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It has been reported that maximum muscle strength (e.g., strength of
the knee flexor muscles) and muscle mass are independent predictor for
poor prognosis in patients with heart failure (HF) [1]. Therefore, resis-
tance training could be effective therapy for HF. However, an appropriate
exercise protocol of resistance training for HF patients has never been
known. The increases in muscle strength and mass can be caused by
high-intensity resistance training with a mechanical load greater than
60% of maximal muscle strength in healthy subjects [2]. High mechanical
stress to the skeletal muscle has been reported to be a potent stimulus for
muscle adaptations [2]. On the other hand, recent studies reported that
metabolic stress followed by the accumulation of metabolic by-
products, such as inorganic phosphate (Pi) (a decrease in phosphocrea-
tine (PCr)) and H* (a decrease in muscle pH) in contracting muscle,
played an important role on the effects by resistance training [2,3]. Our
previous study using 3'P-magnetic resonance spectroscopy (MRS) clearly
showed that low-intensity resistance exercise under ischemic conditions
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enhanced metabolic stress [3]. Furthermore, metabolic stress was closely
associated with the effects of resistance training [3]. It is often difficult for
HF patients to perform high-intensity resistance training. The resistance
exercises to enhance metabolic stress without increasing mechanical
stress cause a sufficient training effect, and may be effective therapy for
patients with HF. In the present study, we investigated metabolic stress
in patients with HF during resistance exercises with 40-60% one-
repetition maximum (1-RM), which has been recommended by a council
statement from the American Heart Association [4]. Furthermore, we clar-
ified an appropriate workload to obtain sufficient metabolic stress during
resistance exercises under ischemic conditions in patients with HF.

Eight male patients with HF (52 + 15 years, left ventricular ejection
fraction (LVEF) 36 + 9%, peak oxygen uptake 20.0 & 6.5 ml/kg/min) and
8 age- and sex-matched healthy subjects as control (51 + 4 years, LVEF
68 + 6%, peak oxygen uptake 31.1 &+ 3.5 ml/kg/min) were studied.
Patients who had the implanted mechanical devices and New York
Heart Association functional class IV were excluded. Patients with
peripheral artery disease, angina pectoris, deep vein thrombosis, varix
of lower extremity, and who could not perform exercise testing were
also excluded. The protocol was approved by the medical ethics com-
mittee of Hokkaido University Hospital, and written informed consent
was obtained from all participating subjects.

Muscle strength was measured by 1-RM method, and blood flow
restriction (BFR) was carried out using 130% of the subject's resting sys-
tolic blood pressure with a pneumatic rapid inflator (E-20 rapid cuff
inflator, Hokanson, Belleuve, WA), as previously described [3]. Patients
with HF performed the exercises with 6 different protocols; 40%, 50%,
and 60% 1-RM without BFR, and 20%, 30%, and 40% 1-RM with BFR.
Control subjects performed the exercises with only a protocol; 60%
1-RM without BFR. Because it has been known that exercise training
with this protocol leads to the significant increases in muscle strength
and muscle mass in healthy subjects [2], 6 protocols in HF were
compared with this protocol as a standard protocol. Measurements of
31p-MRS and spectra analysis were performed, as described previously
[3]. The spectra were obtained at rest and 2 min during plantar flexion
exercises. The decrease in PCr or pH during the exercises was calculated
by the difference between at rest and 2 min. The decreases in PCr and
pH were presented as relative values to those obtained from the stan-
dards. Based on a previous study [5], sample size of study subjects
were needed to be 8 for HF and 8 for control (o« = 0.05, = 0.90).
Data are expressed as means + SD. To perform multiple pairwise
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Fig. 1. PCr (A) and pH (B) decrease in 40% 1-RM, 50% 1-RM, and 60% 1-RM without BFR in HF patients (n = 8). All protocols were performed in a random order for 2 days with at least
30-min intervals between protocols. Before each subsequent protocol, we confirmed the recovery in altered energy metabolism to baseline levels. Data are expressed as means + 5D.
*P < 0.05 vs, the reference. PCr, phosphocreatine; 1-RM, one-repetition maximum; BFR, blood flow restriction; and HF, heart failure.

comparisons to the reference, Dunnett's test was used. Statistical signif-
icance was defined as P < 0.05.

1-RM was significantly decreased in HF compared with control
(35 + 3 vs.45 + 3 kg, P < 0.05). PCr and pH at rest were comparable
between control and HF. In HF patients, PCr and pH decreases were sig-
nificantly higher in 60% 1-RM without BFR than the standards, but were
comparable between the standards and other 2 protocols without BFR
(Fig. 1). They were significantly lower in 20% 1-RM with BFR than the
standards, but were comparable between the standards and other 2
BFR protocols (Fig. 2).

We found that metabolic stress during resistance exercise with 60%
1-RM was higher in HF patients than control subjects (Fig. 1). This sug-
gests that energy supply from mitochondria is decreased and energy de-
mand depends on PCr-ATP system in the skeletal muscle of HF patients
[6,7]. Furthermore, this may be also associated with fiber type transition
from slow (dominant oxidative capacity)-twitch fiber to fast (dominant
glycolytic capacity)-twitch fiber in HF patients [8,9]. In a view of meta-
bolic stress, exercise training with moderate-intensity (e.g., 40-50%
1-RM) under non-ischemic condition is sufficient for muscle adaptations
in HF. We also clarified that resistance exercises with low- to moderate-
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intensity (e.g., 30-40% 1-RM) under ischemic conditions enhanced met-
abolic stress in HF patients (Fig. 2). In the present study, we have never
investigated the actual training effects including the increases in muscle
strength and muscle mass by chronic resistance exercises. However, met-
abolic stress is a crucial factor for protein synthase of the skeletal muscle,
which is possibly due to an increase in growth hormone secretion in
blood and/or the activation of common signaling such as insulin-like
growth factor-Akt-mammalian target of rapamycin signal in the skeletal
muscle rather than inhibition of protein degradation [10]. Even if me-
chanical stress is small, resistance training under ischemic conditions
could be effective in HF patients. Therefore, this therapeutic approach is
very useful and safe in patients with HF. Our results propose that exercise
trainings with 40-50% 1-RM under non-ischemic condition and with
30-40% 1-RM under ischemic condition are sufficient for muscle adapta-
tion in patients with HF.
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Fig. 2. PCr (A) and pH (B) decrease in 20% 1-RM, 30% 1-RM, and 40% 1-RM with BFR in HF patients (n = 8). Data are expressed as means =+ SD. *P < 0.05 vs. the reference. PCr, phospho-
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Skeletal Muscle Abnormalities in Heart Failure

Shintaro KINuGawA,' MD, Shingo TAKADA,' PhD, Shouji MATsusHIMA,' MD,
Koichi Okita,” MD, and Hiroyuki Tsutsui,' MD

SUMMARY

Exercise capacity is lowered in patients with heart failure, which limits their daily activities and also reduces their
quality of life. Furthermore, lowered exercise capacity has been well demonstrated to be closely related to the severity
and prognosis of heart failure. Skeletal muscle abnormalities including abnormal energy metabolism, transition of my-
ofibers from type I to type II, mitochondrial dysfunction, reduction in muscular strength, and muscle atrophy have been
shown to play a central role in lowered exercise capacity. The skeletal muscle abnormalities can be classified into the fol-
lowing main types: 1) low endurance due to mitochondrial dysfunction; and 2) low muscle mass and muscle strength
due to imbalance of protein synthesis and degradation. The molecular mechanisms of these skeletal muscle abnormali-
ties have been studied mainly using animal models. The current review including our recent study will focus upon the
skeletal muscle abnormalities in heart failure. (Int Heart J 2015; 56: 475-484)

Key words: Exercise capacity, Mitochondria, Energy metabolism, Fiber type transition, Atrophy, Phosphocreatine, Nox,

Renin-angiotensin system, Oxidative stress, Diabetes mellitus

11 types of physical activities and exercises need the
contraction of muscles. The complex fiber composi-
tion of skeletal muscles allows various forms of ex-

ercises, such as endurance, sprint, and high-power exercises.”
The skeletal muscles represent the organ with the largest mass
in the body and the blood flow through the skeletal muscle be-
comes 20 times greater during exercise than that at rest.” The
quality and mass of muscle are thus thought to be very impor-
tant for maintaining homeostasis of the entire body.

Skeletal Muscle Energy Metabolism

Mitochondrial function plays a key role in the contraction
of skeletal muscle.” ATP is consumed during muscle contrac-
tion, however, only very small amounts of ATP are present in
the cytoplasm of skeletal muscle cells, and they are rapidly ex-
hausted. When phosphocreatine (PCr), a high-energy phospho-
rylated metabolite, is broken down to creatine (Cr) and inor-
ganic phosphate, ATP is generated. This ATP is consumed as
energy during continuous exercise. On the other hand, PCr
also becomes depleted if it is not regenerated or if the intensity
of the exercise is too strenuous and the rate of regeneration is
insufficient. When PCr is exhausted, the individual is no longer
able to continue exercising. In our previous study, we meas-
ured the energy metabolism of the quadriceps muscles during
peak exercise by a cycle ergometer using magnetic resonance
spectroscopy (MRS) in human subjects.*” We found that PCr
was exhausted in the quadriceps muscles at peak exercise, in-

dicating that the limitation of skeletal muscle energy metabo-
lism coincided with the full-body exercise limitation. During
aerobic exercise, PCr levels can be maintained at a certain level
allowing continuous contraction by regenerating PCr using
ATP produced from mitochondrial oxidative phosphorylation.
Therefore, skeletal muscle mitochondria play an important role
in energy production for skeletal muscle contraction.

Skeletal Muscle Mass

Muscle mass is important for skeletal muscle to exert
force. Skeletal muscle hypertrophy and atrophy are attributed
more to increases or decreases in myocyte size than in the
number of myofibrils. Generally, muscle strength bears a close
relationship with cross-sectional area.” Hypertrophy of skeletal
muscle cells occurs when synthesis of proteins such as actin
and myosin, the constituents of myofibrils, exceeds their deg-
radation or when degradation is inhibited in the cell. Alterna-
tively, atrophy of skeletal muscle cells occurs when protein
degradation exceeds protein synthesis. Therefore, the balance
between protein degradation and synthesis plays a crucial role
in the maintenance of skeletal muscle strength and muscle
mass.

Skeletal Muscle, Exercise Capacity and Life Expectancy

Exercise capacity, particularly aerobic exercise capacity,
is closely associated to life expectancy. In a prospective study
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where an exercise tolerance test was conducted on 6213 men
(3679 diagnosed with cardiovascular disease and 2534 healthy
men), lower exercise capacity evaluated by maximum meta-
bolic equivalents indicated a higher risk of mortality.” Also in
a study targeting 1263 male diabetic patients, the overall mor-
tality was significantly higher in the low exercise capacity
group compared to the high exercise capacity group (adjusted
hazard ratio 2.1, 95% confidence interval, 1.5-2.9).” Low exer-
cise capacity evaluated by maximal oxygen consumption was
also associated with an increased mortality rate in patients with
heart failure (HF).”” An important determining factor for exer-
cise capacity, especially aerobic exercise capacity, is endurance
of the skeletal muscle; in other words, the function of the skel-
etal muscle mitochondria.”* Determining the mechanisms reg-
ulating skeletal muscle mitochondrial function is an extremely
important issue for healthy subjects as well as patients with di-
abetes mellitus or cardiovascular disease.

Muscle strength and mass are also known to be linked to
life expectancy. A 12.5-year prospective observational cohort
study of 1436 healthy men and 1380 healthy women revealed
that the rate of total mortality from any cause increased with
small thigh circumference in both men and women.'” In an-
other study of 2292 healthy subjects, low life expectancy was
observed in both men and women who showed low knee ex-
tension strength and grip strength.'” Similarly, when a group
of HF patients was separated into two groups using a cut-off
point of 68 Nm - 100/kg in the strength of the knee flexor mus-
cles, survival rate was significantly lower in the low muscle
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strength group.'” In recent years, sarcopenia, characterized by
the loss of muscle mass and strength and low physical per-
formance, has been attracting attention.'” While it often occurs
with aging, various causes such as physical inactivity, poor nu-
trition and endocrine abnormalities are also known to be in-
volved in its pathogenesis.'*’ Since sarcopenia directly lowers
physical activity and adversely affects prognosis,”’ unraveling
the mechanisms regulating muscle mass and strength is an im-
portant issue.

Molecular Mechanism of Skeletal Muscle Abnormalities

Skeletal muscle abnormalities can be classified into the
following main types: 1) low endurance due to mitochondrial
dysfunction; and 2) low muscle mass and muscle strength due
to an imbalance of protein synthesis and degradation. The mo-
lecular mechanisms of these skeletal muscle abnormalities
have been studied mainly using animal models (Figures 1, 2).
Conversely, the effects of exercise training on skeletal muscle
can also be explained by the same molecular mechanisms. In
other words, these are the molecular mechanisms for aerobic
exercise training that requires endurance and resistance train-
ing that leads to muscle hypertrophy.

Regulation of mitochondrial function (Figure 1): The oxida-
tive capacity of mitochondria is determined primarily by the
amount of mitochondrial protein. Peroxisome proliferator-acti-
vated receptor y (PPARy) and PPARy coactivator-1 (PGC-1)
play key roles in mitochondrial biogenesis and functional regu-

Electron transport chain

Mitochondrion

Figure 1. Regulation of mitochondrial function. AdipoR indicates adiponectin receptor; eNOS, endothelial nitric oxide
synthase; RAS, renin-angiotensin system; AT IR, angiotensin II type | receptor; Nox, nicotinamide adenine dinucleotide
phosphate-oxidase, CaM KK, calcium-calmodulin-dependent protein kinase kinase; CaMK, calcium-calmodulin-dependent
protein kinase; NO, nitric oxide; ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase; AMPKea, AMP-
activated protein kinase a; SIRT, sirtuin; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-g;
B-HAD, B-hydroxy-acyl CoA dehydrogenase; TCA, tricarboxylic acid; and NAD, nicotinamide adenine dinucleotide. See

text for details.
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Figure 2. Skeletal muscle hypertrophy and atrophy. f-AR indicates f-adrenergic receptor; GPCR, G-protein-coupled re-
ceptor; IGF, insulin-like growth factor; IGFR, IGF receptor; ActRIIB, activin receptor IIb; RAS, renin-angiotensin system;
ATIR, angiotensin II type 1 receptor; Nox, nicotinamide adenine dinucleotide phosphage-oxidase, TNFa; tumor necrosis
factor a; TNFR, TNF receptor; GR, glucocorticoid receptor; GSK38, glycogen synthase kinase-3f; PI3K, phosphoinositide-
3-kinase; mTORC, mammalian target of rapamycin complex; p70S6K, p70 ribosomal S6 kinase; elF2B, eukaryotic initia-
tion factor-2B; 4E-BP, eIF4E-binding protein; IkB, inhibitor of kappa B; IKK, IxB kinase; NFxB, nuclear factor kappa B;
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FoxO, forkhead box O; and MuRF1, muscle RING finger protein 1. See text for details.

lation.''” PGC-1a increases the expression of transcription

factors such as nuclear respiratory factor (NRF)-1 and -2.'"
NRFs not only increase the expression of nuclear gene-encod-
ed mitochondrial proteins, but also increase the expression of
mitochondrial transcription factor A (Tfam).'® Tfam binds mi-
tochondrial DNA (mtDNA) in the mitochondria and regulates
the protein expression encoded in the mDNA gene."*'” Over-
expression of skeletal muscle-specific PGC-1a increased mito-
chondrial biogenesis and an oxidative muscle fiber-type, there-
by increasing exercise capacity and creating a phenotypic
change that equals aerobic exercise training.'”*"** Conversely,
deletion of skeletal muscle-specific PGC-1a decreased mito-
chondrial biogenesis and increased the percentage of a glyco-
lytic fiber-type, which caused a decline in exercise capacity.™

A number of different regulatory mechanisms of PGC-1a
are present in skeletal muscle: 1) AMP-activated protein kinase
(AMPK), regulated by intracellular energy deficiency; 2) the
sirtuin (SIRT) family, regulated by redox balance; 3) calcium,
which increases with cellular contraction and calmodulin-de-
pendent protein kinase (CaMK); and 4) the MAPK family,
regulated by stress. In contrast, intracellular energy status, re-
dox balance, and stress response can be altered depending on
mitochondrial function. In other words, while PGC-1a regu-
lates mitochondrial function and numbers, the function of the
mitochondrion can itself regulate PGC-1a.

