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Aims Exercise capacity is reduced in heart failure (HF) patients, due mostly to skeletal muscle abnormalities including impaired
energy metabolism, mitochondrial dysfunction, fibre type transition, and atrophy. Glucagon-like peptide-1 (GLP-1) has
been shown to improve exercise capacity in HF patients. We investigated the effects of the administration of a dipeptidyl
peptidase (DPP)-4 inhibitor on the exercise capacity and skeletal muscle abnormalities in an HF mouse model after myo-
cardlal mfarcﬂon (MI)

Methods MI was created in male C57BU6J mice by [|gat1ng the left coronary artery, and a sham operatlon was performed in other

and results mice. The mice were then divided into two groups according to the treatment with or without a DPP-4 inhibitor, MK-
0626 [1 mg/kg body weight (BW)/day] provided in the diet. Four weeks later, the exercise capacity evaluated by treadmill
test was revealed to be limited in the MI mice, and it was ameliorated in the Ml + MK-0626 group without affecting the in-
farct size or cardiac function. The citrate synthase activity, mitochondrial oxidative phosphorylation capacity, supercomplex
formation, and their quantity were reduced in the skeletal muscle from the Ml mice, and these decreases were normalized
in the MI+ MK-0626 group, in association with the improvement of mitochondrial biogenesis. Immunohistochemical stain-
ing also revealed that a shift toward the fast-twitch fibre type in the Ml mice was also reversed by MK-0626. Favourable ef-
fects of MK-0626 were significantly inhibited by treatment of GLP-1 antagonist, Exendin-(9-39) (150 pmalfkg BW/min, sub-
cutaneous osmotic pumps) in MI+ MK-0626 mice. Similarly, exercise capacity and mitochondrial function were
mgnlflcan’dy |mproved by treatment of GLP-1 agonlst, Exendrn-4 (1 nmonngth subcutaneous osmotic pumps}

Conclusions A DPP 4 |nh|b|tor may be a novel therapeutlc agent agarnst the exercise |ntoler‘ance seen in HF patlents by |rnpnov-
ing the mitochondrial biogenesis in their skeletal muscle.

Keywords Heart failure ® Exercise capacity o Skeletal muscle ® Mitochondria ¢ DPP-4 inhibitor

1. Introduction i improves the exercise capacity of HF patients and their prognoses.*
. However, there has been no specific medical therapy that has been dem-

Exercise capacity is limited in patients with heart failure (HF)," and it is . onstrated to effectively improve the exercise capacity of HF patients.

closely related to the prognosis of HF.*> Aerobic exercise training : The limited exercise capacity in HF largely depends on skeletal muscle
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abnormalities rather than disturbed central hemodynamics.5 The skeletal
muscle abnormalities in HF have been characterized as a reduction of
mitochondrial density, abnormal energy metabolism including disturbed
oxidative phosphorylation (OXPHOS), the transition of the fibre type
from the slow oxidative fibre type | to the fast glycolytic fibre type H, and
a reduction in muscular strength and muscle atrophy.6

Incretin is the generic name of hormones that include glucose-
dependent insulinotropic polypeptide and glucagon-like peptide-1
(GLP-1).7 They are secreted from the intestine when a meal is consumed
to promote insulin secretion by acting on pancreatic 8 cells. Circulating
active GLP-1 is degraded within a few minutes by the enzyme dipeptidyl
peptidase-4 (DPP-4). DPP-4 inhibitors are the agents that dose depend-
ently inhibit DPP-4 and increase active GLP-1 levels®

GLP-1 receptors have been detected in cardiac myocytes, vascular
endothelial cells, and skeletal muscle ce[ls,9 and GLP-1 may thus have
some direct effects on skeletal muscles as well as the cardiovascular sys-
tem. Treatment with GLP-1 was reported to improve exercise intoler-
ance in HF patients.”® Moreover, vildagliptin, an inhibitor of DPP-4,
enhanced the energy metabolism in the skeletal muscle of diabetes pa-
tients."! A DPP-4 inhibitor may thus improve skeletal muscle function
including energy metabolism and may thereby improve the exercise cap-
acity of HF patients.

However, the effects of a DPP-4 inhibitor on the exercise capacity
and skeletal muscle abnormalities of HF patients or models have not
been elucidated. In particular, it has not been determined whether a
DPP-4 inhibitor affects mitochondrial biogenesis. We created a mouse
model of HF after myocardial infarction (Ml) with limited exercise cap-
acity and skeletal muscle abnormalities. In this study, we investigated the
effects of a DPP-4 inhibitor, MK-0626 (a sitagliptin analogue), on the ex-
ercise capacity, skeletal muscle abnormalities, and mitochondrial biogen-
esis in this model.

2. Methods

All procedures and animal care were approved by our institutional ani-
mal research committee and conformed to the animal care guidelines
for the Care and Use of Laboratory Animals at the Hokkaido University
Graduate School of Medicine. The procedures and care were also in ac-
cordance with relevant national and international guidelines and the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health.

2.1 Experiment |

2.1.1 Experimental animals

Male C57BL/6] mice [10-12 weeks old, body weight (BW): 23-25g,
CLEA Japan, Tokyo] were bred in a pathogen-free environment and
housed in an animal room under controlled conditions on a 12-h light/
dark cycle maintained at 23-25 °C. Normal diet (ND; CE-2; CLEA Japan,
Tokyo) and water were provided. The M was created by ligating the left
coronary artery as described. A sham operation without ligating the cor-
onary artery was also performed. For either operation, the mouse was
anesthetized with pentobarbital (50 pg/g BW, ip) throughout the oper-
ation, and the adequacy of the anaesthesia was monitored based on the
disappearance of the pedal withdrawal reflex.

One day after the sham (n = 28) or Ml (n = 70) surgery, each group of
mice was divided into two groups according to treatment with or with-
out the DPP-4 inhibitor MK-0626 (1 mg/kg BW/day provided by Merck
Sharp & Dohme, Whitehouse Station, NJ, USA) for 4 weeks. The dose of

MK-0626 was chosen on the basis of a pharmacodynamic study. MI mice
was divided into two groups in Mi+ ND (n=38) and Mi+ MK-0626
(n=32). There was no difference in the mortality rate up to 4 weeks
after operation between M|+ ND and Ml + MK-0626 group (63.2% vs.
53.6%). No mice died after sham operation. This study was performed in
the following four groups of mice: (i) sham+ND (n=14), (ij)
sham + MK-0626 supplemented in the diet (n=14), (i) Mi+ND
(n=14), and (iv) MI + MK-0626 (n= 14) in survivors. These assignment
procedures were performed using numeric codes to identity the animals.

After 4 weeks, echocardiography, oral glucose test, and treadmill test
were performed, and then mice were sacrificed, and skeletal muscle was
excised. Biochemical measurement, mitochondrial function and histolo-
gical analyses, and immunoblotting were performed. An expanded meth-
ods section is provided in the Supplementary material onine.

2.2 Experiment i

An osmotic minipump (model 2004 ALZET, CA) was implanted into MI
mice the next day after Ml operation, and these mice were randomty div-
ided to be treated with vehicle (Ve, saline) or Exendin-4 (Ex-4, GLP-1re-
ceptor agonist, 1 nmol/kg BW/h; Abcam, Osaka, Japan) subcutaneously
for 4 weeks. Implantation of osmotic minipump was performed under
light anaesthesia with avertin (160 mg/kg BW, ip). The dose of Ex-4 and
the duration of treatment in this study were chosen based on the previ-
ous study of their efficacy.? After 4 weeks, exercise capacity and mito-
chondrial complex | activity in the skeletal muscle were measured in the
following two groups: (i) Mi+ Ve (n=5) and (i) Mi+Ex-4 (n=6) in
survivors.

2.3 Experiment {ii

An osmotic minipump was implanted into Ml mice the next day after Ml
operation, and these mice were randomly divided to be treated with
ND or MK-0626, and to be treated with vehicle (0.9% NaCl, 1% bovine
serum albumin) or Exendin-(9-39) (Ex-(9-39), GLP-1 receptor antagon-
ist, 150pmolkg BW/min; Abcam) subcutaneously for 4 weeks.
implantation of osmotic minipump was performed under light anaesthe-
sia with Avertin (160 mg/kg BW, ip). The dose of Ex-(9-39) and the dur-
ation of treatment in this study were chosen based on the previous
study of their efficacy.”® After 4 weeks, exercise capacity and mitochon-
drial complex | activity in the skeletal muscle were measured in the fol-
lowing three groups: (i) M+ ND 4+ Ve (n=7), (i) M|+ MK-0626 + Ve
(n =8),and (iii) Ml + MK-0626 + Ex-(9-39) (n=11) in survivors.

2.4 Statistical analysis

Data are expressed as means = SE. For multiple-group comparisons,
two-way analysis of variance followed by the Tukey's test was performed.
Survival analysis was performed by the Kaplan-Meier method, and
between-group differences in survival were tested using the log-rank test.
Student unpaired t tests were performed to compare means between
Ml + Ve and Ml + Ex-4 mice. In oral glucose tolerance test, differences
between groups were determined with repeated-measures analysis of
variance. A value of P < 0.05 was considered statistically significant.

3. Results

3.1 Characteristics of the mice

Supplementary material online, Table ST shows the characteristics of the
mice. The heart weight/BW and lung weight/BW values were signifi-
cantly increased in the Ml mice compared to the sham-operated mice.
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The values of fasting blood glucose, plasma insulin levels, total choles-
terol, triglyceride, and non-esterified fatty acid were comparable be-
tween the sham and M| mice. The echocardiographic and hemodynamic
data are shown in Supplementary material online, Figure 51 and Table S1.
The left ventricular (LV) diameters and posterior wall thickness were sig-
nificantly greater, and the LV fractional shortening was significantly lower
in the M| mice compared to the sham mice (see Supplementary material
online, Figure S1).

There was no significant difference in the heart rate or the systolic
blood pressure between the sham and M| mice. In addition, our histo-
pathological analysis of non-infarcted LV sections revealed that the myo-
cyte cross-sectional area (CSA) and the collagen volume fraction were
significantly increased in the MI mice compared to the sham mice.

The DPP-4 inhibitor MK-0626 did not affect the heart weight/BW,
lung weight/BW, or any of the aforementioned echocardiographic,
hemodynamic, and structural alterations in the Ml mice. MK-0626 also
did not affect these parameters in the sham mice. There was no differ-
ence in infarct size between the Ml 4+ ND and MI+ MK-0626 groups.

3.2 Plasma DPP-4 activity, active GLP-1
levels, and oral glucose tolerance test
results

The plasma DPP-4 activity was comparable between the sham and Ml
mice, and MK-0626 significantly decreased the plasma DPP-4 activity in
both the sham and MI mice (see Supplementary material online,
Figure S2A). The plasma active GLP-1 levels were similar between the
sham and Ml mice, and MK-0626 increased them (see Supplementary ma

terial online, Figure $2B). However, there were no significant differences
in the changes of blood glucose up to 120 min or the area under the
curve after the oral glucose load among the four treatment groups (see
Supplementary material online, Figure $2Cand D).

