as a novel mono-
amine oxidase in addition to MAO-A and -B [9, 14]. It has been reported that exercise training
results in a decrease in blood catecholamine levels [1]. Therefore, it might be possible that
renalase in the kidney was related to a new mechanism underlining this phenomenon.

Our results regarding COMT, MAO-A, and -B, which are involved in catecholamine
metabolism, showed that the level of the mRNAs of these enzymes did not change with HFD
and exercise training except in the soleus muscle. In previous studies, increased renalase
concentration in the blood has been shown to be positively correlated with catecholamines in
the blood in some patients [1, 11]. Moreover, inhibitors of COMT and MAO-A do not have
any effect on blood parameters and plasma catecholamines during exercise [6]. Therefore,
renalase in the skeletal muscle and kidney metabolizes circulating catecholamines during
exercise training. In addition, in this study renalase in the blood may have been increased by
exercise training instead of COMT, MAO-A, and MAO-B to metabolize the circulating cat-
echolamines.

In summary, renalase mRNA content may have increased to metabolize catecholamines, as
the mRNA of COMT, MAO-A, and MAO-B remained unchanged in the skeletal muscles with
exercise training and obesity. Thus, our study demonstrated that renalase can lead to lipolysis
via catecholamines and ameliorate obesity.
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ABBREVIATIONS

COMT catechol-O-methyltransferase
MAO-A monoamine oxidase A
MAO-B monoamine oxidase B
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