AMPK is a serine-threonine kinase that regulates intrac-
ellular metabolism. AMPK activation is regulated by the defi-
ciency in intracellular energy such as the reduction of ATP and
an increase in the AMP/ATP ratio.'**"” AMPK is activated by

aerobic exercise training and caloric restriction models and is
inhibited in diabetes mellitus and aging models.”*** PGC-1a is
phosphorylated by the activation of AMPK and mitochondrial
biogenesis is regulated through this activation.”” In fact, mito-
chondrial biogenesis is inhibited in skeletal muscle-specific
AMPK-deficient mice™ and mitochondrial biogenesis is in-
creased with chronic activation of AMPK by AICAR and gene
manipulation.**”

The SIRT family is a family of class III histone/protein
deacetylases responsible for NAD-dependent deacetylation of
target proteins.”” NAD" is an electron donor with an important
function in energy metabolism and is involved in ATP produc-
tion within the cell and mitochondria. Activation of SIRT1 and
SIRT3 is sensitive to increases in NAD' and the NAD*/NADH
ratio and activates PGC-la through its deacetylation.”*" Like
AMPK, SIRTs are also activated through exercise and caloric
restriction and are inhibited by diabetes and aging.*'****** It
has been reported that activation of SIRT1 by resveratrol in-
creases mitochondria biogenesis and exercise capacity in skel-
etal muscle.”'**" Skeletal muscle-specific SIRT1 deficiency,
however, showed no obvious phenotypic change in muscle be-
tween before and after exercise.”” Research on the role of the
SIRT family in skeletal muscle is limited and whether it is an
important determining factor for the changes in skeletal muscle
phenotype remains unclear.

Although AMPK and SIRT have been believed to regu-
late PGC-1a independently, it has been also suggested that
they may regulate one another and regulate PGC-1a togeth-
er.'**" A recent study has shown that adiponectin and its recep-
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tor, adiponectin receptor 1, regulate AMPK/SIRT and PGC-1a,
and CaMK, which is discussed later, is involved in this regula-
tory mechanism.*” Endothelial nitric oxide synthase (eNOS)-
derived NO levels are known to increase with exercise, and it
has been involved in the phosphorylation and activation of
AMPK.*" It was also shown that eNOS-derived NO plays an
important role in PGC-1a expression and mitochondrial bio-
genesis,**?

Calcium is necessary for muscle contraction. Its tempo-
rary elevation affects the cross-bridge interaction between my-
osin and actin, leading to the contraction of muscle cells. On
the other hand, this calcium elevation regulates CaMK activa-
tion. CaMK is a serine/threonine kinase that targets transcrip-
tion factors involved in the gene expression of various mito-
chondrial regulatory proteins.*” Exercise increases the
phosphorylation of CaMK 1II in an exercise intensity-depend-
ent manner.*” Skeletal muscle-specific overexpression of
CaMK IV in mice resulted in increased PGC-1 gene and pro-
tein expression and elevated mitochondrial biogenesis.””

Mitogen-activated protein kinases (MAPKSs) are stress-
response kinases that have an important role in mitochondrial
biogenesis. MAPKs are activated by the mechanical stress of
contraction in the skeletal muscle and stimulation of cytokines
and oxidative stress.*® This is related to MAPK activation dur-
ing exercise. An MAPK family member, p38 MAPK, stimu-
lates the upstream transcription factor of the PGC-1a gene and
increases mitochondrial biogenesis in skeletal muscle by regu-
lating the expression of PGC-1a.***” On the other hand, in the
absence of p38y isoforms, an increase in mitochondrial bio-
genesis induced by exercise is inhibited.*”

Muscle hypertrophy and muscle atrophy (Figure 2):

Protein synthesis system  Skeletal muscle hypertrophy is at-
tained through increased protein synthesis.”” The most impor-
tant mechanism that leads to protein synthesis is a signal medi-
ated by insulin-like growth factor (IGF-1). IGF-1 expression
was increased in the skeletal muscle from rats with compensa-
tory hypertrophy.®® In addition, overexpression of skeletal
muscle-specific IGF-1 increased muscle size in mice.”"™
When IGF-1 binds to its receptor, IGF-1 tyrosine kinase recep-
tor, it triggers the phosphorylation of the receptor and contin-
ues to phosphorylate the insulin receptor substrate 1 (IRS1). In
addition, this binding activates a downstream signal, phos-
phatidylinositol-3-kinase (PI3K), and activates a serine/threo-
nine kinase known as Akt. The activation of Akt is an extreme-
ly important molecular mechanism for protein synthesis. In
fact, skeletal muscle hypertrophy was induced in mice overex-
pressed with skeletal muscle-specific Akt.”™ On the other hand,
in mice lacking both Aktl and Akt2, significant skeletal mus-
cle atrophy was observed.’ The mammalian target of rapamy-
cin (mTOR) is one of the few known target molecules of mus-
cle hypertrophy by Akt activation, and is made up of two
complexes, TORC1 and TORC2.”” TORCI contains rapamy-
cin-sensitive raptor and stimulates protein synthesis through
phosphorylation and activation of p70S6K and inhibition of
4E-BP1.°*® Resistance training model rats by electrical stimu-
lation of skeletal muscles showed a strong correlation between
the degree of muscle hypertrophy and the degree of p70S6K1
phosphorylation.” On the other hand, TORC2 contains ra-
pamycin-insensitive rictor, which phosphorylates Akt and
makes a feedback loop while being involved in the inhibition
of forkhead box O (Fox0).”"***” IGF-1 induces protein syn-
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thesis not only through a protein synthesis pathway mediated

by PI3K/Akt/mTOR, but also in an mTOR-independent man-

ner.™ Akt phosphorylates and inactivates glycogen syn-

thase kinase 38 (GSK3p), leading to the activation of eIF2B,

which is involved in protein synthesis. The PI3K/Akt/GSK34-

mediated pathway may also be involved in muscle hypertro-
hy.55‘62-66)

Myostatin-mediated signaling is also important as one of
the mechanisms of IGF-1-independent muscle hypertrophy.
Myostatin, a member of the transforming growth factor
(TGF)-f family, is produced by skeletal muscle and negatively
regulates skeletal muscle mass.”” Mature myostatin binds to
the activin receptor in skeletal muscle and both Smad2 and
Smad3 are subsequently phosphorylated and activated.***”
These phosphorylations inhibit Akt phosphorylation. In fact,
significant skeletal muscle hypertrophy is known to occur with
treatments such as myostatin gene mutation and myostatin in-
hibitors.””” On the other hand, IGF-1 is known to have the
ability to compete with the negative regulation of myostatin on
skeletal muscle.”” Smad2 phosphorylation is inhibited by the
IGE-1/mTORCI signal.®® Therefore, IGF-1 and myostatin
compete and interact with one another to regulate skeletal
muscle mass.

Another important signal for regulating skeletal muscle

mass is the G protein-coupled receptor (GPCR)-mediated sig-
nal. The 2 adrenaline receptor stimulants, such as clenbuterol,
are known to induce skeletal muscle hypertrophy.”””” The ef-
fect is mediated by GTP binding to a subunit, Gag, followed
by Akt/mTOR signal cascade. Also, the activation of another
GPCR, frizzled (Fzd)7-Wnt7a, is mediated through the Gag
pathway.” Skeletal muscle atrophy has been observed in Gay-
deficient mice.”” Conversely, in a recent study, skeletal muscle
hypertrophy was observed through a PKC signal mediated by
Ga,2 activation.” Ga,2 activation phosphorylated the down-
stream target of mTOR, particularly p70S6K and GSK38, but
not Akt.
Protein degradation system The ubiquitin-proteasome (UP)
system plays a critical role in protein breakdown in muscle at-
rophy. In various models of muscle atrophy, UP system activa-
tion is thought to be an important mechanism in protein degra-
dation.”””® Three enzymes trigger UP system activation:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating en-
zyme (E2), and ubiquitin-ligase (E3). E3 is a post-translational
modification enzyme that specifically identifies the target pro-
tein and binds ubiquitin. While many E3s are now known,
Muscle Ring Finger 1 (MuRF1) and Muscle Atrophy F-box
(MAFbx)/Atrogin-1 are E3 ubiquitin ligases showing in-
creased expression in previously reported models of muscle at-
rophy and are considered important markers for muscle atro-
phy.”"™ These gene-deficient mice were resistant to muscle
atrophy.””

Inflammatory cytokines are known causative factors in
muscle atrophy. Tumor necrosis factor (TNF)-a, in particular,
is involved.””®" In fact, many atrophy models show an increase
in this inflammatory cytokine. TNF-¢ binds to its receptor and
activates nuclear factor (NF)-xB, followed by increases in the
expression of MuRF1.*” NF-xB thus plays a central role in
muscle atrophy induced by inflammatory cytokines.”*” While
NF-«B is regulated by the inhibitor of kB (IxB) kinase (IKK)
complex, the role of activation and inhibition of NF-xB in
skeletal muscle atrophy was identified through the overexpres-
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sion of skeletal muscle-specific IKK/ and the dominant inhibi-
tory form of IxBa.”” NF-kB activation in the skeletal muscle is
now known to increase MuRF1 expression, while expression
of MAFbx is not changed. On the other hand, p38MAPK is in-
volved in the increased expression of MAFbx. The inhibitor of
p38MAPK inhibited the increased expression of MAFbx in-
duced by TNF-a stimulation.*”

Other crucial factors involved in atrophy are glucocorti-
coids. Glucocorticoids promote protein degradation, leading to
muscle atrophy.””*” In this case, the expressions of MuRF1
and MAFbx increase, but these increases are not mediated by
NF-xB or p38 MAPK. Expressions of these E3 ligase were in-
hibited by PI3/Akt system-mediated IGF-1. In a genetically
modified model with constitutive activation of Akt, the in-
creased expression of MuRF1 and MAFbx, both associated
with muscle atrophy, is inhibited.*” The inhibitory mechanism
of E3 ligase expressions by Akt is thought to be associated
with the inhibition of activation of FoxO phosphorylation.*’

Skeletal Muscle Abnormalities in HF

Exercise capacity in HF patients declines according to its
severity. The skeletal muscle plays an important role in the re-
duced exercise capacity.””"”"” Many skeletal muscle abnormali-
ties have been reported in association with HE. They include
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impaired skeletal muscle energy metabolism, mitochondrial
dysfunction, fiber-type transition, and atrophy.™"””" Skeletal
muscle atrophy shows a decrease in muscle fiber size, and
closely associates with the limited exercise capacity. Fiber-type
transitions, the decreased ratio of type 1 (slow) fibers, and the
relatively increased ratio of type 2 (fast) fibers were observed
in skeletal muscle biopsy samples from patients with
HE*"*"¥ which was coincident with a shift from myosin
heavy chain (MHC) 1 to fast fatigable MHC 2.”**® These fiber-
type transitions are also known to be closely associated with
exercise capacity.””" We measured skeletal muscle energy
metabolism during local exercise by lower limb using MRS in
patients with HE.” They demonstrated a large PCr loss com-
pared to healthy subjects (Figure 3A). A larger PCr loss indi-
cated an impaired aerobic ATP production in skeletal muscle
mitochondria. This PCr loss during localized exercise and the
whole-body exercise tolerance (peak oxygen uptake; peak
VO,, and anaerobic threshold; AT) was closely linked (Figure
3B, C). Furthermore, we measured intramyocellular lipid
(IMCL) levels by MRS (Figure 3D). IMCL was increased in
HF patients compared to healthy subjects (Figure 3E) and its
content was closely associated with skeletal muscle energy
metabolism and whole-body exercise tolerance (Figure 3F,
G).”" This suggests that fatty acid oxidation is impaired in the
mitochondria, and these results are coincident with a previous
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Figure 3. Skeletal muscle energy metabolism in patients with heart failure. Representative ‘P MR spectra recorded at rest
and during exercise in triceps surae muscle from a healthy subject (upper) and a patient with HF (under) in the quantifica-
tion of PCr content (A). Scatter plots between PCr loss and peak VO, (B) or AT (C) in healthy subjects (o; n = 12) and pa-
tients with HF (e; n = 18). Each plot represents the individual data of exercise capacity and *'P-MRS obtained from the
same subject. Representative 'H MR spectra recorded at the resting tibialis anterior muscle (D) from a healthy subject (up-
per) and a patient with HF (under) in the quantification of IMCL content (E). Scatter plots between IMCL content and peak
VO, (F) or AT (G) in healthy subjects (0; n = 12) and patients with HF (®; n = 18). Each plot represents the individual data
of exercise capacity and 'H-MRS obtained from the same subject. HF indicates heart failure; PCr, phosphocreatine; ATP,
adenosine triphosphate; VO,, oxygen uptake; AT, anaerobic threshold; IMCL, intramyocellular lipid; EMCL, extramyocel-

lular lipid; and TCr, total creatine. Reproduced with permission from Hirabayashi, et al. Int ] Cardiol 2014; 176: 1110-2.
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report that a key enzyme of f-oxidation, 3-hydroxyacyl-CoA
dehydrogenase (§-HAD), a fatty acid metabolic enzyme in
skeletal muscle, is decreased in patients with HE.” As shown
above, many clinical observations for patients with HF have
shown skeletal muscle abnormalities. However, many uncer-
tainties remain in terms of the mechanisms underlying the oc-
currence of these skeletal muscle abnormalities.

Skeletal muscle atrophy was observed in HF animal mod-
els 12 weeks after the induction of myocardial infarction
(MI).”"®” The atrophy was due to the enhanced protein degra-
dation from activation of the UP system rather than a defect in
protein synthesis, and the expressions of MAFbx and MuRF1
were also increased.”'™” These were inhibited in mice with
overexpression of skeletal muscle-specific IGF-1."" Further-
more, the activation of the UP system in skeletal muscle from
post-infarct HF increased in mice lacking f2 adrenoreceptors,
which was associated with a decline in Akt phosphorylation.'"
On the other hand, UP system activation occurred through NF-
kB and p38 MAPK activation by NAD(P)H oxidase-derived
oxidative stress in skeletal muscle from the same animal mod-
el.” We found that impairment of Akt phosphorylation in skel-
etal muscle from post-infarct HF mice occurred 4 weeks after
surgery,' '™ which was associated with NAD(P)H oxidase-
derived oxidative stress and increased local angiotensin II in
skeletal muscles.'”™'™ Angiotensin II is thus considered to be
important in skeletal muscle atrophy in HF. In this model, pro-
tein synthesis decreased due to impairment of Akt phosphor-
ylation and protein degradation enhanced through protein
ubiquitination.'™ A recent study reported that HF-induced
skeletal muscle atrophy was inhibited in cardiac-specific my-
ostatin-knockout mice.'” This suggests that a cardiac-derived
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myostatin is involved in skeletal muscle atrophy in HF, thereby
indicating a new mechanism of skeletal muscle abnormalities
in HF.

In the previous studies, skeletal muscle mitochondrial
dysfunction and fiber-type transitions were observed in various
HF models including post-infarct, aortic constriction, rapid
pacing, and monocrotaline-induced pulmonary hypertension
models.'”""* However, none of these reports demonstrated the
mechanism of skeletal muscle mitochondrial defects due to
HF. A previous study in post-infarct HF rats reported a close
association between decreased PGC-1a gene expression and
mitochondrial dysfunction in skeletal muscle."” Furthermore,
they were ameliorated by the administration of angiotensin-
converting enzyme (ACE) inhibitor.""”’

We have shown that angiotensin II is possibly involved in
skeletal muscle abnormalities in HF. Firstly, we administered a
subpressor dose (50 ng/kg/minute) of angiotensin II into mice,
and skeletal muscle mitochondrial dysfunction occurred and
exercise capacity decreased without affecting skeletal muscle
mass."'” We also found that reactive oxygen species from
NAD(P)H oxidase are involved in this model.""® Furthermore,
we investigated the effects of a pressor dose (1000 ng/kg/
minute) of angiotensin II on the skeletal muscle abnormali-
ties.""” Angiotensin II directly induced mitochondrial dysfunc-
tion (Figure 4A) and fiber type transition to glycolytic (type
IIb) from oxidative (type I) fibers (Figure 4B), followed by
skeletal muscle atrophy (Figure 4C). Consequently, it reduced
the exercise capacity (Figure 4D). Therefore, angiotensin II
can be a key molecule that causes a series of skeletal muscle
abnormalities observed in HF.
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Figure 4. Skeletal muscle abnormalities in mice treated with angiotensin II. Citrate synthase activity (A, left), mitochondri-
al complex I (A, middle) and III (A, right) activities in the skeletal muscle tissue from vehicle and Ang II mice. Representa-
tive high-power photomicrographs of skeletal muscle tissue sections stained with nicotinamide adenine dinucleotide
(NADH, B) and hematoxylin-eosin (HE) from vehicle and Ang IT mice (C). Work during peak exercise in vehicle and Ang
IT mice (D). Scale bar, 100 gm. Ang II indicates angiotensin II; and CS, citrate synthase. Data are expressed the mean + SE.

"P < 0.05 versus vehicle. Reproduced with permission from Kadoguchi, et al. Exp Physiol 2015; 100: 312-22.
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HF and Diabetes Mellitus

Diabetes mellitus increases the risk of the development of
HEF, and also aggravates the severity of HE."'*"*” The occur-
rence of HF itself is also known to trigger insulin resistance
and diabetes."™'®"*'"*” Therefore, a strong link exists between
HF and diabetes, and this modifies the clinical condition. The
presence of diabetes exacerbates the cardiac interstitial fibrosis,
triggers cardiac myocyte hypertrophy, and exacerbates myo-
cardial remodeling, which are thought to largely contribute in
modifying the clinical condition of HE.* On the other hand,
diabetes is strongly associated with skeletal muscle abnormali-
ties and declines in exercise capacity. In fact, skeletal muscle
abnormalities of energy metabolism and IMCL deposition are
known to occur in diabetic and insulin-resistant patients,"**'*’
and these are linked to skeletal muscle mitochondrial dysfunc-
tion. Our study demonstrated that the exercise tolerance in pa-
tients with metabolic syndrome and insulin-resistance were
significantly lower compared to healthy individuals.'**'*” Skel-
etal muscle energy metabolism measured by MRS during ex-
ercise was impaired along with an increase in IMCL deposi-
tion, indicating that these skeletal muscle abnormalities were
closely linked to exercise intolerance.”™ In addition, blood oxi-
dative stress markers and impaired skeletal muscle energy me-
tabolism were found to be closely linked.” Therefore, we be-
lieve that a decline in exercise tolerance was potentially due to
the elevated oxidative stress from insulin-resistance triggering
skeletal muscle mitochondrial dysfunction.