3.3 Exercise capacity and spontaneous
physical activity

The work (Figure 1A), the run distance (Figure 1B), and the run time
(Figure 1C) were significantly decreased in the mice that had an Ml com-
pared to the sham mice, and these values were significantly improved in
the MI+ MK-0626 mice (respectively, P < 0.05). Coincident with the
limited exercise capacity, the peak oxygen uptake (VO2) was significantly
lower in the M| mice compared to the sham mice, and this decrease was
ameliorated in the Ml + MK-0626 mice (Figure 1D).

The peak respiratory exchange ratios were >1.0 and did not differ
among the four groups of mice, indicating that the mice ran on the tread-
mill until exhaustion beyond anaerobic threshold in all groups
(Figure 1E). MK-0626 did not affect these parameters in the sham mice.

The spontaneous physical activity tended to be decreased in the M
mice compared to the sham mice, and MK-0626 did not affect this activ-
ity in the sham mice or the Ml mice (Figure 1F).

3.4 Citrate synthase activity in the whole
muscle and in the isolated mitochondria
Citrate synthase (CS, a key enzyme of the tricarboxylic acid cycle) activ-
ity was significantly decreased in the skeletal muscle of the MI mice com-
pared to the sham mice, and the decrease was inhibited in M| mice by
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Figure | Exercise capacity and spontaneous physical activity. The summarized data of the (A) work, (B) run distance, (C) run time, (D) peak oxygen uptake
(VO2)/BW, (E) the peak respiratory exchange ratio (RER) to exhaustion, and (F) spontaneous physical activity from 4 groups of sham + ND, sham + MK-
0626, Ml + ND, and Ml + MK-0626 mice (n = 6 for each group). Data are means + SE. *P < 0.05 vs. sham + ND. TP < 0.05 vs. MI + ND.
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MK-0626 (Figure 2A). This effect of MK-0626 on CS activity was not
observed in the sham mice. CS activity in the isolated mitochondria did
not differ among the four groups of mice (Figure 2A).

3.5 Mitochondrial OXPHOS capacity in
permeabilized fibres

We used malate and pyruvate as the non-fatty acid substrate. The non-
ADP-stimulated LEAK respiration normalized to muscle weight did not
differ significantly among the four groups (Figure 2B). The ADP-
stimulated OXPHOS respiration was significantly decreased in the
MI+ ND group, and it was inhibited by MK-0626 (Figure 2B). After the
addition of glutamate, the same OXPHOS respiration results were
observed (Figure 2B).

Octanoyl-l-carnitine was added to malate as the fatty acid substrate,
and we evaluated the mitochondrial OXPHQOS capacity. The non-ADP-
stimulated LEAK respiration and ADP-stimulated OXPHOS respiration
with only malate did not differ significantly among the four groups (Figure
20C). After the addition of octanoyl-l-carnitine, the ADP-stimulated
OXPHOS respiration was significantly decreased in the MI+ ND mice,
and this decrease was inhibited by MK-0626 (Figure 2C).

3.6 Mitochondrial complex subunits
Cytochrome ¢ oxidase subunit 1 was significantly decreased in the skel-
etal muscle from the M| mice compared to the sham mice, and this
change was normalized in the Ml 4 MK-0626 group (Figure 3A). The pro-
tein levels of mitochondrial complex subunits were significantly
decreased in the whole skeletal muscle from the MI mice compared to
the sham mice, and this change was normalized in the Ml+ MK-0626
mice (Figure 3B). These effects of MK-0626 were not observed in the
sham mice. In contrast, the protein levels of mitochondrial complex sub-
units in the isolated mitochondria did not differ among the four groups
of mice (Figure 3C). These results suggest that the mitochondrial content
is decreased, and the function of each mitochondrion is preserved in the
skeletal muscle of HF mice.

The electron microscopic analysis revealed that mitochondrial density
was decreased in the M| 4+ ND mice compared to the sham + ND mice

and that MK-0626 normalized this decrease (Figure 3D and see
Supplementary material online, Figure $3). Mitochondrial complexes
form a supercomplex that contains complexes Ill, IV, and 1AV
The proper and efficient channelling of electrons ' and the structural sta-
bilization of the respiratory chain'®'’ are achieved by the formation of
this supercomplex. Here, in the Ml + ND the mitochondrial supercom-
plex was decreased, and this decrease was improved by MK-0626 treat-
ment (Figure 3E).

3.7 Proteins regulating mitochondrial
biogenesis

We also observed that the protein levels of phosphorylated AMP-
activated protein kinase o (AMPKa), sirtuin 1 (Sirt-1), peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1), and mito-
chondrial transcription factor A (Tfam) were significantly decreased in
the hindlimb skeletal muscle from the Ml mice compared to the sham
mice, and these changes were normalized in the MI+ MK-0626 group
(Figure 4). These effects of MK-0626 were not observed in the sham

mice.

3.8 Substrate metabolism

Both the level of phosphorylated protein of acetyl-CoA carboxylase-
beta and the B-hydroxyacyl CoA dehydrogenase (a key enzyme of fatty
acid P-oxidation) activity in the skeletal muscle were significantly
decreased in the Ml + ND mice compared to the sham + ND mice, and
these decreases were inhibited by MK-0626 (Figure 5A and B).

On the other hand, there were no significant differences in the pro-
teins of hexokinase Il (HKII) and pyruvate kinase m2 (key enzymes of gly-
colysis) in the skeletal muscle among the four groups (Figure 5C and D).
The activity of pyruvate dehydrogenase (a key enzyme of glycolysis) in
the skeletal muscle was significantly increased in the MI+ ND mice com-
pared to the sham+ ND group, but it was not affected by MK-0626
(Figure 5E). In contrast, the HKII protein level and the pyruvate dehydro-
genase activity in the heart were significantly decreased in the
MI+ ND mice compared to the sham 4+ ND mice, but these decreases
were not affected by MK-0626 (see Supplementary material online,
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Figure 2 Mitochondrial functions in the skeletal muscle. The summarized data of (A) CS activity in the whole muscle (n = 8 for each group; left) and in the
isolated mitochondria (=9, 9, 7, 5 for each group; right) from the four groups of mice. The mitochondrial OXPHOS capacity with (B) a non-fatty-acid sub-
strate (n=7, 7,4, 7 for each group) and (C) a fatty acid substrate in permeabilized fibre in the skeletal muscle (n=7,7, 4, 5 for each group) from four groups
of sham + ND, sham + MK-0626, Ml + ND, and M| + MK-0626 mice. Data are means = SE. *P < 0.05 vs. sham + ND. P < 0.05 vs. Ml + ND. Mal, malate;
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Figure S4A and C). In addition, there was no significant difference in the
protein of pyruvate kinase m2 in the heart among the four groups (see
Supplementary material online, Figure $4B).

3.9 Muscle fibre type, muscle mass, and
autophagy

Figure 6A and B provides representative images of staining for myosin
ATPase and succinate dehydrogenase. The fibre type staining revealed
that the number of type | slow oxidative fibres was decreased in the M|
mice compared to the sham mice, and it was increased in the MI4- MK-
0626 mice. In contrast, the number of type lIb fast glycolytic fibres was
increased in the Ml mice compared to the sham mice and decreased in
the MI+ MK-0626 group (Figure 6D). The number of type lla fibres was
not altered in four groups. These effects of MK-0626 on skeletal muscle
fibre type were not observed in the sham mice.

There were no significant differences in the weights of skeletal muscle
including the quadriceps, gastrocnemius, soleus (see Supplementary
material online, Table S1), or in the muscle cell CSA among the four
groups (Figure 6C). Similarly, there were no significant differences in the
autophagy-related protein levels of phosphorylation of Ulk1, autophagy-
related (Atg)12-Atg5, and LC3Il and the mRNA expression levels of
been1, Atg7, Atg4b, and microtubule-associated protein 1 light chain 3

kBa Total OXPHOS
(Whole muscle)

Complex protein

{ratio to Sham+ND)

MTCOLGAPDH
(Ratio to Sham+ND)

beta (Mapllc3b) between among the four groups of mice (see
Supplementary material online, Figure 55).

3.10 Angiogenesis

For the evaluation of angiogenesis, we conducted immunostaining of the
skeletal muscle with CD31, a marker of vascular endothelial cells. No sig-
nificant difference in the CD31 levels was observed among the four
groups of mice (see Supplementary material online, Figure 56).

3.11 Effects of GLP-1 on exercise capacity

and mitochondrial function

The work was significantly increased in Ml + Exendin-4 (Ex-4, GLP-1 re-
ceptor agonist) mice compared to the M|+ vehicle (Ve) mice (P < 0.05)
(Figure 7A). Similarly, mitochondrial complex | activity in the skeletal
muscle was significantly increased in Ml <+ EX-4 mice compared to the
Ml -+ Ve mice (P < 0.05) (Figure 7B).

The work was significantly increased in MI+4 MK-0626 + Ve mice
compared to the Ml + ND + Ve mice, and this was completely inhibited
in the Ml + MK-0626 + Ex-(9-39) (GLP-1 receptor antagonist) mice (re-
spectively, P < 0.05) (Figure 7C). The mitochondrial complex | activity in
the skeletal muscle was significantly increased in Ml 4+ MK-0626 + Ve
mice compared to the M+ ND + Ve mice (P < 0.05), and this tended
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Figure 3 The mitochondrial quantities in the skeletal muscle. The protein levels of (A) MTCO1 (n= 6, 6, 5. 6 for each group), representative bands (left),
and the summarized data (right) of the protein levels of mitochondrial OXPHOS complexes -V in (B) the whole muscles (n = 8 for each group) and (C) the
isolated mitochondria (=9, 9, 7, 5 for each group) obtained from four groups of sham + ND, sham + MK-0626, MI+ ND, and Ml + MK-0626 mice. (D)
Representative transmission electron microscopy image in the skeletal muscle obtained from the four groups. Arrow indicates mitochondrion. Scale
bar=2 pm. (E) The representative bands of respiratory chain supercomplex (RCS) in the isolated mitochondria obtained from the four groups of mice.
MTCO1, cytochrome ¢ oxidase subunit 1. Data are means = SE. *P < 0.05 vs. sham + ND. +P < 0.05 vs. Ml + ND.
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Figure 4 AMPK-Sirt1-PGC1 signalling in the skeletal muscle. The protein levels of (A) 71725 AMPKa/AMPKa, (B) sirt-1, (C) PGC-1, and (D) Tfam in the
skeletal muscle from four groups of sham + ND, sham + MK-0626, MI + ND, and Ml + MK-0626 mice (n= 6, 6, 5, 6 for each group). AMPK, AMP-activated
protein kinase; sirt-1, sirtuin-1; PGC-1, peroxisome proliferator-activated receptor gamma coactivator 1; Tfam, mitochondrial transcription factor A. Data

are means = SE. *P < 0.05 vs. sham + ND. TP < 0.05 vs. Ml + ND.

to be inhibited in the MI+MK-0626+ Ex-(9-39) mice (P=0.07)
(Figure 7D).

4. Discussion

We studied a mouse model with HF-induced skeletal muscle abnormal-
ities, and the results of our analyses demonstrated that the DPP-4 inhibi-
tor MK-0626 significantly ameliorated the limited exercise capacity of
mice with an MI, without affecting their LV function and remodelling.
MK-0626 in the diet also shifted the fibre type from type llb glycolytic
fibre to type | oxidative fibre, and it normalized the mitochondrial oxida-
tive capacity, CS activity, mitochondrial supercomplex formation, and
fatty acid oxidation in the skeletal muscle of the MI mice. These charac-
teristics were accompanied by the normalization of decreased protein
levels of p-AMPKa, Sirt-1, PGC-1, and Tfam, which regulate mitochon-
drial biogenesis. These beneficial effects of MK-0626 were independent
of glucose lowering and glucose metabolism.