We showed that exercise capacity was significantly de-
creased in a high fat diet (HFD)-induced diabetic mice mod-
el."**"* Mitochondrial respiratory capacity, complex activities
and citrate synthase activity in skeletal muscle were also im-
paired along with declines in numbers of mitochondria and
type 1 muscle fibers in this model. In agreement with these re-
sults, both mitochondrial DNA and PGC-1a gene expression
were decreased. In addition, a rise in plasma angiotensin II lev-
els increased and NAD(P)H oxidase activation and oxidative
stress in skeletal muscle were increased. When this diabetic
mice model was treated with apocynin (an NAD(P)H oxidase
inhibitor), olmesartan (an angiotensin II receptor blocker) and
pioglitazone (an insulin sensitizing drug), exercise capacity
and skeletal muscle mitochondrial dysfunction were all im-
proved. Therefore, skeletal muscle abnormalities in diabetes
mellitus are thought to be associated with mitochondrial dys-
function through an activated renin-angiotensin system and ac-
tivated NAD(P) oxidase or the decreased mitochondrial bio-
genesis via decreased PGC-1a expression. It has been also
reported that adiponectin and SIRT-1 play an important role in
the regulation of mitochondrial function in the same mouse
model.**"**"* Therefore, the common mechanisms for skeletal
muscle mitochondrial abnormalities could be involved in dia-
betes and HF.

Conclusions: The number of patients with HF is on the rise
and the development of new treatment strategies for HF is a
critical issue. Exercise intolerance adversely affects not only
prognosis, but also quality of life in patients with HF, and can
be a target of treatment for HF. Skeletal muscle abnormalities
are known to be important in determining factors of exercise
intolerance in HF. However, the mechanisms underlying skele-
tal muscle abnormalities in HF have not been demonstrated
and hence specific treatments for skeletal muscle abnormalities

10.

11.

13.

and methods to improve exercise intolerance other than exer-
cise therapy are lacking, Further research in this field is crucial.
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Sesamin prevents decline in exercise capacity and
impairment of skeletal muscle mitochondrial function
in mice with high-fat diet-induced diabetes
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New Findings

» What is the central question of this study?
Our aim was to examine whether sesamin can prevent a decline in exercise capacity in high-fat
diet-induced diabetic mice. Our hypothesis was that maintenance of mitochondrial function
and attenuation of oxidative stress in the skeletal muscle would contribute to this result.

e What is the main finding and its importance?
The new findings are that sesamin prevents the diabetes-induced decrease in exercise
capacity and impairment of mitochondrial function through the inhibition of NAD(P)H
oxidase-dependent oxidative stress in the skeletal muscle. Sesamin may be useful as a novel
agent for the treatment of diabetes mellitus.

We previously reported that exercise capacity and skeletal muscle mitochondrial function in
diabetic mice were impaired, in association with the activation of NAD(P)H oxidase. It has been
reported that sesamin inhibits NAD(P)H oxidase-induced superoxide production. Therefore,
we examined whether the antioxidant sesamin could prevent a decline in exercise capacity in
mice with high-fat diet (HFD)-induced diabetes. C57BL/6] mice were fed a normal diet (ND)
or HFD, then treated or not with sesamin (0,2%) to yield the following four groups: ND,
ND+Sesamin, HFD and HFD+Sesamin (1 = 10 each). After 8 weeks, body weight, fat weight,
blood glucose, insulin, triglyceride, total cholesterol and fatty acid were significantly increased in
HFD compared with ND mice. Sesamin prevented the increases in blood insulin and lipid levels
in HED-fed mice, but did not affect the plasma glucose. Exercise capacity determined by treadmill
tests was significantly reduced in HED mice, but almost completely recovered in HFD+Sesamin
mice. Citrate synthase activity was significantly decreased in the skeletal muscle of HFD mice, and
these decreases were also inhibited by sesamin. Superoxide anion and NAD(P)H oxidase activity
were significantly increased in HED mice compared with the ND mice and were ameliorated by
sesamin. Sesamin prevented the decline in exercise capacity in HFD-induced diabetic mice via
maintenance of mitochondrial function, fat oxidation and attenuation of oxidative stress in the
skeletal muscle. Our data suggest that sesamin may be useful as a novel agent for the treatment
of diabetes mellitus.
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introduction

Patients with metabolic syndrome and type 2 diabetes
show reduced exercise capacity and mitochondrial
dysfunction in the skeletal muscle (Regensteiner et al.
2005; Mogensen et al. 2007; Yokota et al. 2011, 2013).
Abnormalities in skeletal muscle energy metabolism are
the key factor in reduced exercise capacity (Okita er al.
1998; Yokota et al. 2011, 2013). Moreover, this feature
has been reported to be an independent predictor of
mortality (Wei et al. 2000). We previously reported
that the reduced exercise capacity and impaired skeletal
muscle mitochondrial function in mice with high-fat diet
(HFD)-induced type 2 diabetes were due to enhanced
oxidative stress via the activation of NAD(P)H oxidase
(Yokota et al. 2009; Takada et al. 2013, 2014; Kinugawa
et al. 2015). Another study reported that NAD(P)H
oxidase-induced superoxide anion (O,-~) production was
increased in the skeletal muscle of mice with insulin
resistance-induced diabetes (Bonnard et al. 2008). The
NAD(P)H oxidase-induced enhancement of oxidative
stress has also been demonstrated in skeletal muscle from
patients with type 2 diabetes (Roberts et al. 2006). In our
previous studies, angiotensin II type 1 receptor blocker
or an insulin-sensitizing drug ameliorated the activation
of NAD(P)H oxidase and partly improved the limited
exercise capacity (Takada et al. 2013, 2014). NAD(P)H
oxidase activity can be increased by high fatty acid levels
and activation of the renin—angiotensin system, as well as
by high glucose, insulin and insulin resistance levels (Yang
& Kahn, 2006; Takada et al. 2013, 2014; Kadoguchi et al.
2015). Therefore, the activation of NAD(P)H oxidase by
activation of the renin—angiotensin system and/or insulin
resistance plays an important role in the limited exercise
capacity of HFD-induced diabetic mice.

Sesamin, one of the lignans found in sesame seeds
and oil, has multiple biological functions (Nakano
et al. 2006, 2008; Hong et al. 2013). It has been
reported that sesamin decreases blood glucose, insulin
and lipid levels in type 2 diabetic mice (Hong et al.
2013). Sesamin also inhibits NAD(P)H oxidase-induced
O,-7 production in the aorta in rats administered
deoxycorticosterone acetate and salt (Nakano et al
2006). Furthermore, a sesamin metabolite (SC-1;
(7,7, 80,8’ @x)-3,4-dihydroxy-3',4-methylenedioxy-7,9":
7',9-diepoxylignane) strongly inhibited xanthin/xanthine
oxidase-induced O,-~ production (Nakai et al 2003;
Nakano et al. 2006, 2008). Given that sesamin has
antioxidant effects, we hypothesized that it may have a
favourable effect on mitochondrial function, preventing
the decline in exercise capacity in HFD-induced
diabetic mice by inhibiting NAD(P)H oxidase-induced
production of reactive oxygen species. We therefore
investigated whether sesamin could prevent the activation
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of NAD(P)H oxidase and decline in exercise capacity in
HFD-induced diabetic mice.

Methods
Experimental animals

Male C57BL/6] mice were housed in an animal room in
controlled conditions on a 12 h-12 h light-dark cycle.
Mice were fed either a normal diet (ND) containing
4.2% fat and 54.6% carbohydrate or an HFD (HFD32)
containing 32.0% fat and 29.4% carbohydrate for 8 weeks.
Mice were further divided into groups with or without
the addition of sesamin (0.2%) to their ND or HFD
diet. Sesamin was prepared from refined sesame seed
oil and purified as previously described (Fukuda et al
1986). The quantities of food consumed by each mouse
(2.4-2.5 g day”' per mouse) and body weights were
monitored every week (data not shown). The dose of
sesamin in the present study was chosen on the basis
of previous studies (Ashakumary et al. 1999; Ide et al.
2001a). The present study thus had the following four
treatment groups: (i) ND; (ii) ND+Sesamin; (iii) HFD;
and (iv) HFD+Sesamin (n = 10 for each group). These
assignment procedures were performed using numerical
codes to identity the animals. All procedures and animal
care were approved by our institutional animal research
committee and conformed to the Animal Care Guideline
for the Care and Use of Laboratory Animals at Hokkaido
University Graduate School of Medicine.

Blood samples were collected from the inferior vena
cava before the mice were killed, under deep general
anaesthesia induced with tribromoethanol-amylene
hydrate [Avertin; 2.5% w/v, 250 mg (kg body weight)™!,
Lp.] (Sigma-Aldrich, St Louis, MO, USA). Epididymal
fat and unilateral hindlimb skeletal muscles (quadriceps,
gastrocnemius and soleus) were then excised and weighed.
We used only the gastrocnemius muscle for mitochondrial
function and biochemical analyses in all experiments
(n = 6-10 for each assay).

In the in vitro study, we used mouse C2C12 myotubes
and measured NAD(P)H oxidase activity (n = 10-11 for
each group).

Blood pressure measurements

Systemic blood pressure and heart rate were measured
using the tail-cuff method (BP-98A; Softron, Tokyo,
Japan) without anaesthesia.

Biochemical measurements

Plasma insulin, total cholesterol, triglyceride and
non-esterified fatty acid levels were measured as previously
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described (Takada et al. 2013, 2014; Ono et al
2015).

Plasma concentrations of sesamin and SC-1

Plasma samples were extracted after hydrolysis with
B-glucuronidase/arylsulfatase. Sesamin and SC-1 were
measured by ultraperformance liquid chromatography—
tandem mass spectrometry (UPLC-MS/MS) as previously
described (Tomimori et al. 2013).

Intraperitoneal glucose and insulin tolerance tests

For the glucose or insulin tolerance test, mice were fasted
for 6 h and were given an 1.p. injection of glucose (1 mgg ')
or human insulin (0.25 mU g™!) in purified water. Blood
samples were repeatedly drawn from the tail vein of the
same mice before and 15, 30, 60, 90 and 120 min after
the injection. Blood glucose levels were determined using
a glucometer (Glutest Ace R; Sanwa Kagaku Kenkyusho,
Nagoya, Japan).

Treadmill testing with expired gas analysis and
spontaneous physical activity

Mice were treadmill tested to measure indexes defining
exercise capacity as previously described (Kinugawa et al.
2005; Yokota et al. 2009; Takada et al. 2013, 2014; Suga
et al. 2014; Kadoguchi et al. 2015; Nishikawa et al. 2015).
At the time of treadmill testing, each mouse was placed
on a treadmill enclosed by a metabolic chamber, through
which air flowing at a constant speed (1 1 min~!) was
passed (Oxymax 2; Columbus Instruments, Columbus,
OH, USA). Oxygen and carbon dioxide gas fractions were
monitored at both the inlet and output ports of the
metabolic chamber. Basal measurements were obtained
over a period of 10 min. Mice were then provided with a
10 min warm-up period at 6 m min~' with the ramp at
0 deg slope. After animals had warmed up, the angle was
fixed at 10 deg, and the speed was increased incrementally
by 2 m min~! every 2 min until the mouse reached
exhaustion. Exhaustion was defined as spending time
(10 s) on the shocker plate (shock grid stimulus area,
51 mm x 51 mm; stimulus current range, 0.34-1.5 mA;
stimulus voltage, 163 V) without attempting to re-engage
the treadmill. Whole-body oxygen uptake and carbon
dioxide production were automatically calculated every
10 s by taking the difference between the inlet and
output gas flow. The respiratory exchange ratio (RER)
was calculated as carbon dioxide production divided by
oxygen uptake. Work was defined as the product of the
vertical running distance and body weight. Spontaneous
physical activity was measured using an animal movement
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analysis system (ACTIMO System; Shintechno, Fukuoka,
Japan) as previously described (Takada et al. 2013).

Mitochondrial enzyme activities in the skeletal muscle

The enzymatic activity of citrate synthase (CS), a key
enzyme of tricarboxylic acid cycle, was determined
spectrophotometrically in the tissue homogenates from
skeletal muscle samples, as described previously (Inoue
et al. 2012; Suga et al. 2014; Takada et al. 2014; Kadoguchi
et al. 2015; Nishikawa et al. 2015).

Immunoblotting in the skeletal muscle

Immunoblotting was performed using antibodies against
the phosphorylated forms of AMPK and acetyl-CoA
carboxylase-8 (Cell Signaling, Danvers, MA, USA). Equal
loading of protein was verified by immunoblotting with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Cell Signaling), as previously described (Takada et al. 2013;
Fukushima et al. 2014; Kadoguchi et al. 2015; Nishikawa
et al. 2015; Ono et al. 2015).

Quantitative RT-PCR

Total RNA was extracted from the hindlimb skeletal
muscle limb in the four groups of mice using
QuickGene-810 (Fujifilm, Tokyo, Japan) according to
the manufacturer’s instructions. Complementary DNA
was synthesized with a high-capacity ¢cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA,
USA) as previously described (Takada er al. 2013).
TagMan quantitative PCR was performed with the 7300
real-time PCR system (Applied Biosystems) to amplify
samples for fatty acid binding protein 3 (Fabp3), fatty
acid transport protein 1 (Fatpl), FAT/CD36 (Cd36),
carnitine palmitoyltransferase-1b (Cpt-1b), superoxide
dismutase (Sod1), Sod2, Catalase, glutathione peroxidase
(Gpx), sirtuin 1 (Sirtl), peroxisome proliferator-activated
receptor y coactivator la (Pgc-1), nuclear respiratory
factor-1 (Nrf-1) and mitochondrial transcription factor A
(Tfam). Relative mRNA was analysed with the AA
threshold cycle (AACy) method and normalized to
GAPDH as the internal control. Each Cr value was
determined by subtracting the GAPDH RNA Cr value
from the target gene Cr value. The Cy value was calculated
by subtracting the Cr value of ND mice from the Cy
value of ND+Sesamin, HFD and HFD+Sesamin mice.
The value 2~ 2AC" represented the average relative amount
of mRNA for each target gene as previously described
(Takada et al. 2013).
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Table 1. Animal characteristics
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ND+Sesamin HFD+Sesamin

Parameter ND group (n = 10) group (n = 10) HFD group (n = 10) group (n = 10)
Haemodynamic measurements

Systolic blood pressure (mmHg) 101 £ 1 10052 99 + 1 101 £ 2

Heart rate (beats min—1) 621 + 40 610 + 24 613 + 42 603 £ 19
Body and organ weights

Body weight (g) 30.3 £ 0.5 295G =0 431 + 0.7* 37.5 + 1.0*

Fat weight (mg) 630 + 64 460 + 37 2241 + 68* 2006 + 109*

Quadriceps muscle weight (mg) 24 ERG 234 + 225k 222 + 4

Gastrocnemius muscle weight (mg) 171 + 172 + 3 184 + 2 170 £ 2

Soleus weight (mg) 11.0 £ 0.2 11.8 £ 0.2 14.4 + 0.2 12.7 = 0.3

Data are expressed as means + SEM. *P = 0.05 versus ND; TP-0.05 versus HFD. Abbreviations: HFD, high-fat diet; and ND, normal

diet.

Superoxide anion and NAD(P)H oxidase activity in the
skeletal muscle in vivo

The chemiluminescence elicited by O,-~ in the presence of
lucigenin (5 umol 1"') was measured in hindlimb skeletal
muscle using a luminometer (AccuFLEX Lumi 400; Aloka,
Tokyo, Japan) as previously described (Yokota et al. 2009;
Takada et al. 2013, 2014; Fukushima et al. 2014; Suga et al.
2014; Kadoguchi et al. 2015; Nishikawa et al. 2015; Ono
et al. 2015). NAD(P)H oxidase activity was measured in
the homogenates isolated from hindlimb skeletal muscle
by the lucigenin assay after the addition of NAD(P)H
(300 wmol 1) as previously described (Yokota et al. 2009;
Takada et al. 2013, 2014; Fukushima et al. 2014; Suga et al.
2014; Kadoguchi et al. 2015; Nishikawa et al. 2015; Ono
et al. 2015).