4.1 Limited exercise capacity and skeletal
muscle abnormalities in HF after Ml

In HF patients, limited exercise capacity is due to the abnormalities of
the energy metabolism in the skeletal muscle,"'®2°
mitochondrial function. However, at this time, it is not clear how mito-
chondrial function in the skeletal muscle is impaired in HF. We created
an HF-induced model with skeletal muscle abnormalities and limited ex-
ercise capacity to investigate this question. In our Ml mouse model, we
observed significant reductions of the CS activity, the number of mito-
chondrial OXPHOS complex subunits in the whole muscle, and the

which depends on

mitochondrial respiration in permeabilized fibres (Figures 2 and 3B).
Similarly, the mitochondrial supercomplexes and the mitochondrial
density in the skeletal muscle were decreased in the Ml mice compared
to the sham+ ND mice (Figure 3A, D, and E and see Supplementary
material online, Figure 53).

These findings can be explained by the results of mitochondrial
biogenesis-related signalling protein. The protein levels of phosphorylated
AMPK and Sirt-1, PGC-1, and Tfam were significantly decreased in the
skeletal muscle from the MI mice compared to the sham mice (Figure 4).
These signalling pathways are crucial in the metabolic flexibility of the skel-
etal muscle, and they regulate the substrate metabolism balance between
fatty acid and glucose oxidation.”" The pathways are also associated with
the fibre type composition in the skeletal muscle. Our results suggest that
in the HF mice, the main substrate of energy production in the skeletal
muscle was shifted from fatty acid to glucose oxidation, and the fibre type
shifted from slow twitch to fast twitch (Figures 2C, 5, and 6), which is one
of the determinants of aerobic capacity.®?

Previous articles showed that main determinants of exercise capacity
in patients with HF was skeletal muscle abnormalities but not central cir-
culatory disturbances including cardiac dysfunction.® However, cardiac
function can affect a part of exercise capacity. On the other hand, main
determinants of exercise capacity in mice model of HF have never been
known. Although mitochondrial function and density in the skeletal
muscle was completely improved by MK-0626 treatment in Ml mice
(Figures 2, 3, and see Supplementary material online, Figure $3), work was
significantly and partially improved in this study (Figure 7). These results
suggest that some of the impaired exercise capacity is affected by other
factors including cardiac dysfunction other than skeletal muscle
abnormalities.
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Figure 5 Fatty acid and glucose metabolism in the skeletal muscle. The summarized data of the protein expression of (A)

p-acetyl-CoA carboxylase

(n= 6,5, 6 for each group), (B) B-hydroxyacyl-CoA dehydrogenase activity in the whole muscles (n=, 10, 9, 9 for each group) and the isolated mitochon-
dria (1= for each group), protein expression of (C) HKII, (D) pyruvate kinase (PK)M2 (n=for each group), and (E) pyruvate dehydrogenase (PDH) activity
(n= for each group) in skeletal muscle from 4 groups of sham+ ND, sham 4+ MK-0626, Ml + ND, and MI+ MK-0626 mice. Data are means = SE.

#P < 0.05 vs. sham + ND. 1P < 0.05 vs. MI 4+ ND.

4.2 Effects of MK-0626 on the skeletal

muscle abnormalities

The most important findings in this study were that MK-0626 improved
both the skeletal muscle abnormalities and the limited exercise capacity
in the Ml mice. This included mitochondrial biogenesis and a substrate
and fibre-type shift (Figures 2, 3, 5, 6, and see Supplementary material
online, Figure 53). These favourable effects of MK-0626 were due to the
increased phosphorylation of AMPK (Figure 4). A single 1mg/kg oral
dose of MK-0626 has been shown to inhibit DPP-4 activity by more than
90% and increase the active GLP-1 levels by up to 2-3-fold in mice.* In
this study, MK-0626 at the dose of 1 mg/kg BW/day significantly inhibited
the plasma DPP-4 activity by 42% and increased the plasma active GLP-1
levels by 1.6-fold, reaching 1 pmol/L (see Supplementary material online,
Figure 52A and B). It has been reported that AMPK was phosphorylated
through a GLP-1-dependent mechanism by the administration of a DPP-
4 inhibitor.2* The effects of MK-0626 may thus be due to the increased
active GLP-1 levels. To investigate the effects of GLP-1 on exercise cap-
acity and skeletal muscle mitochondrial function, we treated Ml mice
with GLP-1 receptor agonist (Ex-4). Exercise capacity and mitochondrial

function in the skeletal muscle were significantly improved by GLP-1 re-
ceptor agonist compared to vehicle in Ml mice (Figure 7). To further in-
vestigate the role of GLP-1 in the favourable effect of MK-0626,
we treated M| mice with MK-0626 and GLP-1 receptor antagonist
(Ex-(9-39)) or vehicle. The treatment with Ex-(9-39) cancelled the fa-
vourable effects of MK-0626 (Figure 7).

In addition, MK-0626 did not affect the exercise capacity, mitochon-
drial biogenesis, metabalism, or muscle fibre type in the sham-operated
mice. These results suggested that MK-0626 directly affected the causes
of impaired metabolism and the muscle fibre type in M| mice, possible
through an increase in GLP-1.

4.3 Other possible mechanisms for the
favourable effects of MK-0626

DPP-4 has many substrates, including glucose-dependent insulinotropic
polypeptide, stromal cell-derived factor (SDF)-1a, substance P, and
neuropeptide Y.2>2¢ SDF-1o was reported to promote angiogenesis, 228
which may contribute to the beneficial effect of MK-0626. We measured

the plasma SDF-1x levels and found that they were similar between the
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Figure 7 GLP-1 receptor agonist and antagonist in exercise capacity and mitochondrial function in the skeletal muscle. The summarized data of (A) work
and (B) mitochondrial complex | activity in the skeletal muscle from the Ml 4 Ve (n=5) and Ml + Ex-4 (GLP-1 agonist, n= 6) group. The summarized data
of (C) work and (D) mitochondrial complex | activity in the skeletal muscle from the M+ ND + Ve (n=8), Ml + MK-0626 + Ve (n=7), and Ml + MK-
026 + Ex-(9-39) (GLP-1 agonist, n=11) group. Ve, vehicle; Ex, exendin. Data are expressed as means = SE. *P < 0.05, vs. MI+ Ve; 1P <0.05, vs.

MI -+ ND + Ve: #P < 0.05, vs. Ml + Ve.

sham and Ml mice (0.56 = 0.03 vs. 0.57 = 0.05, P=NS), and MK-0626
did not affect the SDF-1a levels in the Ml mice (0.54 = 0.09 ng/mL).
CD31 staining revealed that there was no significant difference in the
angiogenesis of skeletal muscle among the four groups of mice (see
Supplementary material online, Figure 56). We therefore concluded that
angiogenesis does not have a major role in the favourable effects of MK-
0626.

MK-0626 did not affect the glucose metabolism or insulin (see
Supplementary material online, Figure $2C and D and 5C-E and Table 51).
Therefore, the effects of MK-0626 on exercise capacity and skeletal
muscle were not due to a glucose-lowering effect. In a previous study,
the DPP-4 inhibitor vildagliptin at a dose of 10 mg/kg BW/day in mice
with transverse aortic constriction increased the plasma active GLP-1
levels by 3.2-fold to 3 pmol/L, and it improved glucose metabolism and
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cardiac function.”” Inthachai et al.*® reported that the treatment with vil-
dagliptin (3mg/kg BW/day) for 8 weeks partially improved cardiac
remodelling after Ml in rats compared to the treatment with vehicle. In
contrast, we observed that the treatment with MK-0626 (sitagliptin ana-
logue, 1 mg/kg BW/day) for 4 weeks did not altered cardiac remodelling
after Ml in mice compared to the treatment with vehicle (see
Supplementary material online, Table 57 and Figure S7). Therefore, these
discrepancies might be due to the differences in kind (vildagliptin vs. sita-
gliptin analogue) and dose (3mg/kg BW/day vs. 1mg/kg BW/day) of
DPP-4 inhibitor, animal species used in the experiments (rats vs. mice),
period of drug administration (8 weeks vs. 4 weeks), and degree of infarct
size (about 35% vs. 55%). Importantly, the effects of MK-0626 might not
be due to its favourable metabolic or hemodynamic effects in our model.

Earlier studies reported that skeletal muscle atrophy often occurs in
HF patients.>*? GLP-1 and its analogues have been reported to confer
benefit by activating autophagy in 3 cells and hepatocytes.>"*? However,
MK-0626 did not affect the autophagy-related protein and mRNA levels
in the skeletal muscle in this study (see Supplementary material online,
Figure $5). Jannig et al*® reported that autophagy activates in the atrophic
skeletal muscle from M! mice. However, we observed no significant dif-
ferences in BW, skeletal muscle weight, CSA, or autophagy between the
sham and Ml mice, and these parameters were not affected by MK-0626
treatment (see Supplementary material online, Table ST and Figure $5).
Therefore, since the MK0626 treatment did not affect autophagy, skel-
etal muscle atrophy did not occur in our HF model mice.

4.4 Study limitations

This study has several limitations. First, MK-0626 did not affect the exer-
cise capacity, mitochondrial biogenesis, metabolism, or muscle fibre type
in the sham mice as it did in the MI mice. These results suggested that
MK-0626 directly affected the causes of the impairment of mitochondrial
biogenesis in the MI mice. However, the detailed molecular mechanisms
responsible for the improvement of mitochondrial biogenesis by MK-
0626 have not been explored. Further studies are needed to elucidate
the effects by DPP-4 inhibitor treatment. Second, we used only MK-
0626 and did not examine the effects of other DPP-4 inhibitors. We thus
cannot speculate whether our findings are specific for MK-0626 or
whether other DPP-4 inhibitors could provide similar beneficial effects.

4.5 Clinical perspective

Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with
Diabetes Mellitus—Thrombolysis in Myocardial Infarction (SAVOR-
TIMI 53) trial reported that saxagliptin treatment was associated with an
increased risk for hospitalization for HF in patients with diabetes melli-
tus.>* In contrast, the Examination of Cardiovascular Outcomes with
Alogliptin vs. Standard of Care (EXAMINE) trial and the Trial Evaluating
Cardiovascular Outcomes with Sitagliptin showed that alogliptin and
sitagliptin did not increase the overall risk of hospitalization for HEF333¢
Recent meta-analysis of randomized clinical trials and multicentre obser-
vational study reported that DPP-4 inhibitors were not associated with
an increased risk of hospitalization for HF.3738 On the other hand, it has
never been known whether DPP-4 inhibitors worsen the outcomes in
patients with HF. In a secondary exploratory analysis of the EXAMINE
trial, alogliptin did not increase the risk of hospitalization for heart HF
among patients with a history of HF.3® Therefore, there is no evidence
that DPP-4 inhibitors worsen the outcomes in patients with HF.
Moreover, it has never been investigated whether DPP-4 inhibitor affect
functional capacity in patients with HF. We clearly showed that

MK-0626, sitagliptin analogue, improved exercise capacity in the model
of HF, and our results suggested to verify whether the effect of DPP-4 in-
hibitors on exercise capacity in patients with HF was very significant.