NAD(P)H oxidase activity in C2C12 myotubes in vitro

The mouse C2C12 myoblast cell line (American Type
Culture Collection, Manassas, VA, USA) was seeded
on culture plates with medium containing 2% horse
serum. Differentiation of C2C12 myoblasts into myotubes
occurred in 6-7 days, as confirmed by light microscopy
showing morphological alignment, elongation and fusion,
as previously described (Fukushima et al. 2014; Nishikawa
et al. 2015). After pre-incubation at 37°C in serum-free
conditions, C2C12 myotubes were incubated at 37°C with
with 1 wmol 17! angiotensin II (Sigma-Aldrich) for 24 h
in the absence or presence of 1 or 10 pumol 17! SC-1,
which was prepared as previously described (Urata et al.
2008). After 24 h of incubation, cells were harvested and
stored at —80°C for measurement of NAD(P)H oxidase
activity. The NAD(P)H oxidase activity was measured in
the homogenates of the C2C12 myotubes by a lucigenin
(5 wmol 17') assay after the addition of NAD(P)H
(100 umol 17') as previously described (Fukushima et al.
2014; Nishikawa et al. 2015).

Statistical analysis

Data are expressed as means + SEM. For multiple-group
comparisons, two-way ANOVA followed by Tukey’s test
was performed. In Lp. glucose and insulin tolerance
tests, differences between groups were determined with
repeated-measures ANOVA. A value of P < 0.05 was
considered statistically significant.

Results
Animal characteristics

Table 1 shows the characteristics of the animals in the
four groups. Body weight was significantly higher in HFD
compared with ND mice, and this was accompanied
by a significant increase in the epididymal fat weight
(Table 1). There were no differences in the quadriceps,
gastrocnemius and soleus muscle weights, systolic blood
pressure or heart rate between ND and HFD mice
(Table 1). Fasting blood glucose, insulin, triglyceride,
total cholesterol and non-esterified fatty acid levels were
significantly higher in HFD mice (Table 2). Moreover,
blood glucose levels during the 1.p. glucose and insulin
tolerance tests were significantly higher in HFD than in
ND mice (Fig. 1).

Plasma sesamin and SC-1 were detected in
ND+Sesamin and HFD+Sesamin mice (sesamin,
380 + 354 and 323 + 186 nmol 1''; and SC-1,
1.00 £+ 0.43 and 1.85 £ 0.43 pmol 17'). Sesamin
significantly suppressed an increase of body weight, but
did not affect haemodynamic measurements (Table 1).
There were also no significant differences in epididymal fat
weight, total skeletal muscle weight, fasting blood glucose
or blood glucose levels between HFD and HFD+Sesamin
mice during the 1.p. glucose tolerance test (Tables 1 and 2
and Fig. 1). In contrast, the increases in plasma insulin,
triglyceride, total cholesterol and non-esterified fatty acid
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Table 2. Blood measurements
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ND+-Sesamin HFD+Sesamin
Parameter ND group (n = 8) group (n = 8) HFD group (n = 8) group (n = 8)
Fasting glucose (mg dI~") 106 = 6 106 + 5 244 + 7* 220 + 10*
Insulin (ng mI~1) 0.47 + 0.09 0.81 £ 0.10 1.96 + 0.32* 0.76 £ 0.16f
Triglyceride (mg ml~1) 40 £ 2 45 + 7 82 + 4* 54 + 6
Total cholesterol (mg mi~1) 74 £ 6 55 +:4 198 + 6* 81 £+ 151
Non-esterified fatty acid (mequiv 1) 0.25 + 0.02 0.20 + 0.03 0.87 + 0.02* 0.37 + 0.051

Data are expressed as means + SEM. *P = 0.05 versus ND; P < 0.05 versus HFD.

levels were completely attenuated in HFD+Sesamin mice. Exercise capacity and spontaneous physical activity

These results showed that HFD feeding for 8 weeks
induced type 2 diabetes with the characteristics of obesity
and glucose intolerance, and that sesamin prevented the
increases in blood insulin and serum lipid levels.
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Figure 1. Glucose tolerance test and insulin tolerance test

Blood glucose levels during 1.p. glucose tolerance test (A) and insulin tolerance test (C) in the normal diet
(ND), ND+Sesamin, high-fat diet (HFD) and HFD+Sesamin mice (n = 9-10 for each group). Area under
the curve (AUC) of blood glucose levels during 1.p. glucose tolerance test (B) and insulin tolerance test
(D) in the ND, ND+Sesamin, HFD and HFD+Sesamin mice. Data are shown as means == SEM. Experiments
were performed after 8 weeks of feeding in all groups. *P < 0.01 versus ND.
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Figure 2 shows the indices of exercise capacity. The work,
run distance and run time to exhaustion were significantly
decreased in HFD compared with ND mice.

The reduced
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exercise capacity was partly ameliorated in HFD+sesamin
mice (Fig. 2A-D). In contrast, spontaneous physical
activity was significantly decreased in HFD compared
with ND mice, and this effect was not altered by sesamin
(Fig. 2F).

Mitochondrial function and biogenesis in the skeletal
muscle

Exercise capacity is largely dependent on mitochondrial
function in the skeletal muscle. It has been reported that
the activity of CS, a key enzyme of the tricarboxylic
acid cycle, in the skeletal muscle plays a critical role in
exercise capacity (MacDougall ef al. 1998; Kanatous et al.
1999; Park et al. 2014). Moreover, CS activity closely is
related to mitochondrial quantity, complex activities and
respiration in the permeabilized muscle fibre (Kanatous
et al. 1999; Park et al. 2014). Therefore, the activity of

Exp Physiol 100.11 (2015) pp 1319-1330

this mitochondrial enzyme was measured (Fig. 3). Skeletal
muscle CS activity was significantly decreased in HFD
compared with ND mice, and this decrease was reversed
by sesamin. In contrast, there were no differences between
groups in the phosphorylation of the mitochondrial
biogenesis-related protein AMPK or in the gene expression
of Pgc-1 mRNA (Fig. 4). Gene expressions of Sirtl, Nrf-1
and Tfam mRNA were significantly decreased in HFD
compared with ND mice, and these differences were not
affected by sesamin (Fig. 4).

Fatty acid oxidation and glucose metabolism in the
skeletal muscle

Acetyl-CoA  carboxylase-§  phosphorylation  and
B-hydroxyacyl-CoA  dehydrogenase activity in the
skeletal muscle were significantly decreased in HFD
compared with ND mice, and these decreases were
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Figure 2. Exercise capacity and spontaneous physical activity

The summarized data of the work (A), distance run (B), run time (C), peak oxygen uptake (D), respiratory
exhange ratio (RER) to exhaustion (E) and spontaneous physical activity (F) in the ND, ND+Sesamin, HFD
and HFD-+Sesamin mice (n = 10 for each group). Data are shown as means + SEM. *P = 0.05 versus ND;

Ip < 0.05 versus HFD.
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inhibited by sesamin (Fig. 5A and C). Cpt-1b mRNA
was significantly decreased in the skeletal muscle from
HFD compared with ND mice, but this difference was
not affected by sesamin (Fig. 5B). Fabp3, Fatpl and Cd36
mRNA also tended to be decreased in HFD mice and

140 -
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—
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o
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]
o
i

,_‘

CS activity
(mM/min/mg protein)
& 8

na
]

HFD HFD+
Sesamin

ND ND+
Sesamin

Figure 3. CS activity

The summarized data for citrate synthase (CS) in the skeletal
muscle from the ND, ND+Sesamin, HFD and HFD-+Sesamin
mice (n = 6 for each group). Data are shown as means + SEM.
*P < 0.05 versus ND; 'P = 0.05 versus HFD.
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were not affected by sesamin. In contrast, there were no
differences in glucose transporter 4, hexokinase 2 and
pyruvate kinase m2 among the four groups (Fig. 5D-G).

Oxidative stress in the skeletal muscle

Superoxide anion production and NAD(P)H oxidase
activity were significantly increased in the skeletal muscle
from HED compared with ND mice, and this change
was completely inhibited by sesamin (Fig. 6A and B).
Moreover, SC-1 at a dose of 1 pumol 17" significantly
suppressed an increase in NAD(P)H oxidase activity by
angiotensin II stimulation in C2C12 myotubes (Fig. 7).
Sodl and Catalase mRNA in the skeletal muscle were
significantly decreased in HFD compared with ND mice,
but were not affected by sesamin (Fig. 6C).

Discussion

In the present study, mice with HFD-induced diabetes
exhibited lowered exercise capacity, decreased activity of
the enzyme CS and activation of NAD(P)H oxidase in
the skeletal muscle; all these effects were significantly
ameliorated by chronic oral administration of sesamin
to HFD mice. Therefore, dietary sesamin was shown
to prevent the decline in exercise capacity and the
impairment of mitochondrial function in mice with
HFD-induced diabetes.

0O ND
154 O ND+Sesamin

® HFD
B HFD+Sesamin
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P MR e Sirt1 Pgc-1 Nrf-1 Tfam

Figure 4. Mitochondrial biogenesis related-protein and gene expressions

Quantitative analysis of the phosphorylated form (Thr172) of AMP kinase (AMPK) protein (A) and gene
expressions of sirtuin1 (Sirt?), peroxisome proliferator-activated receptor y coactivator 1 (Pgc-1), nuclear
respiratory factor 1 (Mrf-7) and mitochondrial transcription factor A (Tfam) mRNA (B) in skeletal muscle
obtained from the ND, ND-+Sesamin, HFD and HFD+Sesamin mice (n = 6-8 for each group). Protein
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Gene expressions
were normalized to GAPDH and depicted as the ratio to ND. Data are shown as means 4 SEM.

*P < 0.05 versus ND.
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Effects of sesamin on substrate metabolism

Sesamin has hypoglycaemic and hypolipidaemic effects
in diabetic mice (Nakano et al. 2006, 2008; Hong et al.
2013). Hong et al. (2013) reported that sesamin decreased
blood glucose, insulin and lipid levels in mice with type 2
diabetes. Sesamin also increased hepatic CPT activity in
mice or fat oxidation in rats (Shimoda et al. 2006; Ide et al.
2009). Coinciding with these results, in the present study
sesamin prevented the impairment in lipid metabolism in
the skeletal muscle (Fig. 5) and, consequently, decreased
blood lipids in HFD mice (Table 2). In contrast, it did
not affect the fasting glucose level, glucose and insulin

S. Takada and others
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tolerance (Table 2 and Fig. 1) or glucose metabolism in the
skeletal muscle (Fig. 4). Therefore, these results suggest
that sesamin specifically maintains the lipid substrate
metabolism and may have beneficial effects on energy
production in the skeletal muscle.

Effects of sesamin on exercise capacity and NAD(P)H
oxidase activity

The most significant finding of the present study was
that chronic administration of sesamin to HFD mice
prevented the decrease in exercise capacity (Fig. 2) and
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Figure 5. Substrate metabolism related-protein and gene expressions

Summarized data of quantitative analysis of the phosphorylated form (Ser79) of acetyl-CoA carboxylase-f
(ACCP) protein (A), gene expressions of fatty acid binding protein 3 (Fabp3), fatty acid transport protein 1
(Fatp1), Cd36 (FAT/CD36) and carnitine palmitoyltransferase-1b (Cpt-1b) mRNA (B) and f-hydroxyacyl-CoA
dehydrogenase (f-HAD) activity (C) in skeletal muscle obtained from the ND, ND+Sesamin, HFD and
HFD-+Sesamin mice (n = 6-8 for each group). Representative bands (D) and quantitative analysis of
protein expressions of glucose transporter 4 (GLUT4; E), hexokinase 2 (Hk2; F) and pyruvate kinase m2
(Pkm2; G) in the skeletal muscle obtained from ND, ND+Sesamin, HFD and HFD+Sesamin mice (n = 6 for
each group). Data are shown as means + SEM. *P < 0.05 versus ND; fp = 0.05 versus HFD.
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the impairment of mitochondrial function, including
activity of the tricarboxylic acid cycle (Fig. 3). In contrast,
sesamin did not affect the signalling associated with
mitochondrial biogenesis (Fig. 4). These results show
that sesamin maintains mitochondrial function without
changing the number of mitochondria in the skeletal
muscle. _
Our previous papers showed that NAD(P)H oxidase-
induced 0,-~ production impaired mitochondrial
function in the skeletal muscle of HFD mice (Yokota
et al. 2009; Takada et al. 2013; Suga et al. 2014). However,
the mechanisms for mitochondrial dysfunction induced
by NAD(P)H oxidase-dependent O,-~ in skeletal muscle
are not fully understood. The decrease of mitochondrial
electron transport chain complex I and IIT activities can
potentially be explained by direct oxidative damage to
mitochondrial complexes (Doughan et al. 2008; Yokota
et al. 2009). Mitochondria can be the primary target for
oxidative damage when production of reactive oxygen
species exceeds the capacity of the endogenous reactive
oxygen species scavenging system. Superoxide anion
easily impairs these electron transport chain complexes
because they include an iron—sulfur centre. Multiple
iron—sulfur centres exist in complexes in complex I and
II. In mice lacking superoxide dismutase, destruction of
the iron—sulfur centres in the mitochondria has been
described (Li et al. 1995; Morten et al. 2006). In addition,
oxidative damage to mitochondrial DNA can also result in
a decrease of electron transport chain complex activities
(Ide et al. 2001b). Furthermore, impaired mitochondrial

Exercise capacity and sesamin 1327

DNA may adversely affect mitochondrial biogenesis. In
contrast, given that sesamin has an antioxidant effect,
we hypothesized that it may have a favourable effect
on mitochondrial function in HFD-induced diabetic
mice.

Several studies have reported that sesamin increases
superoxide dismutase, catalase and glutathione peroxidase
activities in the liver or aortic tissue (Roghani et al. 2011;
Hong et al. 2013). In the present study, skeletal muscle
expressions of antioxidant genes, in particular SodI and
CatalasemRNA, were significantly decreased in HFD mice,
and sesamin did not affect them (Fig. 6C). Therefore,
sesamin attenuated oxidative stress without affecting the
antioxidant enzymes in the skeletal muscle of HFD
mice.

Effects of SC-1 on inhibition of NAD(P)H oxidase
activity

Direct inhibition of the activation of NAD(P)H oxidase
by sesamin or SC-1 may be associated with the present
results as another possible mechanism. It has been
reported that oral sesamin (1% w/w) feeding attenuated
deoxycorticosterone acetate- and salt-induced increases
in NAD(P)H-dependent O,-~ production in the rat aorta
(Nakano et al. 2008). In a previous study investigating the
metabolic pathway of sesamin, it has been shown that the
methylenedioxyphenyl moiety in the structure of sesamin
is changed into a dihydroxyphenyl (catechol) moiety in
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Figure 6. Oxidative stress and antioxidant capacity

Sesamin

Superoxide (0z-7; A) and NAD(P)H oxidase activity (B) measured by lucigenin chemiluminescence in
the skeletal muscle obtained from ND, ND+Sesamin, HFD and HFD+5esamin mice (n = 6-10 for
each group). Quantitative gene expressions of superoxide dismutase 1 (Sod1), Sod2, Catalase and
glutathione peroxidase (Gpx) mRNA (C) in skeletal muscle obtained from the ND, ND+Sesamin, HFD
and HFD+Sesamin mice (n = 8 for each group). Data are shown as means + SEM. Abbreviation: RLU,
relative light units. *P < 0.05 versus ND; TP < 0.05 versus HFD.
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the liver (Nakai et al. 2003). SC-1, one of the metabolites
of sesamin, was shown to inhibit O,-~ production in rat
aorta (Nakano et al. 2006). In the present study, after
8 weeks of feeding sesamin, plasma concentrations of
SC-1 were 1.00 =+ 0.43 and 1.85 #+ 0.43 umol 1! in the
ND+Sesamin and HFD+Sesamin mice, respectively. SC-1
at a dose of 1.0 umol 17! significantly inhibited NAD(P)H
oxidase activity induced by angiotensin II stimulation in
C2C12 myotubes (Fig. 7). Therefore, SC-1 may have a
direct inhibitory effect on NAD(P)H oxidase activity in
HFD-induced diabetic mice.

Clinical implications

The incidence of type 2 diabetes has been increasing
markedly, creating both medical and social challenges
in industrialized countries. Our present data showed
that supplemental treatment with sesamin prevented the
increases in insulin and lipid levels and the decline in
exercise capacity in type 2 diabetic mice. Given the
close association between exercise capacity and prognosis,
sesamin could be useful for treatment of type 2 diabetes
in humans.
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Figure 7. Effect of SC-1 on NAD(P)H oxidase activity

NAD(P)H oxidase activity measured by lucigenin
chemiluminescence in the C2C12 myotubes obtained from the
control, angiotensin Il (Ang 1) 1 uM and Ang [14-SC-1 (1 pem)
groups (n = 10-11 for each group). Data are shown as

means + SEM. Abbreviation: RLU, relative light units.

*P < 0.05 versus ND; TP < 0.05 versus HFD.
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Conclusion

Sesamin prevented the decline in exercise capacity in
mice with HFD-induced diabetes by maintenance of
mitochondrial function, fat oxidation and attenuation of
oxidative stress in the skeletal muscle. Our data suggest that
sesamin would contribute novel ameliorating activities to
the treatment of diabetes mellitus, especially by improving
patients’ lowered exercise capacity.
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Serum Brain-Derived Neurotropic Factor Level Predicts Adverse

Clinical Outcomes in Patients With Heart Failure
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ABSTRACT

Background: Brain-derived neurotropic factor (BDNF) is involved in cardiovascular diseases as well as
skeletal muscle energy metabolism and depression. We investigated whether serum BDNF level was asso-
ciated with prognosts in patients with heart failure (HF).