5. Conclusions

After Ml in the mice, MK-0626 improved the exercise capacity and nor-
malized the mitochondrial function and fatty acid oxidation, based on the
improvement of mitochondrial biogenesis as well as the skeletal muscle
fibre type switch. Importantly, these beneficial effects of MK-0626 on ex-
ercise capacity were independent of glucose metabolism and cardiac
function, and capillary density. DPP-4 inhibitors may be a novel thera-
peutic agent against skeletal muscle dysfunction in HF.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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ARTICLE INFO ABSTRACT

Background: It has been reported that skeletal muscle mass and strength are decreased in patients with heart
failure (HF), and HF is associated with both reduced exercise capacity and adverse clinical outcomes. Myostatin
has been known as a negative regulator of muscle growth, follistatin as the myostatin antagonist, maintaining
tissue homeostasis. We thus determined serum myostatin levels in HF patients and whether they are associated
with skeletal muscle wasting.
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ﬁ?::’tﬁ;:;re Methods and results: Forty one consecutive HF patients (58 4 15 years old, New York Heart Association class I-111)
Myostatin and 30 age-matched healthy subjects as controls (53 + 8 years old) were studied. Serum myostatin levels were

significantly lower in HF patients than controls (18.7 + 7.4 vs. 23.6 + 5.2 ng/mL, P <0.001). Circumference of the
thickest part of the right thigh was significantly small (468 + 72 vs. 559 + 37 mm, P = 0.001) and lower extrem-
ity muscular strength was lower in patients with HF (129 £ 55 vs. 219 4+ 52 N x m, P < 0.001). Fourteen HF
patients (34%) had muscle wasting. By univariate analysis, higher age, higher serum follistatin, and lower
serum myostatin were significantly associated with the presence of muscle wasting. By multivariate analysis,
serum myostatin levels were independently associated with muscle wasting (OR = 0.77, 95% C1 [0.58, 0.93],
P = 0.02).

Conclusion: Serum myostatin levels were significantly decreased in HF patients and associated with lower
extremity muscle wasting, suggesting that myostatin may be an important factor for maintaining skeletal muscle
mass and strength in HF.

Muscle wasting

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction Myostatin, a member of the transforming growth factor-p superfam-

ily maintaining tissue homeostasis, has been known as a negative regu-
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Skeletal muscle abnormalities including impaired muscle energy
metabolism, transition of fiber type, and muscle atrophy are frequently
observed in patients with heart failure (HF), which is not always related
to resting cardiac function, and may contribute to symptoms such as
fatigue and dyspnea [1]. These muscle abnormalities are associated
with both reduced aerobic exercise capacity and adverse clinical
outcomes [2]. It has been also reported that muscle strength and muscle
mass are an independent predictor of adverse cardiac event in
patients with HF [3,4]. Muscle strength is closely associated with muscle
mass. Therefore, to clarify the regulation of muscle mass in HF is an
important issue.

* Corresponding author at: Department of Cardiovascular Medicine, Hokkaido University

Graduate School of Medicine, Kita-15, Nishi-7, Kita-ku, Sapporo 060-8638, Japan.
E-mail address: tuckahoe@med.hokudai.acjp (5. Kinugawa).
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lator of muscle growth in mammals and an increase in its expression is
reported to be involved in a decrease in muscle mass [5]. Indeed, a child
whose myostatin gene naturally occurred a loss-of-function mutation
had greater quadriceps muscle in the cross-sectional area assessed
by echography than age- and sex-matched controls [6]. Myostatin
also plays a crucial role in regulating adult muscle growth and size.
Mice with conditional postnatal inactivation of the myostatin gene
showed that muscular hypertrophy in skeletal muscle was induced by
increasing the size of muscle fibers rather than their number [7].

It was reported that plasma myostatin levels were shown to be in-
creased in HF patients compared to in healthy controls [8]. However,
this study has not reported the association between myostatin level
and muscle wasting. On the other hand, in cardiac cachexia, character-
ized by a severe loss of skeletal muscle, weakness, and exercise intoler-
ance, serum myostatin levels were decreased [9]. Therefore, it is highly



484

controversial whether myostatin levels were increased or decreased in
patients with HF. In the present study, we thus determined whether
serum myostatin levels were altered in HF patients and were associated
with skeletal muscle wasting,

2. Methods
2.1. Patient subjects

Forty one consecutive patients suffering from HF (31 men, 58 £ 15 years, left ventric-
ular ejection fraction (LVEF) 32.9 + 10.8%} and 30 age-matched healthy individuals as
controls (26 men, 52 + 8 years, LVEF 61.9 & 5.9%) were studied in the present study.
HF was diagnosed on the basis of the Framingham criteria by 2 or more cardiologists
[10]. Informed consent was obtained from all participating subjects and the protocol,
conformed to the ethical guidelines of the Declaration of Helsinki, was approved by the
medical ethics committee of Hokkaido University Hospital.

2.2. Demographic, clinical characteristics, and body composition

Causes of HF were determined based on medical information. Body weight and height
were measured, and body mass index (BMI) { body weight/{ height]?, kg/m?) was calculat-
ed. Air displacement plethysmograph, termed BOD POD (Life Measurement Instruments,
Concord, CA, USA), was used to evaluate body composition. The BOD POD measures
total lean body weight and total fat weight, which is highly reliable method in Japanese
population and is considered to be accurate as much as Dual Energy X-ray Absorptiometry
(DEXA) [11,12]. The appendicular lean body mass (aLBM) was estimated from height and
total fat weight as follows [13]:

alBM (kg) for men = —22.48 + 24.14 x height (m) + 0.21 x total fat mass (kg)

alBM (kg) for women = —13.19 + 14.75 x height {m) + 0.23 x total fat mass (kg)

2.3. Assessment of muscle strength

The knee extension strength was assessed using an isokinetic dynamometer
(Multitrace 2, Lectromed, Jersey, Channel Islands). The maximal strength was measured
in both legs in a sitting position with the patient’s legs hanging freely, the ankle fixed by
a pressure transducer. The best of three measurements was used. Arm strength was
analyzed using the handgrip dynamometer (Saehan Corporation Korea Hydraulic Hand
Dynamometer, model SH5001). Likewise, the best of three measurements was used.

2.4. Definition of muscle wasting

Muscle wasting was defined according to previously published criteria suggested to
diagnose sarcopenia. According to previous study, we defined muscle wasting as both
an alBM and the knee extension strength 2 SD below the mean of a healthy young
reference group aged 18-40 years [14].

2.5. Serum myostatin and follistatin, cytokines, and biochemistry

Peripheral venous blood samples were collected in serum tubes from all subjects
between 6:00 and 9:00 am. All samples were allowed to clot before centrifuged at
1000 g for 15 min and were stored at —80 °C until analysis.

Serum myostatin levels were determined by a commercially available enzyme
immunoassay kit (R&D System, Inc., Minneapolis, USA) according to the manufacturer's
protocol as previously described [15] and its detection limit was 20 pg/mL. Serum
follistatin levels were determined by a commercially available enzyme immunoassay kit
(R&D Systemn, Inc., Minneapolis, USA) according to the manufacturer’s protocol as
previously described [15] and its detection limit was 20 pg/mL.

Serum levels of interleukin (IL)-1B, IL-6, and the tumor necrosis factor-c (TNF-at)
were analyzed using magnetic cytokine assays purchased from Bio-Rad Laboratories
GmbH (Munich, Germany), the lower limits of detection being 0.1, 0.1, and 0.4 pg/mL,
respectively.

Hemoglobin, serum albumin, fasting blood glucose, and B-type natriuretic peptide
(BNP) were also measured. The estimated glomerular filtration rate (eGFR) was calculated
from serum creatinine value and age using the Japanese equation as follows [16]:

—1.094 )—0 287

eGFR = 194 x (serum creatinine in mg/dL) x {age in years

x (0.739 if female).

The homeostasis model assessment of insulin resistance (HOMA-IR) index was calcu-
lated from the fasting blood glucose (FBG) and fasting serum insulin (FIRI) concentrations
by the formula: HOMA-IR = FBG {mg/dL) x FIRI (uU/mL}) / 405.

All analyses were performed by investigators blinded to clinical information.

2.6. Echocardiography

Left ventricular {LV) end-diastolic dimension {EDD) and LV end-systolic dimension
(ESD) were measured in the parasternal long axis view by transthoracic echocardiography.
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LVEF was measured with biplane Simpson’s method via the apical 4- and 2-chamber
views [17].

2.7. Cardiopulmonary exercise testing

Cardiopulmonary exercise testing was performed using an upright electromechanical
bicycle ergometer (Aerobike 75XLII, Combi Wellness, Tokyo, Japan) with ramp protocot as
described previously [18]. Briefly, after 3 min of unloaded cycling, the exercise load was
increased in 10-15 W/min increments in HF patients and 25 W/min increments in control
subjects to symptom-limited maximal work. Patients stopped exercise when they had
severe leg fatigue and/or dyspnea. Oxygen uptake (VO,) was measured at rest and
throughout the exercise period using a 280E Aero-monitor (Aeromonitor AE-300S, Minato
Medical Science, Osaka, Japan). Anaerobic threshold (AT) was determined by the V-slope
method, as described previously [19]. Peak VO, was defined as the maximal VO, attained
during exercise.

2.8. Statistical analysis

The effect size was calculated to be 1.355 based on the comparison of the
serum myostatin levels between normal subjects and patients with chronic
obstructive pulmonary disease by Ju et al. [20]. To detect the effect compared with
the threshold change of 0 under the conditions of & = 0.05, p = 0.1 and allocation
ratio = 1.5 {HF/control), sample sizes of the study patients needed were calculated
to be 24 for HF and 16 for control. Data are expressed as means + SD for continuous
variables and as numbers and percentages for categorical variables. Myostatin data
was normally distributed as proven by the Shapiro-Wilk test. Student’s ¢ test was
used to compare continuous variables. When data were not distributed normaily,
the Mann-Whitney U test was used. Chi-square test was used to compare categorical
variables. Univariate linear regression model was used to determine the correlation
between variables and serum myostatin levels. Multivariate linear regression analysis
including variables with a P-value < 0.05 in the univariate model or clinical parameters
was performed to identify the independent variables associated with serum myostatin.
All analyses were performed using JMP 9.0.2 (SAS Institute Inc., Cary, NC, USA). The
differences were considered statistically significant when P-values were less than 0.05.

3. Results
3.1. Baseline characteristics in controls and in patients with HF

The baseline characteristics of the study subjects are summarized in
Table 1. Two groups were matched for age, male to female ratio, and
BMI. There were 2 patients with NYHA functional class I, 28 patients
with class I, and 11 patients with class Il The etiology of HF was
ischemic cardiomyopathy in 11 patients, non-ischemic cardiomyopathy

Table 1
Clinical, echocardiographic, and cardiopulmonary exercise parameters in control subjects
and in patients with HF.

Controls (n = 30) HF(n=41) P-value
Baseline characteristics
Age, years {mean + SD) 52+8 58 £ 15 0.069
Male, n (%) 26 {87) 31(76) 0.247
BMI, kg/m? 238 £32 231 +4.1 0.462
NYHA (I/11/11T) - 2/28/11
Cause of HF, n (%)
Ischemic - 11 (27)
Non-ischemic - 30(73)
Medical history, n (%)
Hypertension 4{13) 12 (29) 0.112
Diabetes mellitus - 14 (33)
Medication use, n (%)
ACEI - 24 {60)
ARB 4(13) 12(29) 0.112
B-blocker - 38(93)
Diuretics - 32 (78)
Echocardiographic parameters
LV EDD, mm 46.6 + 3.2 639+ 110 <0.001
LV ESD, mm 302 +3.8 548 £ 126 <0.001
LVEF, % 61.9 £ 59 329 4+ 108 <0.001
Cardiopulmonary exercise variables
Peak VO,, mL/kg/min 295 +6.7 136 £32 <0.001
AT, mL/kg/min 155 +4.1 88+ 2.1 <0.001

Values are means -+ SD; HF indicates heart failure; BMI, body mass index; NYHA,
New York Association; ACEL angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; LV, left ventricle; EDD, end-diastolic diameter; ESD, end-systolic
diameter; EF, ejection fraction; VO,, oxygen uptake; AT, anaerobic threshold.
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in 30 patients, including idiopathic dilated cardiomyopathy, valvular
heart disease and hypertensive heart disease. At the time of the
study, patients were treated with angiotensin-converting enzyme
inhibitors/angiotensin Il type I receptor antagonists (ARB) (89%),
B-blockers (93%), and diuretics (78%). Only four control subjects
had hypertension and received ARBs (13%). Echocardiographic
examination revealed that patients with HF had significantly
larger LVEDD and ESD with a significantly reduced LVEF of 32.9 +
10.8%. Peak VO, and anaerobic threshold were also lower in patients
with HF.

3.2. Serum levels of neurohormones, muscle mass and strength

Serum levels of myostatin and follistatin have been shown in Fig. 1.
Serum myostatin levels were significantly decreased in HF patients
compared to control subjects (18.7 + 7.4 vs. 23.6 + 5.2 ng/mL, P =
0.0027) (Fig. 1A). On the contrary, serum follistatin levels were
increased (2.7 + 1.2 vs. 1.9 &+ 0.6 ng/mL, P = 0.0015) (Fig. 1B).

The body composition, muscle strength, and blood biomarkers of the
study subjects are summarized in Table 2. There were no significant
differences in body weight and body fat weight. In contrast, lean body
weight was lower in HF patients than in control subjects. Circumference
of the thickest part of right thigh was significantly small (468 + 72 vs.
559 4+ 37 mm, P = 0.001) and grip strength (45 4+ 9 vs. 33 + 11 kg,
P < 0.001) and lower extremity muscular strength (129 + 54 vs.
219 4+ 51 N x m, P < 0.001) were significantly decreased in patients
with HF compared to control.

Hemoglobin, serum albumin, and eGFR were decreased in HF
patients compared to control subjects. There were no significant
differences in serum IL-6, TNF-a levels and renin activity between
groups. In contrast, IL-13 was decreased in HF patients compared to
control subjects. Plasma Ang Il and BNP were increased in HF patients
compared to control subjects.

3.3. Univariate and multivariate linear model of muscle wasting in patients
with HF

The relationships between serum myostatin and parameters of
muscle strength in lower extremity muscle were investigated. There
was a significant positive correlation between serum myostatin levels
and lower extremity muscular strength (r = 0.580, P = 0.0003)
(Fig. 2A), and circumference of thigh (r = 0.481, P = 0.0022) among
all study subjects (Fig. 2B).

By univariate analysis, higher age (OR = 1.06, 95% CI [1.01, 1.14],
P = 0.04), higher serum follistatin (OR = 2.28, 95% (I {1.20, 5.80],
P = 0.04), and lower serum myostatin (OR = 0.76, 95% CI [0.62, 0.88],
P = 0.001) were significantly associated with the presence of
muscle wasting.
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Table 2
Body composition, muscle strength, and blood biomarkers in control subject and in

patients with HF.

Controls (n =30) HF{n=41) P-value
Body weight, kg 68+9 63 £ 15 0.087
Body fat weight, kg 16+ 6 16+9 0.989
Lean body weight, kg 5246 46 + 10 0.006
Circumference of thigh, cm 56 + 4 47 +£7 <(0.001
Grip strength, kg 45+ 9 33+11 <0.001
Lower extremity muscular 219 £ 51 129 + 54 <0.001

strength, N x m

Hemoglobin, g/dL 148 £ 09 132+1.8 <(0.001
Serum albumin, g/dL 46+ 03 41+04 <(0.001
eGFR, mL x min~! x 1.73 m™? 757 £ 132 60.2 + 239 0.001
HOMA-IR 1.85 £ 1.91 231+£230 0.375
Interleukin-6, ng/mL 1.1+3.0 1.0+ 18 0.827
Tumor necrosis factor-o,, pg/mL  0.095 + 0.23 0.064 4+ 0.17 0.516
Interleukin-1p3, pg/mL 26+24 050+ 14 <0.001
Renin activity, ng/mL/h 25+ 60 109 +11.3 0.220
Ang II, pg/mL 102 + 13.0 225+ 287 0.039
BNP, pg/mL 13.8 +9.04 403.8 +473.1 <0.001

Values are means + SD; HF indicates heart failure; eGFR, estimated glomerular filtration
rate; HOMA-IR, homeostasis model assessment — insulin resistance; Ang, angiotensin;
BNP, B-type natriuretic peptide.

Multivariate analysis showed that serum myostatin levels were
independently associated with muscle wasting (OR = 0.77, 95%
C1[0.58, 0.93}, P = 0.024) (Table 3).

4. Discussion

The major finding of the present study was that serum myostatin
levels were significantly decreased and serum follistatin levels were in-
creased in HF patients, and serum myostatin levels were independently
associated with lower extremity muscle wasting.

Previous papers reported that myostatin expression was upregulat-
ed in the sheep's hearts after myocardial infarction and the rat HF model
of chronic pressure overload [21,22]. In patients with HF, some reports
have also shown an increase in serum myostatin levels [8,23]. However,
in the present study, serum myostatin levels were significantly lower in
HF patients than control subjects. Serum follistatin, known as the
myostatin antagonist, levels were increased. Our results have been sup-
ported by previous reports that serum myostatin levels were decreased
in HF patients with compensatory status, cachexia, or with treatment
of exercise training [9,24,25]. Previous animal study reported that
myostatin levels were increased in muscle atrophy due to denervation
(a model of disuse), and stretching and electrical stimulation to
muscle, which mimic exercise training, decreased myostatin levels
[26]. Therefore, serum myostatin levels depend on the various condi-
tions including severity of HF and treatment including exercise therapy.
In the present study, all patients with HF were already compensated and
about 70% of HF patients performed exercise training when they tested.

B P=0.0015
£ 61
£ bl
B 4- .
2 - Y
- :
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o
Controls HF

Fig. 1. Serum myostatin levels in control subjects (open circles, n = 30) and in patients with heart failure (closed circled, n = 41) (A), and serum follistatin levels in control subjects
(open circles, n = 30) and in patients with heart failure (closed circles, n = 41) (B). HF indicates heart failure.

208



486

r=0.58, P=0.0003

>
w
W

i

Serum myostatin (ng/mL.)

0 100 200 300

Lower extremity muscular strength (N*-m)

Fig. 2. Correlation between serum myostatin levels and lower extremity muscular strength (A),

with heart failure (n = 41).

Lower extremity muscular strength and circumference of thigh were
significantly lower in HF patients than control subjects, and thus
patients with HF in our cohort showed skeletal muscle wasting. By
univariate and multivariate analysis, serum myostatin levels were
significantly and independently associated with muscle wasting.
Myostatin has been known as a negative regulator of muscle mass,
and mainly expressed in and secreted from the skeletal muscle. In
general, its increase leads to muscle atrophy, and its decrease leads to
muscle hypertrophy. Therefore, muscle wasting in patients with HF
might be caused by the increase in myostatin. However, our results
suggest that lower serum myostatin and higher serum follistatin could
be compensatory mechanisms of skeletal muscle for muscle wasting
induced by HF.

The mechanisms for muscle wasting in patients with HF has
never been know. Some animal studies have reported its molecular
signal [27]. We previously reported that infusion of high-dose of
angiotensin Il into mice caused skeletal muscle atrophy via the activa-
tion of ubiquitin-proteasome pathway [28]. Other reports showed
that inflammatory cytokines were increased in patients with HF [29].
Therefore, we investigated the association between serum inflammato-
ry cytokines, renin activity, or angiotensin Il levels and muscle wasting.
However, we could not find significant association. This may suggest
that several factors but not single factor are associated with muscle
wasting. Other possible explanation for discrepancy between our
results and animal studies is that we did not measure these in local

Table 3
Independent predictors of muscle wasting in patients with HF,

Variable Univariate Multivariate

analysis analysis

OR P-value OR 95% Cl P-value
Age, years 1.06  0.038 1.03  095-1.16 0.411
Gender 041 0224
BMI, kg/m? 0.61 0.005 066 0.37-0.95 0.080
LVEF, % 1.03  0.240 1.15  1.02-136 0011
Peak VO,, mL/kg/min 0.87 0.238
Serum myostatin, ng/mL 0.76  0.001 077 0.58-0.93 0.024
Serum follistatin, ng/mL 228 0.036 1.89 059-844 0374
Interleukin-6, ng/mL 068 0.291
Tumor necrosis factor-ot, pg/mL 029  0.571
Interleukin-1p, pg/mL 049 0314
Plasma renin activity, ng/mL/h 095 0.156
Plasma Ang I, pg/mL 098 0195
Plasma BNP, pg/mL 1.00 0.256

Male and female were assigned values of 0 and 1, respectively. HF indicates heart failure;
OR, odds ratio; Cl, confidence interval; BMI, body mass index; LVEF, left ventricular
ejection fraction; VO,, oxygen uptake; Ang, angiotensin; BNP, B-type natriuretic peptide,
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level of the skeletal muscle. Further studies are needed to clarify the
mechanisms for skeletal muscle wasting in patients with HF.

4.1. Study limitations

There are several limitations in our observational study, including its
cross-sectional design, the relatively small sample size, and the lack of
measurements of muscle mass by computed tomography, which is
thought to be standard method of measurement of lower extremity
muscle mass, to fully explain the complex underlying pathophysiology.
However, our observations are unique, because the relationship
between myostatin and skeletal muscle wasting in patient with HF
has not been previously reported. Future studies are necessary to better
understand the exact pathophysiology underlying the mechanism of
how myostatin work in the body and whether the main source of
myostatin is skeletal muscle.

4.2. Clinical implication

During the acute phase, bed in rest causes the progressive decline in
skeletal muscle in patients with HF, especially elderly, which leads to
the impairment in activities of daily living. This is one of clinical problern
to be resolved. The increase in myostatin level could be associated with
the development in this process. At the chronic phase, minimurn stimu-
lation to the muscle (i.e. standing, walking, and exercise training)
inhibits an excess myostatin expression in or secretion from muscle,
which maintains muscle mass. In stable patients with HF, serum
myostatin is secreted from skeletal muscle and their levels reflect
muscle mass, which could be a novel marker for muscle mass.