Methods and Results: We measured the serum BDNF level in 58 patients with HF (59.2 = 13.7 years
old, New York Heart Association functional class I—1II) at baseline, and adverse events, including all
cardiac deaths and HF rchospitalizations, were recorded during the median follow-up of 20.3 months.
In a univariate analysis, serum BDNF levels were significantly associated with peak oxygen capacity
(B = 0.547; P = .003), anaerobic threshold (B = 0.929; P = .004), and log minute ventilation/
carbon dioxide production slope (B = —10.15; P = .005), but not Patient Health Questionnaire scores
(B = —0.099; P = .586). A multivariate analysis demonstrated that serum BDNF level was an indepen-
dent prognostic factor of adverse events (hazard ratio 0.41, 95% confidence interval 0.20—0.84;
P = .003). The receiver operating characteristic curve demonstrated that low levels of BDNF
(<17.4 ng/mL) were associated with higher rates of adverse events compared with high levels of
BDNF (=17.4 ng/mL; log rank test: P < .001).

Conclusions: Decreased serum BDNF levels were significantly associated with adverse outcomes in HF
patients, suggesting that these levels can be a useful prognostic biomarker. (J Cardiac Fail

2015;21:300—306)

Key Words: Heart failure, brain-derived neurotrophic factor, exercise capacity, prognosis.

Heart failure (HF) remains highly prevalent and is char-
acterized by repeated hospitalizations with a heavy health
burden, and it is associated with excess morbidity and
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mortality.! Lowered exercise capacity is well known to be
closely related to the poor prognosis in patients with
HF.%? Various skeletal muscle abnormalities, including a
transition of myofibers from type I to type II, a reduction
in muscular strength, muscle atrophy, and impaired energy
metabolism, each play an important role as a determinant
factor of lowered exercise capacity in individuals with
HFE.* Cytokines and growth factors were recently reported
to be secreted by skeletal muscle and to regulate skeletal
muscle mass or function.” Such factors may be associated
with skeletal muscle abnormalities and exercise capacity
in HF patients, and they may be potential biomarkers pre-
dicting the severity and prognosis of HF.

Brain-derived neurotropic factor (BDNF) is a member of
the neurotropin family, which regulates various neurotropic
functions, including neuroregeneration, neuroprotection,
and synaptic plasticity.® BDNF was discovered in the brain
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and has been shown to be linked to the pathophysiology of
psychiatric disorders, including major depression and
dementia.””® In addition, BDNF expression is reported to
be up-regulated in the ischemic heart and to protect the
heart against ischemic injury.'® Indeed, a low plasma
BDNF level was shown to predict poor prognosis in pa-
tients with angina pectoris.''

Interestingly, BDNF can also be produced in skeletal
muscle,12 and exercise training can increase its serum
levels.'? We recently reported that the serum BDNF level
was decreased in HF patients compared with normal sub-
jects, and that it was positively correlated with their peak
oxygen capacity (peak VO,).'"* Because peak VO, is a
strong prognostic marker of HF,” these findings raise the
possibility that BDNF may be involved in lowered exercise
capacity and may help predict the prognosis of HF patients.
However, it has not been determined whether the serum
BDNEF level can provide prognostic information in HF pa-
tients. In the present study, we determined whether the
serum BDNF level could predict the prognosis, including
all cardiac death and HF readmission, during a median
follow-up of 20.3 months in HF patients. We also investi-
gated whether BDNF levels were associated with depres-
sive symptoms, because depression is highly prevalent
and associated with adverse outcomes in HF patients.'”

Methods
Patients

The present study enrolled a total of 88 consecutive patients
with HF who were admitted to Hokkaido University Hospital
from April 2012 to June 2013. Inclusion criteria were: (1) age
20—75 years; (2) HF symptoms as defined by the Framingham
criteria; (3) New York Heart Association (NYHA) functional class
I—III on optimized pharmacotherapy; (4) absence of the following
HF etiologies: severe valve disease, congenital disease, pericardial
disease, and pulmonary artery embolism; and (5) absence of the
following comorbidities: active infectious disease, cancer, and
renal failure requiring dialysis. HF was diagnosed on the basis
of standard criteria and the presence of systolic or diastolic func-
tional impairment by means of echocardiography according to the
American College of Cardiology Foundation/American Heart As-
sociation Task Force on Practice Guidelines by =2 cardiologists."'®

Patients were excluded when they had any of the following
within 2 weeks before the study: changes in NYHA functional
class, changes in HF medications, or administration of any intra-
venous medication for HF. In addition, patients were excluded if
they had signs of or a history of a psychiatric disorder, such as ma-
jor depressive disorder, schizophrenic disorder, and organic brain
disorders; were taking antidepressant medications; had a stroke
within the past 3 months; or were unable to perform a maximal
exercise test because of a neurologic deficit.

According to these inclusion and exclusion criteria, we excluded
patients with NYHA functional class IV (n = 10), severe valvular
heart disease (n = 6), major depression (n = 4), active infection
(n = 3), stroke with significant neurologic deficit (n = 1), acute pul-
monary embolism (n = 1), cancer (n = 1), and renal failure (n = 4).
A final total of 58 patients were enrolled in the present study. The
protocol was approved by the Medical Ethics Committee of

Hokkaido University Hospital, and written informed consents
were obtained from all participating subjects.

Baseline Patient Characteristics

Each patient’s body weight and height were measured, and his
or her body mass index (BMI; body weight/height?, kg/m®) was
calculated because circulating BDNF in patients with newly diag-
nosed type 2 diabetes showed a positive correlation with BML"
Ischemic heart disease was diagnosed based on coronary artery
disease according to angiography, hypertensive heart disease
based on left ventricular hypertrophy with hypertension, valvular
heart disease based on moderate valve disease according to echo-
cardiography, and dilated cardiomyopathy based on both left ven-
tricular dilation and dysfunction without any cause.

Hypertension, diabetes mellitus (DM), history of stroke, chronic
obstructive pulmonary disease (COPD), sleep apnea syndrome,
and paroxysmal or chronic atrial fibrillation were determined
based on the patient’s medical records. Depressive symptoms
were assessed with the use of the Patient Health Questionnaire
(PHQ-9). The PHQ-9 is a 9-item self-report measure-of depressive
symptoms using 0—3 scales, established for the screening of
depression in various populations.'®

The left ventricular end-diastolic dimension (LVEDD) was
measured in the parasternal long axis view by means of transtho-
racic echocardiography. The LV ejection fraction (LVEF) was
calculated from the apical 4- and 2-chamber views according to
the biplane Simpson method.'® Cardiopulmonary exercise testing
was performed with the use of an upright electromechanical bicy-
cle ergometer (Aerobike 75XLII; Combi Wellness, Tokyo, Japan)
with a ramp protocol as previously described.? Briefly, after 3 mi-
nutes of unloaded cycling, the exercise load was increased in
10—15 W/min increments to symptom-limited maximal work.
Minute ventilation (VE), oxygen capacity (VO,), and carbon diox-
ide production (VCO,) were measured continuously throughout
the exercise period with the use of a 280E Aeromonitor (Aeromo-
nitor AE-300S; Minato Medical Science, Osaka, Japan). Peak VO,
was defined as the maximal VO, attained during exercise. The
anaerobic threshold (AT) was determined by the V-slope method
as described.?' VE and VCO, responses throughout the exercise
were used to calculate the VE/VCO, slope by means of a least
squares linear regression (y = mx + b; m = slope).?*

Serum BDNF Levels and Biochemistry

Peripheral venous blood samples were collected in serum tubes
from all subjects between 6:00 and 9:00 am before cardiopulmo-
nary exercise testing. All samples were allowed to clot before be-
ing centrifuged at 1,000g for 15 minutes and were stored at —80°C
until analysis. Serum BDNF levels were determined by a commer-
cially available enzyme immunoassay kit (R&D Systems, Minne-
apolis, Minnesota) according to the manufacturer’s protocol as
previously described”; its detection limit was 20 pg/mL. To
ensure accurate measurements, all of the samples were analyzed
in duplicate by investigators blinded to clinical information. The
inter- and intra-assay coefficients of variation (CVs) were 6.1%
and 2.3%, respectively.

Plasma B-type natriuretic peptide (BNP) was measured by
means of a chemiluminescence immunoassay kit (Architect
BNP-JP; normal reference values: 18.4 pg/mL) in an automated
analyzer (Architect; Abbott Japan, Tokyo). The Architect BNP
assay was validated as previously described.” The limit of detec-
tion of the assay was 5.8 pg/mL. The within-run and total CVs
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were 2.4 and 3.4%, respectively. Linearity was acceptable with re-
coveries within 5.0% of the target values over a concentration
range of 429—2,894 pg/ml.. Our comparison of the Architect
BNP-JP assay results with those of another chemiluminescent
enzyme immunoassay (MI02 Shionogi BNP kit; Shionogi, Japan)
by the Passing-Bablok method resulted in slopes ranging from
1.00 to 1.03 and correlation coefficients of 0.98. The estimated
glomerular filtration rate (¢GFR) was calculated from the serum
creatinine values and age with the use of the Japanese equation™:

eGFR = 194 x (serum creatinine, mg/dL)_l'094 X
(age, y)_o‘287 x (0.739 if female).

Procedures and Clinical Follow-Up

At enrollment, the patients underwent a complete clinical and
physical examination, including the collection of blood samples
for the measurement of eGFR, plasma BNP, and serum BDNF
levels. The examination included chest X-ray, transthoracic echo-
cardiography, PHQ-9 score, NYHA functional class determina-
tion, and cardiopulmonary exercise test. The entire protocol was
performed at baseline (at the time of BDNF measurement). All pa-
tients were then followed prospectively with regular outpatient
visits up to March 2014. The median follow-up period was 20.3
months (interquartile range [IQR] 11.5—22.8 months) after the
measurement of serum BDNFE

Clinical information about major adverse events, including all
cardiac deaths and rehospitalizations due to worsening HF, during
the follow-up period was provided by the patients™ cardiologists
without knowledge of the serum BDNF levels. Cardiac death
was defined as death from worsening HF or sudden cardiac death,
and HF rehospitalization was defined as an unplanned hospital
admission requiring intravenous diuretics, vasodilators, or
inotropic agent infusion. Cardiac death during the rehospitaliza-
tion was counted as a single event. Additionally, 2nd or further re-
hospitalizations were not counted as additional events but rather as
a single event at the time of the first rehospitalization.

Statistical Analysis

Continuous variables are expressed as mean * SD for normally
distributed variables, and median and IQR for nonnormally
distributed variables. Categoric variables are expressed as number
and percentage. Serum BDNF levels, peak VO,, and AT were nor-
mally distributed as proven by the Shapiro-Wilk test. In contrast,
age, BMI, LVEDD, LVEF, VE/VCO; slope, eGFR, plasma BNP,
and PHQ-9 score were not normally distributed. The VE/VCO,
slope and plasma BNP values were transformed to log VE/
VCO, slope and log BNP, respectively. There were 3 missing
data in peak VO,, AT, and log VE/VCO, slope, respectively,
because of 1 patient’s inability to participate in the exercise test.

We used a univariate linear model to determine the correlations
between serum BDNF levels and other variables. Serum BDNF
and plasma BNP levels were compared for their ability to predict
adverse outcomes of HF by means of a receiver operating charac-
teristic (ROC) curve analysis. The optimal ROC curve cutoff value
for the prediction of adverse outcomes was chosen as the value
maximizing sensitivity plus specificity. To determine whether
serum BDNF levels were incremental prognostic markers in addi-
tion to plasma BNP, we compared the areas under the ROC curve
(AUCs) of these variables with the use of the DeLong algorithm.?®
The DeLong method is a different approach from that of Hanley®’
to estimate the AUC (c-index) regarding the estimation of vari-
ance. Because the variance was derived from the assumption of

2 underlying negative exponential distributions in the Hanley
approach, it is known that it can underestimate the variance
when the AUC is close to 0.5 and can overestimate it when the
AUC is close to 1.0.>” We therefore used the DeLong approach
in the present study.

We calculated Kaplan-Meier survival plots from baseline to the
time of all cardiac death or rehospitalization due to worsening HF,
and we used the log-rank test to compare the results. Univariate
and multivariate analyses with the Cox proportional hazard regres-
sion model were used to determine significant predictors of all car-
diac death and HF rehospitalization. Variables that were
significant with a P value of <.0l in the univariate analyses,
including NYHA functional class, log BNP, and BDNF values,
were entered into the multivariate Cox proportional hazard anal-
ysis, which was adjusted for age and sex. Peak VO,, AT, and
log VE/VCO, slope data were excluded from the multivariate
analysis to avoid problems related to multicollinearity, because
these variables were significantly associated with serum BDNF
levels (Table 1), as consistent with our previous study.'* We
also selected variables in the multivariate Cox model based on
the stepwise forward selection method owing to the small number
of events in this study. All analyses were performed with the use
of JMP 10.0.2 (SAS Institute, Cary, North Carolina). The differ-
ences were considered significant when P values were <.05.

Results
Patients’ Characteristics

The clinical characteristics of the study patients are sum-
marized in Table 2. The etiologies of HF were dilated car-
diomyopathy in 18 patients (31%), ischemic heart disease
in 17 (29%), hypertensive heart disease in 10 (17%),
valvular heart disease in 5 (8%), and others in the remain-
ing 8 (13%). Five patients were in NYHA functional class I,
39 in class II, and 14 in class III. Hypertension was identi-
fied in 18 patients (31%), DM in 19 (32%), history of stroke
in 7 (12%), COPD in 8 (13%), sleep apnea syndrome in 8

Table 1. Univariate Linear Model of Serum BDNF in
Patients With HF

HF Patients (n = 58)

Variable B P Value
Age, y 0.043 425
Sex (male = 0) -0.714 412
Body mass index, kg/m2 0.208 172
LVEDD, mm —0.002 .967
LVEF, % 0.007 .902
Peak VO,, mL/kg/min 0.547 .003
AT, mL/kg/min 0.929 .004
Log VE/VCO, slope —10.15 .005
eGFR (mL min~' 1.73 m™%) 0.013 523
Log BNP, pg/mL —1.215 .047
PHQ-9 score —0.099 .586
Change in peak VO, from baseline 0.200 233
Exercise session per week —0.548 047

BDNF, brain-derived neurotropic factor; HF, heart failure; LVEDD, left
ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction;
VO,, oxygen uptake; AT, anaerobic threshold; VE, minute ventilation;
VCO,;, carbon dioxide production; eGFR, estimated glomerular filtration
rate; BNP, B-type natriuretic peptide; PHQ-9, Patient Health
Questionnaire.
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Table 2. Patients’ Characteristics

All Patients (n = 58)

Demographic factors

Age, yrs (mean = SD) 59.2 = 13.7

Male, n (%) 44 (75)

Body mass index, kg/m? 234 * 49
Causes of heart failure, n (%)

Dilated cardiomyopathy 18 (31)

Ischemic heart disease 17 (29)

Hypertensive heart disease 10 (17)

Valvular heart disease 5(8)

NYHA functional class (I/II/TIT) 5/39/14
Medical history, n (%)
Hypertension 18 (31)
Diabetes mellitus 19 (32)
Stroke 7(12)
Paroxysmal or chronic atrial fibrillation 27 (46)
COPD 8 (13)
Sleep apnea syndrome 8 (13)
PHQ-9 score 39 +42
Echocardiographic parameters
LVEDD, mm 629 = 115
LVEE % 347 = 127
Cardiopulmonary exercise test
Peak VO,, mL kg~ ' min~! 14.0 = 39
AT, mL kg™! min™! 9.1 %22
VE/VCOs; slope 385+ 82
Peak RER 1.23 £ 0.1
Medications, n (%)
ACE-I or ARB 52 (89)
B-Blockers 56 (96)
Spironolactone 35 (60)
Laboratory tests
eGFR, mL min~' 1.73 m™> 55.5 = 20.3
Plasma BNP, pg/mL 410 + 646
Serum BDNEF, ng/mL 19.0 £5.6

NYHA, New York Heart Association; COPD, chronic obstructive pul-
monary disease; RER, respiratory exchange ratio; ACE-I, angiotensin-con-
verting enzyme inhibitor; ARB, angiotensin II type I receptor blocker;
other abbreviations as in Table 1.

(13%), and paroxysmal or chronic atrial fibrillation in 27
(46%). According to the PHQ-9 scores, 4 patients (6%)
were identified to be in a clinically significant depressive
state (PHQ-9 =10). The mean LVEF was 34.7 £ 12.7%,
and the mean peak VO, was 14.0 + 3.9 mL kg™’ min™".
Angiotensin-converting enzyme inhibitors (ACE-Is) or
angiotensin II type I receptor antagonists (ARBs) were
used in 89% of the patients, B-blockers in 96%, and spiro-
nolactone in 60%. The mean serum BDNF level in the HF

patients was 19.0 = 5.6 ng/mL.
Serum BDNF Levels Correlate With Exercise Capacity

In the univariate linear model, the patients’ serum BDNF
levels were significantly associated with their peak VO,
(B = 0.547; P = .003), AT (B = 0.929; P = .004), and
log VE/VCO,; slope (B = —10.15; P = .005), but not
age, sex, BMI, LVEDD, LVEF, eGFR, and plasma BNP
levels (Table 1). There was no significant association be-
tween serum BDNF levels and depressive status according
to PHQ-9 scores (B = —0.099; P = .586). Moreover, there
was no significant association between serum BDNF levels
and the change in peak VO, from baseline until the end of
their follow-ups (B = 0.410; P = .233) among the 19

patients who performed the exercise pulmonary test repeat-
edly after their enrollment.