5. Conclusions
Serum myostatin levels were significantly decreased in HF patients
and associated with lower extremity muscle wasting, suggesting that

myostatin may be important factor for maintaining skeletal muscle
mass and strength in this disease state.
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ABSTRACT

Insulin resistance can occur as a consequence of heart failure (HF). Activation of the renin-angiotensin
system (RAS) may play a crucial role in this phenomenon. We thus investigated the effect of a direct renin
inhibitor, aliskiren, on insulin resistance in HF after myocardial infarction (MI). MI and sham operation
were performed in male C57BL/6 ] mice. The mice were divided into 4 groups and treated with sham-
operation (Sham, n=10), sham-operation and aliskiren (Sham+ Aliskiren; 10 mg/kg/day, n=10), MI
(n=11), or MI and aliskiren (MI+Aliskiren, n=11). After 4 weeks, MI mice showed left ventricular di-
lation and dysfunction, which were not affected by aliskiren. The percent decrease of blood glucose after
insulin load was significantly smaller in MI than in Sham (14 + 5% vs. 36 + 2%), and was ameliorated in
MI+ Aliskiren (34 + 5%) mice. Insulin-stimulated serine-phosphorylation of Akt and glucose transporter
4 translocation were decreased in the skeletal muscle of MI compared to Sham by 57% and 69%, and both
changes were ameliorated in the MI+ Aliskiren group (91% and 94%). Aliskiren administration in MI mice
significantly inhibited plasma renin activity and angiotensin II (Ang II) levels. Moreover, (pro)renin re-
ceptor expression and local Ang Il production were upregulated in skeletal muscle from MI and were
attenuated in MI+ Aliskiren mice, in tandem with a decrease in superoxide production and NAD(P)H
oxidase activities. In conclusion, aliskiren ameliorated insulin resistance in HF by improving insulin
signaling in the skeletal muscle, at least partly by inhibiting systemic and (pro)renin receptor-mediated
local RAS activation, and subsequent NAD(P)H oxidase-induced oxidative stress.

® 2016 Elsevier B.V. All rights reserved.

1. Introduction

contributing to key clinical symptoms such as breathlessness and
early muscle fatigue (Kinugawa et al, 2015; Okita et al., 2013;

Insulin resistance is highly prevalent and an established risk
factor for heart failure (HF), and it has been associated with re-
duced functional capacity and poor prognosis (Doehner et al.,
2005; Ingelsson et al., 2005; Lopaschuk et al., 2010). Conversely,
HF itself is known to trigger the occurrence of insulin resistance,
accounting for a vicious cycle of functional exacerbation of these
two conditions (AlZadjali et al., 2009; Witteles et al., 2004). In-
deed, the peripheral effects of insulin resistance are likely to re-
present a major metabolic feature of the pathophysiology of HF,

* Correspondence to: Department of Cardiovascular Medicine Hokkaido Uni-
versity Graduate School of Medicine, Kita-15, Nishi-7, Kita-ku, Sapporo 060-8638,
Japan.

E-mail address: tuckahoe@med.hokudai.ac.jp (S. Kinugawa).

http://dx.doi.org/10.1016/j.ejphar.2016.03.022
0014-2999/& 2016 Elsevier B.V. All rights reserved.

Wilson et al., 1993). Multiple mechanisms -of insulin resistance
have already been identified, including increased oxidative stress
and hyperactivation of the renin-angiotensin system (RAS) (Of®-
cers et al,, 2002; Wei et al.,, 2006). We previously reported that
insulin resistance was induced in experimental HF in mice (Ohta
et al, 2011), and a later study showed that this induction was
accompanied by increased local angiotensin Il (Ang II) in the
skeletal muscle and subsequent NAD(P)H oxidase-derived oxida-
tive stress (Fukushima et al., 2014). In addition, the recent dis-
covery of a (projrenin receptor for renin and its precursor, pro-
renin, raises the possibility that these components of RAS may
play significant pathophysiological roles in the insulin resistance
of rats with high fructose diet-induced diabetes or in post-infarct
HF mice (Fukushima et al., 2014; Nagai et al., 2009).
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Aliskiren is a potent direct renin inhibitor that blocks the first
rate-limiting step in RAS, preventing the compensatory rise in
plasma renin activity and other downstream components of this
system from occurring during angiotensin converting enzyme
(ACE) inhibitor or Ang II receptor blocker treatment (Gradman and
Traub, 2007). Aliskiren has been shown to protect against the
development of insulin resistance in an animal model of diabetes
by improving skeletal muscle glucose transport as well as to im-
prove insulin sensitivity in hypertensive patients with metabolic
syndrome (Fogari et al., 2010; Iwai et al., 2010; Marchionne et al,,
2012). In addition, it has been reported that aliskiren can inhibit
the free form of mature renin and the (pro)renin receptor-bound
forms of renin and prorenin, suggesting that these dual inhibitory
effects play roles in both systemic RAS and (pro)renin receptor-
mediated tissue RAS (Biswas et al., 2010). To date, clinical trials to
investigate the effect of aliskiren on myocardial infarction (MI) and
HF have failed to improve outcomes by administration of aliskiren
in combination with an ACE inhibitor or Ang II receptor blocker
(Gheorghiade et al., 2013; Solomon et al., 2011). However, it re-
mains to be determined whether low-dose single treatment with
aliskiren could ameliorate the insulin resistance associated with
MI and HF.

In the present study, we examined the effects of aliskiren on
the insulin resistance and the insulin signaling in the skeletal
muscle from post-infarct HF mice, mainly focusing on its effects on
the (pro)renin receptor-mediated tissue RAS and oxidative stress
in the skeletal muscle.

2. Materials and methods

All procedures and animal care were approved by our institu-
tional animal research committee and conformed to the Guide-
lines for the Care and Use of Laboratory Animals of the Hokkaido
University Graduate School of Medicine.

2.1. Experimental animals

Male C57BL/6] mice, 8-10 weeks old and 20-21 g body weight
(BW), were maintained on a normal diet (CE-2; CLEA Japan, Tokyo)
containing 4.2% fat and 54.6% carbohydrate. MI was established by
ligating the left coronary artery as described previously (Fukush-
ima et al., 2014; Kinugawa et al., 2000). Sham operation without
ligation of the coronary artery was also performed. Each group of
mice was then randomly divided into 2 groups, a group with and a
group without aliskiren (10 mg/kg BW/day; Novartis Pharmaceu-
ticals, Basel, Switzerland) administered subcutaneously for
4 weeks using an osmotic minipump (model 2004; Alzet, Palo
Alto, CA). The non-depressor concentration of aliskiren was chosen
on the basis of our preliminary data of blood pressure measure-
ment by using the indirect tail-cuff method (MK-1030; Muromachi
Kikai Co., Ltd., Tokyo, Japan) (Supplementary material). Experi-
ments were performed at 4 weeks after operation in the following
4 groups: Sham (n=10), Sham + Aliskiren (n=10), Ml (n=11), and
MI + Aliskiren (n=11).

2.2. Echocardiographic and Hemodynamic measurements

Echocardiographic and hemodynamic measurements were
performed under light anesthesia with tribromoethanol/amylene
hydrate (avertin; 2.5% wt/vol, 8 pljg BW ip), which has short
duration of action and modest cardiodepressive effects and
spontaneous respiration, as described previously (Fukushima et al.,
2014; Ohta et al.,, 2011). Standard echocardiographic short- and
long-axis views were obtained at the levels of the papillary mus-
cles. Left ventricular function, ventricular size and wall thickness

212

were measured from M-mode frames at a paper speed of 50 mm/s.
To perform hemodynamic measurements, a 14 Fr micro-
manometer-tipped catheter (Millar Instruments, Houston, TX) was
inserted into the right carotid artery and then advanced into the
left ventricle (LV) to measure LV pressures.

2.3. Tissue preparation and organ histology

Heart, lung, and hindlimb skeletal muscle including the quad-
riceps, gastrocnemius, and soleus were excised 3 min after in-
traperitoneal injection of saline, with or without human regular
insulin (1.0 U/kg BW) and weighed under deep anesthesia with
avertin (2.5% wt/vol, 10 pl/g BW, ip). To determine the infarct size,
myocyte cross-sectional area, and total collagen volume in cardiac
tissue, ventricular tissue was fixed in 6% formaldehyde, cut into
three transverse sections-the apex, middle ring, and base-and
stained with hematoxylin-eosin or Masson's trichrome as de-
scribed previously (Matsushima et al., 2009; Sobirin et al., 2012).

2.4. Plasma biochemical measurement

After the animals were fasted for 8 h, blood samples were
collected from the inferior vena cava, the blood glucose level was
determined using a glucometer (Glutest Ace R; Sanwa Kagaku
Kenkyusho, Nagoya, Japan) and the plasma insulin was measured
by an ELISA kit (Morinaga Institute, Kanagawa, Japan). The
homeostasis model assessment index (HOMA-IR) was calculated
using the formula of fasting glucose (mmol/l) x fasting insulin
(mU/1)/22.5. Total cholesterol, triglyceride, and nonesterified fatty
acid (NEFA) were measured by a commercial ELISA kit (Wako Pure
Chemical Industries, Osaka, Japan). The plasma renin activity level
was determined using a SensoLyte 520 Renin Assay Kit (AnaSpec
Inc., San Jose, CA). The plasma angiotensin (Ang) II level was
measured by using an enzyme immunoassay (EIA) kit (Phoenix
Pharmaceuticals Inc., Burlingame, CA) as previously described
(Fukushima et al., 2014).

2.5. Intraperitoneal insulin tolerance test

For the insulin tolerance test, mice were injected in-
traperitoneally with human regular insulin (0.5 U/kg BW) and
blood samples were collected before and 15, 30, 45, 60, 90, and
120 min after the injection. Blood glucose levels were determined
using a glucometer (Glutest Ace R; Sanwa Kagaku Kenkyusho,
Nagoya, Japan) (Takada et al., 2014). Data are shown as a percent
change in blood glucose levels after insulin load.

2.6. Western blot analysis

Forty milligrams of frozen quadriceps skeletal muscle tissue
was homogenized for 30 s with a Polytron homogenizer in a
homogenization buffer containing 20 mM NaHCOs, pH 7.0, 0.25 M
sucrose, 5 mM NaN3, 1 mM leupeptin, 1 mM aprotinin, and 1 mM
pepstatin) at 4 °C. Twenty pg of denatured proteins was subjected
to 8-12% SDS-PAGE on a polyvinylidene difluoride (PVDF) mem-
brane as previously described (Takada et al., 2013). After blocking
in 5% fat-free milk for 1 h, the membranes were probed with the
following antibodies: ATP6P2/(projrenin receptor (Abcam Inc.,
Cambridge, MA), Akt, phosphoserine Akt (Ser473), and glucose
transporter 4 (GLUT4) (Cell Signaling Technology, Beverly, MA).
The membranes were then incubated with the appropriate sec-
ondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) for
1 h. These bands were visualized by enhanced chemiluminescence
and quantified with Image ] software (NIH, Bethesda, MD). The
resulting values were expressed as the ratio of target band in-
tensity to total protein or internal control intensity. GAPDH (Cell
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Signaling Technology) was used as an internal control to normalize
the results and to control for blot-to-blot variation. Translocation
of GLUT4 was also measured by the methods described previously
(Fukushima et al., 2014; Mohammad et al., 2006). In short, sub-
cellular membrane fractions were prepared by sequential differ-
ential centrifugation. The homogenate of quadriceps skeletal
muscle was centrifuged at 1200g for 10 min to remove debris. The
supernatant was then centrifuged at 9,000g for 10 min to allow
mitochondria and nuclei to sediment. The resultant supernatant
was centrifuged at 190,000g for 2 h at 4 °C, yielding a pellet of
total membrane fraction and the remaining supernatant, which
was designated the cytosol fraction. The membrane and the cy-
tosol fractions (20 pug each lane) were subjected to immunoblot
analysis as described above. GLUT4 translocation was assessed by
the ratio of the membrane fraction to the cytosol fraction of total
GLUT4 protein.

2.7. Quantitative reverse transcriptase PCR

Total RNA was extracted from hindlimb skeletal muscle tissues
including the quadriceps and soleus in the 4 groups of mice with
QuickGene-810 (FujiFilm, Tokyo, Japan) according to the manu-
facturer's instructions. The extracted total RNA (2 pg) was reverse-
transcribed with a high capacity ¢cDNA reverse transcription Kit
(Applied Biosystems, Foster City, CA). Real-time quantitative RT-
PCR was performed by using a 7300 real-time PCR system (Applied
Biosystems) to amplify samples for angiotensinogen
(Mm00599662_m1), ACE (Mm00802048_m1), Ang II typel re-
ceptor (Mm00507771_m1), cathepsin D (Mm00515586_m1), AT-
P6AP2/(pro)renin receptor (MmO00510396_m1), p47rhex
(Mm00447921_m1), p22P"* (MmO00514478_m1), and Nox2
(MmO01287743_m1) cDNA in the skeletal muscle. Relative mRNA
was analyzed using a comparative Z‘AACT method, and normal-
ized to GAPDH as the internal control.

2.8. Immunohistochemistry for (P)RR

Quadriceps skeletal muscle tissues were fixed with 4% paraf-
ormaldehyde at 4 °C, and were immersed in 1% H,0, in methanol
to inhibit endogenous peroxidase. The sections were incubated
with anti-ATP6P2/(pro)renin receptor antibody (Abcam Inc.) as a
primary antibody, and then reacted with biotin-conjugated anti-
rabbit IgG as the secondary antibody (DAKO, Carpinteria, CA).
Immunohistochemical reactions were visualized by using a stan-
dard kit [3,3’-diaminobenzidine tetrahydrochloride (DAB); DAKO,
CA, USA] as previously described (Fukushima et al., 2014; Satofuka
et al., 2007).

2.9. Measurement of Ang II content in the skeletal muscle

Ang Il content in the skeletal muscle tissues was measured as
previously described (Fukushima et al, 2014). Briefly, homo-
genates of quadriceps skeletal muscle tissues were centrifuged at
15,000g for 20 min, and the supernatant was loaded on an equi-
librated Sep-Pak C18 cartridge (Millipore, New York, NY), eluted
with buffer (60% acetonitrile in 1% trifluoroacetic acid), and col-
lected in a centrifuge tube. The eluant was then evaporated by
using a centrifugal concentrator (Savant Speedvac, Thermo Sci-
entific, Japan). Ang Il content was determined using an EIA kit
(Phoenix Pharmaceuticals Inc.) (de Resende et al., 2006).

2.10. Superoxide (0>~ ) production and NAD(P)H oxidase activity

The chemiluminescence elicited by 0, in the presence of lu-
cigenin (5 umol/l) was determined in quadriceps skeletal muscle
tissues using a luminometer (AccuFLEX Lumi 400; ALOKA, Tokyo,

Japan), as previously described (Takada et al., 2013; Yokota et al.,
2009). The measurements were also performed in the presence of
tiron (20 mmol/l), a cell-permeant, nonenzymatic scavenger of
0O,~ to validate the chemiluminescence signals. NAD(P)H oxidase
activity was examined in the homogenates from quadriceps ske-
letal muscle by the lucigenin assay after the addition of NAD(P)H
(300 umol/1).

2.11. Statistical analysis

Data are represented as the means + S.E.M. Comparisons were
performed using a one-way ANOVA followed by the Tukey's
multiple-comparison test whenever differences were detected.
Survival analysis was performed by the Kaplan-Meier method, and
between-group differences in survival were tested using the log-
rank test. In the intraperitoneal insulin tolerance test, differences
between groups were determined with repeated-measures ANO-
VA. A value of P < 0.05 was considered statistically significant.

3. Results

3.1. Effect of Aliskiren on mortality rates and cardiac dysfunction
after MI

The mortality rate up to 4 weeks after operation was significantly
lower in the MI+ Aliskiren group compared to the MI group (16.8% vs.
46.2%, P <0.01). No mice died after sham operation. Table 1 shows
animal characteristics in the 4 groups of mice. The heart weight and
lung weight/BW were significantly higher in Ml compared to Sham
mice. There was no difference in the weights of skeletal muscle, in-
cluding the quadriceps, gastrocnemius, and soleus, among the
4 groups. The echocardiographic and hemodynamic data are also
shown in Table 1. There were no significant differences in heart rate
and mean aortic pressure among the 4 groups. Ml mice exhibited
greater LV diameters and lower LV fractional shortening than Sham
mice. LV end-diastolic pressure (LVEDP) was significantly elevated,
and both LV + and - dP/dt were decreased in MI mice compared to
Sham mice. Consistent with the hemodynamic data, histopathological
analysis revealed that the infarct size, myocyte cross-sectional area,
and collagen volume fraction were all higher in MI compared to Sham
mice (Table 1 and Fig. 1A, B). Treatment with aliskiren tended to at-
tenuate LV dilatation and infarct size, to elevate end-diastolic pres-
sure, and to improve systolic function in MI mice. However, there
were no statistically significant differences in these parameters be-
tween the MI and MI+ Aliskiren groups. In addition, aliskiren treat-
ment did not affect these parameters in Sham mice (Table 1).

3.2. Effect of Aliskiren on insulin resistance in post-infarct HF mice

Fasting blood glucose levels were not different among the
4 groups, but the fasting plasma insulin levels were higher in MI
mice than Sham mice and were normalized in the MI+ Aliskiren
group (Table 2). The HOMA index, an index of insulin resistance,
was therefore greater in the MI than the Sham group and was also
normalized in the MI+ Aliskiren group (Tabie 2). Consistent with
our previous study (Fukushima et al., 2014), the percent decrease
of blood glucose 30 and 45 min after insulin load, as well as the
area under the curve (AUC) of glucose response after insulin load,
was significantly smaller in MI mice than Sham mice (Fig. 2A, B).
Importantly, aliskiren administration significantly enhanced the
decrease in blood glucose after insulin load in MI. Collectively,
these results suggest that insulin resistance occurs in MI mice and
can be ameliorated by aliskiren treatment. There were no sig-
nificant differences in the percent change of blood glucose after
glucose load and the AUC among the 4 groups (Supplementary
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Table 1
Animal characteristics.

A. Fukushima et al. / European Journal of Pharmacology 779 (2016) 147-156

Sham Sham + Aliskiren MI MI + Aliskiren
N 10 10 1 11
Body and organ weight
BW, g 259+03 263+04 258+03 260+05
Heart weight, mg 1357423 1389+ 24 215.2 + 6.2* 204.6 +12°
Lung weight/BW, mg/g 53+00 53+01 8.2 +0.9° 7.8 +09°
SKM weight/BW, mg/g 159402 15902 16.7 +0.2 159+0.3
Echocardiography
Heart rate, beats/min 427 +15 410 + 26 476+ 19 474 + 30
LV EDD, mm 3.7+01 35+01 51+01° 49+01°
LV ESD, mm 24+01 23+01 44 +0.1* 42+01°
Fractional shortening, % 33.8+11 331+28 141 +0.5° 17.2+ 267
AWT, mm 0.78 + 0.01 0.75 +0.01 0.65 + 0.02% 0.71+0.02
PWT, mm 0.83 +0.02 0.78 +0.03 1.08 £ 0.037 1.05 + 0.03*
Hemodynamics
Heart rate, beats/min 448 +19 465+ 19 448 + 12 460 + 20
Mean aortic pressure, mmHg 78 +2 7242 78+2 7242
LV EDP, mmHg 0.7 +01 09+01 6.4+ 11° 54 + 1.6°
LV +dP/dt, mmHg/s 10,409 + 830 10,344 + 956 7382 + 596 7045 + 7507
LV —dP/dt, mmHg/s —7222 + 571 —7503 + 439 —4560 + 2737 —4632 + 419°
Histology
Infarct size, % NA NA 55.5+2.5° 52.8+5.1°

Values are means + S.EM.; N, number of animals. MI, myocardial infarction; LV, left ventricle; EDD, end-diastolic diameter; ESD, end-systolic diameter; AWT, anterior wall
thickness; PWT, posterior wall thickness; EDP, end-diastolic pressure; +dP/dt, positive change in pressure over time; —dP/dt, negative change in pressure over time; BW,

body weight; SKM, skeletal muscle.
* P < 0.05 vs. Sham.
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Fig. 1. (A) Representative high-power photomicrographs of LV cross-sections stained with Masson's trichrome from Sham, Sham + Aliskiren, M1, and M1+ Aliskiren mice, and
summary data of myocyte cross-sectional area and collagen volume fraction (B) in the 4 groups of mice (n=5). Scale bar, 25 pm. Data are expressed as means + S.E.M.

*P < 0.05 vs. Sham.

material). In addition, aliskiren did not affect these parameters in
Sham mice (Fig. 2A, B). The other biochemical measurements are
shown in Table 2. There were no differences in total cholesterol or
triglyceride among the 4 groups. NEFA was higher in the MI than
the Sham animals, and this difference was normalized by aliskiren
treatment. Furthermore, the mean adipocyte area in epididymal
adipose tissue was not significantly changed among the 4 groups
(Supplementary material).

3.3. Effect of Aliskiren on insulin signaling in the skeletal muscle

There were no significant differences in the total or tyrosine
phosphorylated protein levels of IR-B, IRS-1, and PI3-kinase in
insulin-stimulated skeletal muscle among the 4 groups (Supple-
mentary material). In contrast, serine-phosphorylation of Akt in
insulin-stimulated skeletal muscle was lower in the MI than the
Sham mice, and was improved in the MI+Aliskiren group
(Fig. 3A). Consistently, GLUT4 translocation from the cytosol to
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Table 2
Biochemical data.

Sham Sham + Aliskiren MI MI + Aliskiren
N 8 8 8 8
Blood glucose, 90+8 98 +8 92 + 11 98+ 10
mg/ml
Plasma insulin, 043 +0.09 0.44 +0.05 0.98 +0.18° 0.52 + 0.08"
ng/ml
HOMA index 1.5+04 1.8+0.2 3.6+05° 2.0+05°
Total cholester- 69+ 10 57+7 57+ 10 66 + 11
ol, mg/dl
Triglyceride, 61+18 81423 88 +32 88 + 40
mg/dl
NEFA, meq/l 0.46 +0.07 048 + 0.05 0.88 +0.15* 0.46 + 0.05"

Values are means + S.E.M.; N, number of animals; HOMA, homeostasis model of
assessment; NEFA, nonesterified fatty acid.

2 P <0.05 vs. Sham.
b p<0.05 vs. ML

plasma membrane was significantly lower in MI mice compared to
their Sham counterparts, and was normalized in the MI+ Aliskiren
mice (Fig. 3B). No significant differences in the total or phos-
phorylated protein levels of insulin signaling were observed in
insulin-unstimulated skeletal muscle among the 4 groups (data
not shown).