To assess the role of serum BDNF in adherence to
exercise training, we obtained data regarding each patient’s
participation in cardiac rehabilitation from their exercise
diaries. One session of cardiac rehabilitation included 30
minutes of aerobic exercise with a cycle ergometer. Patients
who participated in >1 session per week throughout the
follow-up period were defined as adherent in cardiac reha-
bilitation. As a result, 25 patients (43%) were considered
to be adherent. There was no significant difference in serum
BDNF levels between the adherent and nonadherent patients
(19.0 = 55 ng/mL vs 19.1 £ 5.7 ng/mL; P = .945).
In contrast, the patients’ serum BDNF levels were nega-
tively associated with the number of sessions completed
weekly (B = —0.548; P = .047).

Serum BDNF Levels Predict Adverse Outcomes

During the median follow-up of 20.3 months (IQR
11.5—22.8 months), there were 19 (32%) adverse events,
including 8 cardiac deaths and 11 rehospitalizations due
to worsening HE. Of these, the death of 5 patients was
due to HF and that of 3 patients sudden death. In addition,
3 patients (5%) had a new onset of stroke. None of the stud-
ied patients were lost within the follow-up period. The vari-
ables to predict adverse outcomes were identified by the
univariate (Table 3) and multivariate (Table 4) Cox propor-
tional hazard analyses.

In the univariate analysis, serum BDNF was significantly
associated with all cardiac death and HF rehospitalization
(per SD increase: hazard ratio [HR] 0.47, 95% confidence
interval [CI] 0.29—0.75; P = .001). NYHA functional
class, LVEDD, LVEF, peak VO,, AT, log VE/VCO, slope,
and log BNP were also related to adverse outcomes. The

Table 3. Univariate Analysis of Predictors of All Cardiac
Death and HF Rehospitalization

Variable HR 95% CI P Value
Age* .00 0.65—1.53 982
Sex (male vs female) 3.35 0.96-21.1 057
BMI* 0.91 0.58—1.42 .685
NYHA functional class (IIT vs I/II) 4.36 1.68—13.4 <.001
COPD 1.41 0.32—4.26 594
Sleep apnea syndrome 0.68 0.10—2.36 590
PHQ-9 1.04  0.94—1.13 324
LVEDD* 1.56 1.00—-2.43 .046
LVEF* 0.53 0.29--0.95 .021
Peak VO,, mL kg~ min™'* 032 0.16-0.64 <.001
AT, mL kg~! min~'# 027  0.13-0.59 <.001
Log VE/VCO; slope* 71.6 5.82—1017 <.001
ACE-I or ARB 0.11 0.01-2.22 121
B-Blockers 022 0.06—143 .100
Spironolactone 1.49 0.59—-4.21 402
Estimated GFR* 076  041-143 357
Log BNP* 2.63 1.64—4.21 <.001
BDNF* 047  0.29-0.75 .001

HR, hazard ratio; CI, confidence interval; BMI, body mass index; other
abbreviations as in Tables 1 and 2.
*Per 1 SD increase.
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Table 4. Multivariate Analysis of Predictors of All Cardiac
Death and HF Rehospitalization

Variable HR 95% C1 P Value
Age* 1.35 0.83-2.20 127
Sex (male vs female) 3.11 0.82-20.2 .098
NYHA functional class (III vs I/IT) 2.02 0.70—6.03 186
Log BNP* 2.54 1.15-5.60 <.001
BDNF* 0.41 0.20-0.84 .003

Abbreviations as in Tables 1-3.
*Per 1 SD increase.

multivariate analysis revealed that among these variables,
the serum BDNF level and log BNP were independent pre-
dictors of adverse outcomes. The results based on the step-
wise forward selection method showed that NYHA
functional class, log BNP, and BDNF were significant prog-
nostic factors, and these results were consistent with the 1st
model which included all potential candidates as covariates
(Table 4).

Comparison of Serum BDNF and Plasma BNP as
Prognostic Indicators

The ROC curves of serum BDNF values and plasma
BNP concentrations for the prediction of all cardiac death
or HF rehospitalization are shown in Figure 1. The AUC
of the serum BDNF levels for the prediction of adverse
events was 0.798 (95% CI 0.641-0.897; P < .001),
whereas that of the plasma BNP concentration was 0.827
(95% CI10.694—0.910; P < .001). There was no significant
difference in AUC between serum BDNF and plasma
BNP (difference of AUC —-0.03, 95% CI —-0.192 to
0.133; P = .721). A serum BDNF level of 17.4 ng/mL
and a BNP level of 246.7 pg/mL were defined as the
optimal cutoff points for discriminating adverse outcomes.
The best performing value of serum BDNF (17.4 ng/mL) to
predict adverse events was associated with 75% sensitivity,
79% specificity, 60% positive predictive value, and 85%

10 —
08 i

. -4

:g 0.6 T

& AUC  95%CI  P-value

& 04 . —— BDNF -

! wmws BNP BDNF  0.798 0.641-0.897 <0.001

024 BNP 0827 0.694-0.910 <6.001
9 T : : .

0 6.2 0.4 0.6 0.8 1.8
1-Specificity

Fig. 1. Predictive ability of serum brain-derived neurotropic factor
(BDNF) and plasma B-type natriuretic peptide (BNP) levels for
adverse outcomes. The receiver operating characteristic curve
was created to predict all cardiac death and rehospitalization
due to worsening of HF based on serum BDNF and plasma
BNP levels. AUC, area under the receiver operating characteristic
curve.

negative predictive value. This tended to be a slightly weak-
er performance than that observed for plasma BNP, with
85% sensitivity, 71% specificity, 60% positive predictive
value, and 90% negative predictive value. Adverse events
occurred significantly more frequently in the low (<17.4
ng/mL) BDNF group compared with the high (=17.4 ng/
mL) BDNF group (66% vs 16%; P < .001; Fig. 2).

Discussion

The major finding of the present study was that lower
serum BDNF levels were associated with a higher inci-
dence of adverse outcomes including all cardiac death
and HF rehospitalization among HF patients. Importantly,
this is the 1st report to demonstrate that the serum BDNF
level was an independent prognostic factor for adverse
events by means of a multivariate Cox proportional hazard
analysis.

Role of BDNF in Lowered Exercise Capacity in HF
Patients

Our results showed a significant positive association be-
tween serum BDNF level and exercise capacity measured
as the peak VO,, AT, and VE/VCO, slope. These findings
were consistent with those of our previous study."* Qualita-
tive abnormalities in skeletal muscles’ energy metabolism
are well known to determine the exercise capacity in HF pa-
tients.>* BDNF was shown to be produced in skeletal mus-
cle, and it is increased by muscle contractions to enhance
fat oxidation in an 5’-adenosine monophosphate—activated
protein kinase—dependent fashion, which can regulate
glucose and fatty acid metabolism.'>?® In addition, we

recently demonstrated that intramyocellular lipid is
1.0Tr=""1
i TR PSP INp»
@ 0.87
= BDNF=17.4 ng/mL
¢ 0.6 n=37)
&
-
S 047
£ Log-rank test
. P<0.001
0.2 BDNF<17.4 ng/mL
(m=21)
0 T T T T ¥ 1
g 5 10 15 20 25 30
Months

Fig. 2. Kaplan-Meier event-free curves for serum brain-derived
neurotropic factor (BDNF) levels. The event-free rate from car-
diac death and rehospitalization caused by the worsening of heart
failure was compared between patients with high and low serum
BDNF levels. The cutoff level of the serum BDNF concentration
(17.4 ng/mL) was determined by the receiver operating character-
istic curve. The significance of separation between the 2 groups
was examined with the use of a log rank test at 20.4 months.
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increased in the skeletal muscle of patients with dilated car-
diomyopathy with lowered exercise capacity.*

These findings suggest that serum BDNF can be a useful
marker for exercise capacity in HF patients, reflecting
impaired fatty acid metabolism in the skeletal muscle. In
the present study, the change in peak VO, from baseline
did not correlate with the serum BDNF level in the exercise
capacity—limited patients, but further study is needed to
determine whether serum BDNF predicts the future exer-
cise capacity in HF patients. In contrast, there was a nega-
tive association between serum BDNF levels and the
number of completed exercise sessions, suggesting that pa-
tients with low BDNF levels may need more intensive ex-
ercise training than those with high BDNF levels.

Predictive Value of Serum BDNF for Prognosis in HF
Patients

Our results demonstrated the role of serum BDNF as a
prognostic marker in HE. Jiang et al reported that multiple
cardiovascular risk factors were associated with plasma
BDNF level in patients with angina pectoris, and that low
plasma BDNF was related to future coronary events and
mortality in those patients.'’ To our knowledge, the present
study is the first to demonstrate the predictive role of BDNF
in HE. Because we found that serum BDNF levels were
associated with cardiopulmonary exercise variables, these
prognostic values of BDNF may be partly explained by
its being a surrogate marker for exercise capacity. Novel
biomarkers reflective of ventricular remodeling and fibrosis
have been reported as having incremental prognostic
value®; however, potential biomarkers that reflect skeletal
muscle abnormalities and exercise capacity have not, to
our knowledge, been investigated.

Even after adjustments for powerful prognostic variables,
including the NYHA functional class and plasma BNP, we
observed that the serum BDNF level was an independent
predictor of adverse cardiac events. These findings suggest
that measurements of serum BDNF could provide further
information about the prognosis in HF. In addition, the
optimal cutoff value of BDNF determined by ROC analysis
had a prognostic ability similar to that of BNP, suggesting
that serum BDNF could be a novel marker in addition to
plasma BNP, which is the first-line biomarker for risk strat-
ification in HE.'®

Role of BDNF in Depressive Symptoms and Adherence
to Exercise Training in HF

Circulating and hippocampal BDNF levels in patients
with major depression have been reported to be lower and
associated with the severity of this disease.*'** In the pre-
sent study, however, there was no association between
serum BDNF and depressive symptoms according to
PHQ-9 scores. This discrepant result may be due to the
relatively small number of patients who were in a clinically
significant depressive state (6%). On the other hand, higher
serum BDNF levels were reported to protect against the
future occurrence of dementia in the offspring of

participants in the Framingham study.” Cognitive impair-
ment is prevalent among HF patients and is associated
with increased mortality risk,33 and it was also reported
to affect poor treatment adherence in HE>* In the present
study, we investigated the role of BDNF in adherence to ex-
ercise training, and we found that there was no difference in
serum BDNF levels between the adherent and nonadherent
patients, suggesting that serum BDNF levels may have a
minor role in the adherence to exercise training in HF.

Study Limitations

There are several potential limitations which should be
acknowledged in the present study. First, this study had
the possibility of creating an overfitted model, with only
19 events, and we could not create a prognostic model
with proper validation and calibration. However, the pre-
sent study was categorized as prognostic factor research,
not prognostic model research, as shown by a recent re-
view.>> Therefore, we used a Cox model for adjusting the
confounding bias to evaluate the size of association be-
tween the outcome and BDNE, not for prediction. Further-
more, the relatively small number of studied subjects limits
the statistical power for detecting the prognostic value of
serum BDNF levels. Therefore, a study on a larger scale
is warranted to confirm the relationship between worse
prognosis and decreased serum BDNF levels in HF pa-
tients. Second, an accurate investigation for a new
biomarker has never been performed with the use of spe-
cific statistical tests including discrimination, calibration,
and reclassification analyses as recommended.>**” More-
over, there was no control group in the present study. Third,
there were no data about cognitive function, daily physical
activity, or medication adherence. Finally, the sources of
serum BDNF are skeletal muscle, heart, and brain, which
could not be identified here. Despite these limitations, our
observation that serum BDNF can predict the prognosis
in HF patients is unique and had not been reported
previously.

Conclusions

Decreased serum BDNF levels were related to all cardiac
death and HF readmission in HF patients. Serum BDNF
may be a promising biomarker to predict the adverse out-
comes in HF. Further studies are needed to demonstrate
the prognostic incremental value of BDNF compared with
the standard cardiovascular biomarkers and to determine
the cost-effectiveness of its measurement in patients with
HE
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WTHRETS.

[: HR BN

BAENIZEF OB LS 28 X, R DR % AR -

WEETHILPEOTEALZRMIC o T, BRER
DIMERBEREIE L, FERBERES LU 2%
REBRE KT 2 oM - MEREREEZELLTV. £
D7DIZHUIRIFE L (e DbRE, T0 L) ZIEHERK
FBAHELTH - WET 2720 EBRIENHAA S
NTWBD, BIEMICIEITIEETH 2015, —F.
B L OREAE - AESE & PO, W - ARG -
ERFZHNCLEERELR S OEMRENRALRLTY
5.
BHANADHEIE 2 8, ABREHP ONERR
HFoflE bl ER LI L VFHETES Y. —4,
Rith - MR~ oBEOBOTEELREXTH LN, £
DFIET v or— FRAADGEETH Y, FBRICHMT 5
TEDHEL. @RI, EMFEEYA IR LTRRE
L CHkhol

BN T e K F (brain-derived neurotrophic factor,
BDNF)id, M@K TFo—o& LTHER SN, RS
BICHBEICEVRETHEL, HRRORE, KK, #
B BALCEETY, R RS X UHE) 2 K ORBEES
EEHEZEZENAELPICSATYL A, BDNF
VU AR P 4 5 L, i BDNF (3 KA % BDNF L
WEEELHMERERTZ EARESNTVS, KE
O FE#E BT, Mrh BDNF #EEASK 5 omtEREE L
FUINAT—KHBHIIBATEALTwBZE, T2
BABEREREE R ) RO TR & HEBRERT I &N
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BERAUE R E BT, A AR e R B
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BDNF % VT % = & &AL,

B &

bl 1
BERAAEEH L S A IS T L2 71~103 F
(CF¥90+8F) Rl 138 (BHE6/ZWETR) EH%
L7 BBEBIUREK (HHVWIRETIIERTE)
MEOER. w2t MAFROFHFIZOWTHHEL.
BRI L HFEERLR. AR, ACHRFFRREE
HEBWTERBE S TS (HOKUSHO2011-01).
BREAE
BRI S A OFMEE L TSTAIZR 27
(State-Trait Anxiety Inventory) ®F# % #HEWEEHRIE
Wik TRATL 7.

AEHE

C—RemERE KM M, Mk IR MRS K
/3

- BB MAMRE - B CRP, 7 X b A7 1, DHEAS
(E# K NVE ), BDNF

- 74— F#FE(STAL : State-Trait Anxiety Inventory
A3T)
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1) T8

HER VA VAT4 92 8% bFAT TN, N—
KFa—n

Rowv  FERPERBOES. HARAEORH.

2) WAZTORK

HHEZ AR Rv N & Ty Fouvs, 07
l) V3

b i EREZEORY L IREORE, Lo
3) RWIEEWE

EREHR N R (H5—)

Rov :HbRVWIEHA S, MBRBFHEOLE & NE
FoRIE.

4) VX (79703 bT)

Rbw  FREIIEDETATF A v 7 TYXLEME,
A, EE L& R OES).
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YURYID L8 (S8)  HHRUSRESEE THICHIT SMENBEREAOTRENE

xR 1 ESNERWENROBEROR(L

T ABI TA% BE
MAE{LRHIERR
8IUAF0O0—Ib, mg/dl 160+£32 1688+37 ns
hERERS, meg/dL 109136 118+43 ns
HDOL, mg/dL 46+11 48+11 ns
LDL, mg/dL 844127 896+£30 ns
HbAlc, % 58%1.0 58109 ns
AST, U/L 21+6 20+5 ns
ALT, U/L 14+5 163 ns
yGTP, U/L 30+25 3124 ns
F®, meg/dL 5620 55118 ns
FRINER, X 108/uL 3683+861 368+54 ns
B, /pl 5715+1839 5508+ 1701 ns
BEE CRP, me/L 1.28+1.45 2.78+364 ns
FAMAFOY, ng/dL 1.59+1.88 1.56+1.90 ns
DHEAS, pg/dL 5571469 58.5+48.3 ns
BNP, pg/mL 143.8+£1936 91.4+x1048 ns
BONF, ng/mL 16.8+05 19.4+£05 p<0.05
STAl
Score S 40+8 40+9 ns
Score T 4018 44+9 ns
‘Total score 80156 84+17 ns

4= HDL, high-density lipoprotein ; LDL, low-density lipoprotein ;
AST, aspartate transaminase ; ALT, alanine aminotransferase : y-GTP, gamma-
glutamyl transpeptidase | CRP, C-reactive protein : DHEAS, dehydroepiandros-
terone sulfate ; BNP, brain natriuretic peptide . BDNF, brain-derived neuro-

trophic factor . STAI, State-trait gnxiety inventory.

BHEMEDEARE

Yo 8 (YL YBR318,321), hFAT VY
W (TR-106), # A% v F(YHCG2), # »/31) ¥ (TMB-
221), ¥, AZXFHB M-V F v 4 A (HB250), ¥
¥y ¥ (STR21), ) —F x4 &5 (MM35), /\—Fa—
Jv, ZEN-ON #8884 5 —1n > FXIV(MBC), FFART A v
sBIUHBL LA #HECF—FK—F (Y= HREZ
J210) AWz, HEBMEDOA Y v 7 MIEE, HIEwD,
TRMEL 1R ®E (58 14 #4488 6 A/E)
CTEEOFERELHAKL: (BRH).

EtReT

F-yik ¥ (BgEZE) CRARLL. FRMERNR
DEI/EOILEBIIIE, HIEDH 5 t WEZ AV 7. HEt#EN
HEAKHEN, p<005 & L. TXTOHEER, WINDOWS
BSR4 7 b Statview 5.0(SAS Institute) & H{\TAT -
7.
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MEFTVREBEST A L CE BRI, BELR LE
BHSN, RABLIUHERDNZA S v 7 bR e TERD
BonsREL o7z

FREOEZ, 1 DEY) THDH. BNP BEFHZ
BEEMOTLOEEREDRL. AR, BLALDOERE
WKBWTHBLRE AN o/ —F, il BDNF
KRAABICEREL LREISED LN

Z R

FIZBOTHM - Mg S B LHETER
HEERITL, £0O%EE STAI R 27, HEROMmEELS
AYFEEE 3 X UMY BDNF 2 W Cali§ 2 2 & 2 RA T
FORER, S ABIIBDNF A LET L L) BN LAR
#BAHZEHTE, BDNFALALBRZHEKICTS
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Thbh, BEEOUZREZRBL TVE0TERVALHE
ML TwD, RFRTIE, STAIR2T 25452 £XT
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SRR T 07 BB E T HE TH - 1o BIE
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AWTHMEEZRIETE 2. CORER, B biAINE
GEAEIZBWT, b, YRR BRERER: - ZB 0z
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Does low-carbohydrate diet provide merits or demerits in cardiac rehabilitation?
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TURITL 3 (S3)  EMEFRRMRYNEYF -2 avICBLWTENID B DIVEERICHEDION?

T EEER, umol/L

3-EFO& L BEER 1 mol/L

AR, L mol/L
2000 7
. 1800
I 1600 1
1400 7

*P<0.05 *P<0.05

4007 46.0 £22.1

250 7 1800
1600 7
o || 398 B I BR g
1200 1
1501 *P<(.05 1000 1
BOO
100 7
600 7
501 10,0 £5.3 @1 3604177
200 7
[1] '*ﬁ - 0
Bl # il
250 7 1800 7
Lhoy—HiR il
200 1 2 1400 1
1200
150 1 1000
100 1 -
oo
400 7

B & &

501
200 4 ! 250 1
o i 0

* A #®

I

# Al &

B BREfEZNR0s bEOEE. BEFRECSVTY FEOEREBIINBD SNk,

7K

Pl

i, WHEERE S5 VEERFEORKE L L, E8
BRLE - LWEEEI12% (B X7 sdRELl.
TRTOERE I EOEE, et BAFROER
LIZOWTHBEL, BRI LIREFLE. BHRL,

EHAREMEFAZRAKICBTRRZSISL TS (HO-

KUSHO2013-05).

BEEZRA 0 ) BRI 5 IR E BB R RC8E
BLED ST, 1 r RO AZER L. £ 1) —H]R
&, 18 (HR-100) x25kcal, WAEBIMIL, PEHTNE
Z1H40gUUTEL, Auy—HRIEIfThRPo72 T A
Bitkic, DAFOIHE 2 L.

AEIEE
O—RMn#EHRE
e, BHEERE, FrisE, TooeE, R MOREE M
L7
ORI ARE

A2y, bR (7 & FRERE 3-b Fo ¥ Rk
#r b o), BERE C FIStEEE (CRP) $ X ULl BDNF
(brain-derived neurotrophic factor) %l L7z,

@& - dHEE

R E, MUE, SREE, EE KREEE, K
HEGH, 2FFAN (ABEILVITA—-F—lX5RK
BeREAGR) 2E L.

@572« TR - BWMMEEDFFE

BDI(Beck Depression Inventory : <X v 7 3 DA R),
STAI(State-Trait Anxiety Inventory : B ERE), &
UHHvT AN (R (CTHE L7

HEHLE

7> 2 FER D LB L, unpaired t-test (2 X W BE L7 B
B ANMNARHROEED B, paired t-test B L U TCH
BEENE S (2-way repeated-measures ANOVA)
THWfTo7:. BRREEHFHOREERZEDIHE.
Bonferroni M4 & & (post-hoc) 12 X DHE L7, HateE
B9 Bk, p<005 & L7

B R

BEABRECBNT, 7 b U ESERICEML T (R
1). NAHBROBERR, KHEES L UHBAREOLEL
ERVIORLL. REREREBEME, MEHBRECBNT
DHRFBIZRL LTz, —F, WEFIRE £H0Y-—
BIBRBEE D, BUEE K9 MAOCAHELRECEEDS
Nhol.

AL FEREOZLIIR 20BN TH Y, BEABIBEE
DATRERIBENRE S ALNI AEERX LD o 72H,
BEHEMRBHE TR L A5 0— B X LDL ORhEms R
HHT.
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YURIIAL S (83) | BEFREOEV/NEYF~2 a3 VICBLTHEDIDS DV EWICEDOH ?

xR NATEROEFRR, #FHEESSUHEREOE(L

WRRIRRE $87000 —HIRRE
AERE
| AR Ak AR A%
BMI, kg/m? 248+4.7 23.4t4.4* 25.3+44 250x45
fEE, cm 840118 79.9+t9.9* 87.1£125 864x125
FRERE, % 31.8+88 31.0+84 31.3%79 31.4+886
ABERRE, cm 33.7x8.7 32.5%6.3 36.5£55 347148
BEE 5, Wke 408%126 3s.2+12.1 4181129 375%+9.9
7. kg 31.9+82 30.0£104 339185 31.4x102
A, mi/min/kg 31.7+£8.0 29.6:£6.1 277170 28.0+6.0
IEHIMAE, mmHg 115%10 10914 111x12 11014
HARAAME, mmHg 708 6415 718 8917
DIEEL beat/min 76x7 27519 76+13 72%6
80I 6t4 7+2 8+4 6+4
STAI 86+7 87111 93+8 90x7
MERWTA b 48114 50x12 43+13 4810

BMI, body mass index : BDI, Beck Depression Inventory : STAI, State-Trait Anxiety

Inventory.

*p<0.05, TTARIvs TA%.

&2 NTANZROMBELR2HIBROZE(L

5 PEETHIRREY K8HOU —HIPREE

PN T A& VPN A%
AST, IU/L 215 20£5 30£23 23x8
ALT, 1W/L 22+9 2219 41181 31+30
GGT, /L 21+13 2017 23%13 219
TC., me/dL 185+31 208+47 188%15 185+15
LDL, mg/dL 109+28 131+£40 98+4 96+3
chERERs, me/dL 77+21 64132 84+62 69+34
HDL, mg/dL B61+13 64+18 53%16 55x17
ZIERMPE. me/dl 98%17 89+7+* 88+11 84+10
HbAlc, % 54+05 5.1+£0.3* 55+0.7 54x0.6
AU, pU/mL 75255 68.2x4.7 124£10.0 143+10.1
HOMA-R 1.79+£1.30 1.40+1.18 256+1.74 2.85x2.21
REE g.2+22 8.7£2.0 49+1.7 3609
DUFFIY 0.67+0.09 0.66+0.08 069+0.14 0.60+0.08
B 555%£1.63 5031863 550+£1.05 590+1.16
#%E CRP 0461041 0.31+0.35 0.59+0.87 0.40+£0.28
BDNF 30.1x4.9 29.6+7.5 32.1x4.3 32.6+4.2

AST, aspartate aminotransferase ; ALT, alanine aminotransferase ; GGT, gamma-
glutamyl transpeptidase . TC, total cholesterol ; LDL, low-density lipoprotein ; HOL,

high-density lipoprotein | CRP, C-reactive protein : BDNF, brain-derived neurotrophic
factor. *p<0.05, FTARIvs TTA% .

B W
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SV 7L B EBMAERON L BERRTOREFE T
no, #BEI ML=y FEIZOWTE, A FFA4 H%E
BHELEINTVD. —F, RIBEORRELNA T4
vidw, BEBRE, EERRNFOREICIIBOTHY
THaHY, ERWEEH LICOWTIE, BOBELRIZT
WEEMEAH Y, LY NEY F—T 3 VIZISAT A,
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HEBALRBOBRBRRFLLUTHEREINATETVSICD
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SNIBV B BRI E REREE, REOTY - ®Ee L
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Table 1. Baseline characteristics of participants who
did or did not attend (2012/2013, 2012) the
follow-up physical fitness check-up

Table 1. Baseline characteristics of participants who
did or did not attend (2012/2013, 2012) the
follow-up physical fitness check-up (continue)

2012 201272013

W2 W02/2008
(n=206) (a=178) 2 24

(n=206) (n=178) ¥ value
Regidental city % 646
A 524 476 086
B 54.8 45.2 138
Age year T742+7.0 72.2+63 ,003
Sex % .018
Men 63.1 38.9
Women 49.8 50.2
Education year 10426 108%x26 110
Marital status % 765
Never 45 52
Married 588 625
Separation 20 06
Divorce 30 2.3
Bereavement 317 305
Household membership % 632
Alone 310 354
Couple 520 497
Other {ex. with children) 170 149
Total number of years worked vear 2912173 263x173 162
Wark status % .004
Unemployed 66.8 54.0
Housewife/husband 21.6 35.6
Full time job 7.5 34
Part time job 4.0 6.9
Prevalent diseased %
Hypertension 554 47.3 119
High chresterol 239 31.7 093
Ischemic heart disease 69 54 542
Heart attack 40 48 £97
Diabetes 119 132 708
Stroke 54 36 398
Arturitic pain : back 323 311 806
Arturitic pain : knee 138 148 792
Osteoporosis 134 84 135
Irregular heartbeat 16.7 155 811
Muscleloskeletal pain 629 599 554
Self-rated health % 330
Excellent 94 105
Very good 281 238
Good 51.2 58.7
Fair 10.3 70
Poor 10 00
Fall %
Past year (Yes) 308 274 468
PFear of falling (a fittle/very scared) 56.8 63.1 461
Smoking habit % 010
Never 64.3 77.8
Quit 23.1 16.5
Current 12.8 57
Going outdoors % 008
Very few 2.5 1.1
Once a week 14.2 6.9
2-3 days a week 304 46.3
Every day 52.9 457
Blood pressure (BP) o /H
Systolic BP 1355176 1331x158 099
Diastolic BP 733+103 745x112 275
Body size
Height cm 1527+89 1529x77 794
Weight kg 556%91 553+86 764
BMI kg/m 238+33 237x32 507
Grip strength kg 264%86 262+73 842
Walking speed sec.
Maximum 6020 57+22 555

TMIG Index of Competence marks

Instrumental Self-Maintenance 48+05 48x06 758
intelloctual Activity 3.54+08 3708 023
Social Role 3409 34x09 921
Total 117217 11917 423
Social activity %
With family 76.1 733 530
With friends 849 818 423
Housework 75.1 794 319
Volunteer 293 335 372
Community activities 366 432 189
Trip 498 523 622
Courses or lectures 244 25.7 766
Sports 44.4 56.8 .016
Hobbies 67.3 614 226
Exercise experiments %
1019 years 312 257 241
20~ 29 17.8 143 352
30~39 144 154 T
4049 165 177 755
50—-59 218 26.9 262
Participants in exercise class 12.1 39.9 <.0001

BMI, Body mass index; Categorical variables are presented by
% and analyzed using Chi-square test. Continuous variables are
presented means +/- standard decviation and analyzed one-way
ANOVA. Bold represents significant p-value (<0.05).

Table 2. Odds ratio and 95% confidence interval for
those who participated in the follow-up

Model 1 Model 2
OR 95%C1 OR 95%Cl

Smoking

Never ref,

Quit 061 029-129

Current 040 016-103
Qutgo

1 day/1w or less ref. ref.

2—3 day/lw 299 1.37~8.56 272 1.27—584

Everyday 161  075-347 155 074327
Intellectual activity

1 mark or less ref,

2—3 marks 107 017688,

4 marks 115 018-7.20.
Work status

No ref,

House wife/husband 143 082-2352

Fulitime job 049 017-145

Parttime job 205 072-584

OR, odds ratio; Cl. confidence interval; ref, reference. Modell:
adjusted for age, sex, regular exercise. Model2: forward
selection method. Bold represents significant p-value (<0.05)
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Abstract

The purpose of the present study was to determine the predictors for continuity of participation
in physical fitness checkups in communityliving clder people in a l-year follow-up study. The
subjects were 384 people aged 60 years and over, who participated in the physical fitness
checkups organized by local municipalities and Hokusho University in 2012, Individual attributes,
health condition, lifestyle, Tokyo Metropolitan Institute of Gerontology Index of Competence (TMIG
Index of Competence), social activities and exercise experience were checked by questionnaire.
Body size, grip strength and maximum walking speed were measured using standard techniques.
The follow-up checkup was conducted one year later. The measurements were compared between
dropouts and participants in the follow-up. Multiple logistic regression models with participation
in the follow-up as outcomes were used to estimate the association of baseline characteristics, The
number of dropouts and participants in the follow-up was 206 (53.6%) and 178 {464 %), respectively.
Age, sex, intellectual activity score in TMIG Index of Competence, work status, smoking habits,
frequency of going outdoors and regular exercise were significantly different between dropouts
and participants in the follow-up. After controlling for all potential confounders, people who go
outdoors every other day were significantly more likely to participate in the follow-up (OR 2.99,
95%CI 1.37-6.56). Using the forward selection model, the association was still significant (OR 272,
95%CI 1.27-584). Our results suggest that frequent going outdoors could be an effective target for
preventing health and functional decline among community-living older people in Hokkaido.

Keywords : older people, physical fitness checkup, going outdoors, follow-up study, northern region
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Inverse Relationship between Sleep Duration and Cardio-Ankle
Vascular Index in Children

Noriteru Morita’, Isao Kambayashi?, Tomoyasu Okuda’, Shiro Oda?®, Shingo Takada*, Toshihiro Nakajima?,
Noriyuki Shide', Hisashi Shinkaiya' and Koichi Okita?®

'Department of Sport Cultural Studies, Hokkaido University of Education, Iwamizawa, Japan

?Hokkaido University of Education, Sapporo, Japan

®Department of Sport Education, Hokusho University, Ebetsu, Japan

*Department of Cardiovascular Medicine, Hokkaido University Graduate School of Medicine, Sapporo, Japan
SHokkaido University of Science, Sapporo, Japan

Aim: Poor sleep has been shown to be associated with the development of cardiovascular risk factors,
such as obesity, in both adults and children. This study aimed to investigate the relationship between
sleep duration and arterial stiffness indices in Japanese children and early adolescents.

Methods: The data on 102 students (56 males, 46 females; mean age, 11.9 * 1.8 years) were analyzed.
As non-invasive arterial stiffness parameters, the cardio-ankle vascular index (CAVI) and heart-ankle
pulse wave velocity (haPWV) were evaluated. Their students” sleep habits (bedtime and wake times
on a usual weekday) were investigated using questionnaires, and based on these, their sleep durations
were calculated.

Results: The CAVI values in the males and females were 4.8+0.9 and 4.7+0.9 (arbitrary unit),
respectively. haPWYV values in the males and females were 5.5+0.6 and 5.4+ 0.6 m/s, respectively.
Sleep duration in the males, but not in the females, was negatively correlated with CAVI (r= - 0.356)
and haPWV (r=-0.356), suggesting that students with short sleep duration could have increased
arterial stiffness. After adjusting for confounders, such as age, sex, systolic blood pressure, heart rate,
adiposity, and physical fitness, the correlation of sleep duration with CAVI, but not with haPWV,
was still significant (partial »= —0.253, p<0.05).

Conclusion: Our findings suggest that shorter sleep duration influences arterial stiffening even in

childhood.
Key words: Primary prevention, Adolescent, Vascular stiffness, Cardiovascular risk

Copyright©2017 Japan Atherosclerosis Society
This article is distributed under the terms of the latest version of CC BY-NC-SA defined by the Creative Commons Attribution License.
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Introduction

Childhood cardiovascular (CV) risk factors, such
as obesity, dyslipidemia, low physical fitness, and high
blood pressure (BP), precede arteriosclerotic changes '
and lead to increases in CV event risks and mortality
rate in early adulthood” ®. In Japan, the rate of over-
weight/obesity among children at present is higher
than that in the 1980s?, and further increases in the
percentage of individuals with CV risk factors are
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expected. Primary prevention in early life is thus all
the more important.

Inadequate sleep is associated with both CV risk
factors'® ' and CV events in adults'?. Several studies
have reported that children and adolescents with sleep
problems, including short sleep duration, had more
CV risk factors, such as overweight/obesity and high
BP, than children without sleep problems!® >
Given that arteriosclerosis progression is aggravated by
these CV risk factors, we postulate that arteriosclerotic
changes may occur in short sleepers, even in children
and/or adolescents.

Brachial-ankle pulse wave velocity (PWV) is an
indicator of systemic arterial stiffness and is shown to
be related to CV events and mortality'®. Although
relationships between PWV and CV risk factors in
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children have been reported”> > '¥, little is known
about the influences of an individual’s daily sleep habit
on arterial stiffness. In addition, given that the PWV
value depends on BP levels during the measurement
time'” and that poor and/or inadequate sleep affects
BP increase and body-weight gain'®'> %, we need to
clarify the relationships between BP-independent arte-
rial stiffness indicators and daily sleep habits in chil-
dren and adolescents.

In this study, we investigated the relationship
between sleep duration and arterial stiffness in Japa-
nese children by measuring the heart-ankle PWV
(haPWV) and the cardio-ankle vascular index
(CAVI) 2, which is a modified parameter of arterial
stiffness and is independent of BP levels.

Methods

Participants

The study participants were Japanese students
who were fourth (15 males; 14 females) and sixth (18
males; 11 females) graders in elementary school and
second year students (23 males; 21 females) of junior
high school (corresponding to eight grade in the U.S.).
These children and adolescents participated in the
Improvement of Fitness in the Hokkaido Children
Project, which was designed to identify interference
factors for physical fitness, especially the influences of
cold and snowfall environments, and to promote
healthy growth and development in children and ado-
lescents in Hokkaido, Japan. This research project
started in October 2010 and continued until June
2013. Its study protocol was approved by the Research
Ethics Committee of Hokkaido University of Educa-
tion. Written informed consent was obtained from a
parent or guardian of all participants.

Arterial stiffness and other physiological variables
of 148 students were measured during the period from
late April to early May 2012. The following criteria
was applied in the present analysis: (1) the resting
heart rate during arterial stiffness measurement was <
100 beats/min; (2) the brachial systolic BP during
arterial stiffness measurement was <130 mmHg; (3)
there were no orthopedic injuries in the trunk or
lower limbs; (4) sleep duration was >5 h; and (5)
there was no missing data, or the participants com-
pleted the fitness tests. The eligible data of 102 stu-
dents (males, 7=56; females, #=46) were analyzed in
this study. All physical and physiological measure-
ments were conducted in the morning.

Sleep Duration

On a typical weekday school day, the students’
sleep duration was assessed using a survey that ques-
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tioned the students “what time do you usually go to
bed on weekdays” and “what time do you usually get
out of bed in the morning on weekdays.” These ques-
tions were used to compute the average hours of week-
day sleep.

Arterial Stiffness Index

Each student’s CAVI, PWYV, brachial systolic BP
(SBP), brachial diastolic BP, and heart rate (HR) were
simultaneously measured by an automatic waveform
analyzer (VaSera VS-1000; Fukuda Denshi, Tokyo).
The methods used to obtain the values of these
parameters were as previously described!” . Briefly,
the measurements were taken with the participant
lying in a supine position after resting for at least 5
min. Occlusion and monitoring cuffs were placed
around both sites of the participant’s upper and lower
extremities. The extremity BP was measured by oscil-
lometry. Electrocardiography electrodes were attached
to the upper arm. A microphone was placed on the
sternal angle for phonocardiography.

PWV was calculated by dividing the distance
from the aortic valve to the ankle artery by the sum of
the difference between the time the pulse waves were
transmitted to the brachium and the time the same
wave was transmitted to the ankle, plus the time dif-
ference between the second heart sound on the pho-
nocardiogram and the notch of the brachial pulse
waves'?. haPWV obtained from CAVI analysis indi-
cates the velocity of the pulse wave from the heart to
the ankle artery and thus differs from the brachial-
ankle PWV. CAVI was obtained from the measure-
ment of the participant’s BPs and PWV'?. The means
of the right-side and left-side values of haPWV, CAVI,
and SBP were used.

Anthropometric and Fitness Measures

Each participant’s height and weight were mea-
sured using a standard stadiometer and a digital scale,
respectively. The students reported their birth date,
and we calculated their ages (in months) at the mea-
surement day. The body mass index (BMI) was calcu-
lated from these measures and is expressed as a stan-
dard score (z-score) using a spreadsheet program of
BMI norms for the students’ age (in months) and sex
in accordance with the guidelines of the Japanese Soci-
ety for Pediatric Endocrinology (JSPE program)®.
The participants’ waist circumference was measured at
the narrowest torso using a measuring tape. Physical
fitness was assessed by a 20-m shuttle run test (20
mSRT) in which the participants ran between two
lines 20 m apart until they twice failed to reach the
front line within the required time. The initial run-

ning speed was 8.5 km/h. The pace of the test was
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Table 1. Characteristics of subjects

Variable Male, N=56 Female, N=46
Age, yr 11.9x1.7 11.9%+1.8
Height, cm 150.7+12.8 148.9+9.6
Weight, kg 45.8%11.7 43.4%9.7
BMI, kg/m? 19932 19.4£3.0
BMI z-score 0.42%+1.05 0.22+1.03
Waist, cm 68.9+8.9 65.3%6.9
HR, bpm 75.1£10.7 77.9%9.2
SBP, mmHg 114.9+8.7 113.8+6.0
CAVI 4.82+0.90 4.71+0.82
haPWV, m/s 5.51+0.62 5.47 +0.64
20mSRT, stage 6.6%£2.7 4.8%1.6
Sleep duration, h 8.1%1.1 8.1%1.1

BMI denotes body mass index; SBP, brachial systolic pressure; DBP, brachial diastolic blood
pressure; MAP, mean arterial pressure; PP, pulse pressure; HR, heart rate; CAVI, cardio-ankle
vascular index; PWV, pulse wave velocity; 20mSRT, 20-m shuttle run test.

increased by 0.5 km/h every minute, and an audio sig-
nal determined whether each lap was completed on
time. Total laps were classified by 10 stages, as
described by the Ministry of Education, Culture,
Sports, Science and Technology of Japan®, and we
used the stage reached by the participants as a parame-
ter of systemic physical fitness.

Statistical Analyses

We report the data as means=*standard devia-
tions unless otherwise noted. The normality of data
distributions was tested using the Kolmogorov—
Smirnov test. The correlations between two variables
were assessed using Pearson’s correlation analyses. We
performed partial correlation analyses after controlling
for confounding factors to examine the relationships
between arterial stiffness indices and sleep duration.
Model 1 was adjusted for age, BMI z-score, HR, and
SBP for each gender. In addition, in the total of male
and female students (overall), sex (male=1, female=2)
was included into the model as control variables.
Model 2 was adjusted for the control variables used
for model 1 and 20 mSRT. We observed multicol-
linearity among study variables and therefore per-
formed partial correlation analyses. All statistical anal-
yses were calculated with PASW statistics ver. 18.0
software (SPSS, Chicago, IL), and P-values <0.05

were considered significant.

Results

The students’ characteristics are summarized in
Table 1. The mean CAVI values were 4.8+0.9 and
4.7+0.8 (arbitrary unit) for the 56 males and 46

females, respectively. haPWV was 5.5+0.6 and 5.5%
0.6 m/s in the groups of males and females, respec-
tively. Both males and females slept an average of
8.1=1.1 h. The number (%) of students who slept
less than 7.5 h per night (<7.5 sleep duration) was
two (6.9%) among the fourth graders, two (6.9%)
among the sixth graders, and 25 (56.8%) among the
junior high schoolers.

Table 2 provides the Pearson’s correlation coeffi-
cients between arterial stiffness measures and other
study variables. In the total sample of males and
females, CAVI and haPWV were positively correlated
with age and 20 mSRT and negatively correlated with
the BMI z-score, HR, and sleep duration. SBP was
significantly correlated with haPWV but not with
CAVI. Table 3 shows the correlation coefficients
between sleep duration and other variables and
between CAVTI and other variables for students of each
school grade. The correlations between age and sleep
duration and between age and CAVI were not signifi-
cant in any grade. The relationships between CAVI
and sleep duration and between the haPWV values
and sleep duration are illustrated in Fig. 1.

To adjust for confounding factors, we performed
a partial correlation analysis using CAVI, haPWYV, and
sleep duration (Table 4). After controlling for age, sex,
BMI z-score, SBP, and HR, the partial correlation
coefficient of CAVI and sleep duration and of haPWV
and sleep duration in overall students was not signifi-
cant (CAVI, r==0.185; PWV, r=-0.101; both p>
0.05). As shown in Table 4, model 2 analyses after
controlling for control variables of model 1 and 20
mSRT demonstrated significant correlations between
CAVI and sleep duration in male and overall students.
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Table 2. Pearson’s correlation coefficients between arterial stiffness indices and study variables

CAVI haPWV

Variable Male Female Overall Male Female Overall
Age, yr 0.391** 0.085 0.252" 0.385** 0.325% 0.355™*
BMI z-score -0.529™* -0.342" -0.441"* -0.429** -0.278 -0.356"*
Waist, cm -0.077 -0.277 -0.132 0.066 -0.037 0.032
SBE, mmHg -0.114 0.085 -0.041 0.239 0.439** 0.308™*
HR, bpm -0.297* -0.221 -0.273** -0.190 -0.201 -0.197*
Sleep duration, h -0.395* -0.199 -0.309"* -0.406** -0.220 -0.319**
20 mSRT, stage 0.226 0.301" 0.249" 0.225 0.338" 0.249*

*, 2<0.05; **, 2<0.01; BML, body mass index; SBP, systolic blood pressure; HR, heart rate; 20 mSKRT, 20-m shuttle run test; CAVI, cardio-ankle
vascular index; haPWV, heart-ankle pulse wave velocity.

Table 3. Pearson’s correlation coefficients between sleep duration or CAVI and study variables in each grade

Sleep duration CAVI

Second year students of Second year students of

4th graders 6th graders

4ch graders Och graders junior high school junior high school
Age -0.261 0.169 0.134 -0.007 -0.104 0.050
BMI z-score 0.207 -0.204 -0.091 -0.296 -0.427* -0.409**
20 mSRT -0.060 0.132 -0.129 0.021 0.089 0.206
SBP -0.041 -0.060 -0.259 ~0.333 -0.344 0.063
HR -0.221 0.215 -0.019 0.056 -0.337 -0.354*
CAVI -0.378* -0.172 -0.155 - - -
haPWV —-0.145 -0.071 -0.272 0.699™* 0.832** 0.922**

*, 2<0.05; **,p< 0.01; BMIL, body mass index; SBD, systolic blood pressure; HR, heart rate; 20 mSRT, 20-m shuttle run test; CAVI, cardio-ankle
vascular index; haPWV, heart-ankle pulse wave velocity.

A B

Residual CAVI
Residual haPWV, m/s

Residual sleep duration, h Residual sleep duration, h

Fig. 1. Correlations between the arterial stiffness parameters and sleep duration in the 102 Japanese children
and adolescents.

A: The correlation between the residual CAVI and residual sleep duration after adjusting for age and sex. B: The cor-
relation between residual PWV and residual sleep duration after adjusting for age and sex. NS, no significant.
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Table 4. Partial correlation analyses

Sleep duration

Males Females Overall
partial r p value partial r p value partial 7 p value
Model 1 CAVI -0.226 0.106 0.123 0.439 -0.185 0.061
haPWV -0.232 0.098 0.085 0.594 -0.101 0.310
Model 2 CAVI - 0414 0.003 -0.135 0.401 -0.250 0.014
haPWV -0.378 0.006 0.081 0.615 -0.137 0.180

CAVI, cardio-ankle vascular index; PWV, pulse wave velocity; model 1 was adjusted by BMI z-score, HR, age, and SBP; model 2 was adjusted by

model 1 and 20mSRT. Italic letters are statistically significant.

In model 2, haPWV was negatively associated with
sleep duration in male students. After adjusting for
age, sex, BMI z-score, HR, and SBP, the 20 mSRT
was not significantly correlated with CAVI and
haPWV (data not shown).

Discussion

The main finding from the present study is that
there was a significant inverse association between
sleep duration and arterial stiffness in Japanese chil-
dren and early adolescents, even after adjusting for
age, HR, BP adiposity, and physical fitness. Our
results suggest that inadequate sleep duration could
enhance arterial stiffening in healthy children and may
be a behavioral target for primary prevention of early
vascular aging.

PWV measurement is a non-invasive and useful
tool for assessing arterial stiffness, based on the
increasing evidence of PWV as a significant predictor
of CV events'® and CV mortality?”. However, PWV
is affected by BP levels at the time of measurement,
and thus, when PWYV of sensitive persons (e.g., some
children and individuals with white coat hyperten-
sion) is evaluated, there is a possibility of obtaining an
overestimated PWYV value. CAVI showed no correla-
tion with BP in previous studies’” *” or in the present
study, suggesting that CAVI measurement is a suitable
method for assessing the arterial stiffness of such indi-
viduals. Although Philip e 4/ (2016)?” examined
CAVI values in children, recent papers have shown
relationships between PWV and intima-media thick-
ness or flow-mediated dilation even in children?3?,
Based on the results of these previous studies, it
appears that a non-invasive evaluation of arterial stiff-
ness in childhood would be a surrogate marker for
vascular health.

On the other hand, poor sleep habits, including

short sleep duration and low sleep quality, are associ-
ated with high BP and increased CV risk factors in
children and adolescents'® '* 1339 To our knowl-
edge, the present study is the first report of an inverse
association between sleep duration and arterial stiff-
ness evaluated using CAVI after controlling for poten-
tial confounding factors in 9- to 13-year-old children.
Our present findings support the previous studies
results regarding abnormalities in great artery elasticity
early in life and also imply that unhealthy sleep habits
in childhood can accelerate the process of arterioscle-
rosis.

We found no correlation between CAVI and
physical fitness after adjusting for confounders.
Another study also showed no significant association
between physical fitness and PWV after adjusting for
age, sex, SBP, HR, mean arterial pressure, and adipos-
ity”. With the use of the second derivative of the fin-
ger photoplethysmogram, it was demonstrated that
low physical fitness was related to higher arterial stiff-
ness parameters in children®. A recent study has
revealed that the correlations between arterial stiffness
parameters assessed by PWV and the second derivative
of the finger photoplethysmogram were only mild*?,
and the parameters reflected different physiological
properties at central and peripheral sites in the arterial
system®” 3. In addition, systemic physical fitness
assessed using the 20 mSRT is influenced by adiposity
because greater body fat would be a load on skeletal
muscles of the lower limbs during the repeated stop-
ping and running in this test. Although it is possible
that there is an association between arterial stiffness
and physical fitness in children, further studies are
needed to clarify the influences of physical fitness on
arterial stiffness using more precise evaluation meth-
ods and/or a longitudinal study design.

The underling mechanisms whereby short sleep
duration may lead to arterial stiffening cannot be
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determined using our cross-sectional data. However,
one possible explanation is that short sleep duration
could induce a sustained activation of the neuroendo-
crine system. Earlier studies showed that low sleep
quality was related to an unhealthy pattern of sympa-
thetic and parasympathetic nervous system activity in
5- to 11-year-old children®” and that children with
short sleep duration had higher salivary cortisol levels
as a biomarker of sympathoadrenal system activity
than children with average or long sleep duration®. It
was also shown that CAVI was mediated by the @
1-adrenergic receptor pathway*>*.

Given the results of these previous studies, it
appears that short sleep duration could be related to
higher sympathetic nervous activity, which may con-
comitantly mediate alterations in arterial function in
children with habitual short sleep durations. On the
other hand, CAVI increases with age, especially after
middle age, which would be attributed to structural
changes in the vascular wall as an inevitable conse-
quence of aging®”. Considering that our present par-
ticipants were 9- to 13-year-old children, there is only
a slight possibility of the structural alteration in the
vascular wall in children with short sleep duration.

There are several limitations to this study. It had
a cross-sectional study design, and thus, our results do
not provide a cause—effect relationship between pre-
dictors and outcomes. In addition, sleep duration was
assessed only by a self-reported questionnaire and not
by objective sleep monitors. In previous studies, sleep
quality and quantity were assessed using actigraphy
monitors worn on the wrist® > %), Actigraphy meth-
ods for sleep assessment showed a tentative low to
moderate correlation with sleep polysomnography*®,
which is a gold standard for evaluating sleep quantity
and quality. Given that it is important for students to
have self-awareness regarding their sleep habits to
improve their daily lifestyle, our results based on self-
reported sleep duration could have clinical and/or
educational implications. Our results do not show the
true effects of childhood obesity and low fitness on
arterial stiffness in children and early adolescents
because the study’s design was cross-sectional. Further
research should be performed to determine the rela-
tionship between sleep status and arterial stiffness in
children and early adolescents in a longitudinal study
design using larger sample sizes.

In conclusion, we found that sleep duration was
inversely associated with arterial stiffness after adjust-
ing for confounders. Our data suggest that inadequate
sleep duration could enhance the process of arterial
stiffening in healthy children who are > 10 years old.
Our findings also suggest that sleep assessments, even
by a self-reported questionnaire, may be a useful
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screening tool for identifying children with early vas-
cular aging and future CV risks.
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