3.4. Effect of Aliskiren on circulating RAS
Both plasma renin activity and Ang II levels were significantly

higher in MI mice than Sham mice and were inhibited in
MI+ Aliskiren mice (Fig. 4A, B).
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3.5. Effect of Aliskiren on (Pro)renin receptor in the skeletal muscle

Cathepsin D (a surrogate marker for renin), angiotensinogen,
ACE, and Ang I typel receptor mRNA levels in the skeletal muscle
were all comparable among the 4 groups (Fig. 5). In contrast, the
gene expression and protein levels of (pro)renin receptor were
both higher in the skeletal muscle of MI compared to Sham mice,
and these increases were inhibited in the MI+Aliskiren group
(Fig. 5 and Fig. 6A). Similarly, positive immunohistochemical
staining for (pro)renin receptor was higher in skeletal muscle cells
from MI than Sham mice, and was attenuated in the MI+ Aliskiren
group (Fig. 6A). Since upregulated (pro)renin receptor expression
has been shown to potentiate local RAS activation, we next ex-
amined Ang II content in the skeletal muscle. As we expected, Ang
Il content was also higher in the skeletal muscle from MI mice
compared to Sham mice, and the increment was significantly
suppressed by aliskiren treatment (Fig. 6B).

3.6. Effect of Aliskiren on oxidative stress in the skeletal muscle

Both 0>~ production and NAD(P)H oxidase activities were
significantly higher in the skeletal muscle of MI than Sham mice,
and these increases were inhibited in MI+ Aliskiren mice (Fig. 7A).
Consistent with these activities, the NAD(P)H oxidase subunits,
NOX2, p22P"°* and p47P"°* mRNA levels were all higher in the MI
than the Sham group, and these increases were significantly in-
hibited by aliskiren (Fig. 7B).

4. Discussion

The major findings of present study are that the administration
of aliskiren into post-infarct HF mice ameliorates both systemic

B

Sham Sham Mi Ml
+Aliskiren +Aliskiren
0.0
iz
£
P
m 0.4 -
o
o
O o064
e
£
O o8 -
3 0
<
1.0 = J, l

1.2 - T

Fig. 2. (A) Percent changes in blood glucose during intraperitoneal glucose tolerance test in Sham (open circles, n=10), Sham+ Aliskiren (open squares, n=8), MI (closed
circles, n=10), and MI+ Aliskiren (closed squares, n=9) mice and (B) area under the curve (AUC), Data are expressed as means + S.E.M. AUC, area under the curve. *P < 0.05

vs. Sham, TP < 0.05 vs. MI.
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insulin resistance and impaired insulin signaling in the skeletal
muscle, concomitant with an inhibition of NAD(P)H oxidase-in-
duced 0,~ production. Moreover, aliskiren treatment attenuates
an increase in (pro)renin receptor expression and subsequent Ang
11 production in the skeletal muscle, in addition to attenuating the
increases in circulating renin activity and Ang II levels. Therefore,
the salutary effect of aliskiren treatment on the insulin resistance
in HF mice is likely due to the inhibition of both systemic RAS and
(pro)renin receptor-mediated local RAS activation.
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Despite the significant inhibition of the increase in plasma re-
nin activity and Ang II in MI mice, aliskiren treatment did not
ameliorate LV remodeling or failure after MI, with no changes
being observed in infarct size, cardiomyocyte hypertrophy, or in-
terstitial fibrosis. In contrast, a previous study demonstrated that
50 mg/kg/day of aliskiren prevented ventricular remodeling, hy-
pertrophy, and apoptosis after Ml (Westermann et al., 2008).
However, for our experiments we selected a non-depressor con-
centration of aliskiren (10 mg/kg/day) in order to observe its anti-
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hypertensive action on insulin resistance in isolation, and thus the
minimal effect of aliskiren on cardiac function might have been
due to the relatively small amount used. On the other hand, the
mortality rate in MI mice was significantly improved by the low-
dose administration of aliskiren, suggesting that the favorable ef-
fect of aliskiren on insulin resistance may lead to an improvement
of outcomes in HF after MI.

In a scientific statement from the American Heart Association,
ischemic heart disease has been recommended as a model of ac-
quired dilated cardiomyopathy and HF (Houser et al., 2012). Is-
chemic heart disease is the most common underlying cause of HF
in humans, and the MI model exhibits the structural and me-
chanical alterations and shares many of the neurohormonal, cel-
lular, and molecular features of HF in humans. The role of HF in the
promotion of insulin resistance has been demonstrated by several
experimental models, including a pacing-induced HF model, a
model of pressure-overloaded HF by transverse aortic constriction
(TAC), and a model of post-MI HF by permanent ligation of the left
coronary artery (Nikolaidis et al., 2004; Shimizu et al., 2012). In the
present study, a major advantage of the MI model is the capacity

for studying the pathological impact of ischemic etiology on in-
sulin resistance in HF, because it is still a matter of debate whether
insulin resistance enhances the risk for development of HF ex-
clusively in patients with ischemic heart disease (Das et al., 2004,
Swan et al,, 1997). The present study demonstrates that HF mice
exhibit systemic insulin resistance, which is characterized by in-
creases in the plasma insulin level, HOMA index, and percent
change in blood glucose after insulin load. Moreover, impaired
insulin signaling also develops in the skeletal muscle of MI mice,
concomitant with a decrease in insulin-stimulated serine phos-
phorylation of Akt and GLUT-4 translocation to the membrane.
Skeletal muscle is the major organ responsible for glucose utili-
zation, with insulin-stimulated Akt phosphorylation and GLUT4
translocation being the rate limiting steps for these processes
(Krook et al., 1997). A previous study reported that the level of
GLUT4 protein was decreased in the biopsied skeletal muscle of
non-diabetic HF patients, in association with decreases in insulin
resistance and functional severity (Doehner et al., 2010). In sup-
port of this finding, we previously reported that reduced Akt
phosphorylation and GLUT4 translocation to the membrane in the
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skeletal muscle resulted in systemic insulin resistance in post-in-
farct HF mice (Fukushima et al., 2014; Ohta et al., 2011). Thus,
impairments in this signaling in the skeletal muscle are likely to
contribute to the systemic metabolic derangements seen in HF
patients (Kinugawa et al., 2015). Importantly, treatment with
aliskiren ameliorated insulin resistance in parallel with normal-
ization of insulin signaling and NAD(P)H oxidase-derived oxidative
stress in the skeletal muscle in MI mice. Aliskiren blocks the ac-
tivation of RAS at the initial step of renin inhibition, and has been
shown to improve glucose transport in the skeletal muscle tissue
from renin transgenic rats (Lastra et al, 2009). Since Ang II is
known to directly impair insulin signaling through NAD(P)H oxi-
dase activation in skeletal muscle cells (Wei et al., 2006), aliskiren
is considered to be an attractive therapeutic approach to amelio-
rate insulin resistance associated with HF. On the other hand, NEFA
was increased in MI mice and was normalized by aliskiren, sug-
gesting that HF-induced lipolysis of adipose tissue is alleviated by
aliskiren. Although there was no significant change in mean adi-
pocyte area among the 4 groups, we cannot completely exclude
the effect of aliskiren on other insulin-sensitive organs such as
adipose tissue, because aliskiren was systemically administered by
using an osmotic mini pump.

Another important finding is that local (pro)renin receptor
expression rather than classical local RAS components is upregu-
lated in the skeletal muscle in MI mice, which is normalized by
aliskiren treatment. Activation of (pro)renin receptors has been
shown to enhance the enzymatic activity of prorenin, in associa-
tion with the pathogenesis of cardiovascular and renal injuries in
hypertension, diabetes, and heart failure (Fukushima et al., 2013;
Ichihara et al., 2006a, 2006b). In addition, we recently reported
that upregulated (pro)renin receptor expression enhances Ang Il
production and oxidative stress, resulting in insulin resistance in
HF mice after MI (Fukushima et al., 2014). Interestingly, the pre-
sent study clearly demonstrates that administration of aliskiren to
MI mice attenuates the increase in both (pro)renin receptor

expression and the resulting Ang II content in the skeletal muscle.
Since aliskiren can bind not only to circulating activated renin, but
also to (pro)renin receptor-bound renin and prorenin (Biswas
et al,, 2010), the binding of aliskiren to renin and prorenin may
influence both local levels of (pro)renin receptor as well as Ang Il
in the skeletal muscle. Indeed, a recent study has shown that
aliskiren inhibits the prorenin-induced increase in intracellular
Ang II of human podocytes (Sakoda et al., 2010). Therefore, these
results suggest the potential impact of aliskiren on (pro)renin re-
ceptor-mediated local RAS activation and subsequent oxidative
stress, rather than systemic or classical local RAS components.
However, it was difficult to clarify the sites of aliskiren activity in
the present study due to the dual efficacy of this agent. A major
limitation in the present study was thus the lack of more definitive
mechanistic experiments to delineate the causal effect of aliskiren
on (pro)renin receptors, oxidative stress, and insulin resistance.
Further studies on the modulation of (pro)renin receptors under
aliskiren treatment are needed.,

In conclusion, aliskiren ameliorated insulin resistance asso-
ciated with HF by improving insulin signaling, at least in part by
inhibiting systemic and (pro)renin receptor-mediated local RAS
activation and subsequent NAD(P)H oxidase-induced O~ pro-
duction in the skeletal muscle. The current study provides further
support for targeting systemic RAS and (pro)renin receptor-
mediated local RAS as a therapeutic intervention to improve in-
sulin action in the skeletal muscle in the setting of HF-associated
insulin resistance.
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EARBENTO B LARES L URRRET VT 2
Tik, RASARHEMALEA SN, BULL o EapsE (i
)Py, EEBFHAEIETT L4, Kok, BRKE
EFMIE T ARB S5 L ) BRGREES L UHEBRE
REAHET 5 ER2MEHL TV A, E5ITLAREF IV
BYTHEHENL = VHEELEKOMREL AT SRR
oML TWwAEY,

RAS REHERIZOWTIE, BEEZ O RAS #fzF£812T
RAS EHEAGHF VBBV TRANPE I EFMLs ATy
BT Ebd Y2 LALPNOBEIIH T B EEIEE ) 6 EE
ROPPFENT, LI LEds, BRI TIRAREAGEH
SNBICES>TV LW ZOX IR ZIKEZBVWTHE
BCERT 28k~ 2 EH D RELRB TR, EPd L0
BlecEmr 2R ZEL2ThEE b 2. §HBES
REMI RS LETH L LB A.

FRGREMERE EL T 2EFTIE RREVESR
FTAMATFOYHPOLAEER SN, ERL2ERGE -5
Ko s & CEBHHABREDRIR IR, L Li
Ao, BRIV E 20w T, BIYERB X OF non-responder
OMEL ED HHIEPRON TR, —F, FAPAFH
VIZHEORELILBRRTHMMEAGER S -5, B
HICOWTIE, BICRER/DADY A7, LHEICBT3
B, THREL CORMEASMEE 250, BET
WIEAFOA FR7 ¥ FO¥ » SHEEEREIMEBREL L
T7 VA VERER LW RICHRRBIIH 557,

34 A& F riE, TGF (transforming growth factor)-f
A== 73 =D—D2THY, BN BH OB
HEFELTHOSRTWAEY, IFAZF VOEEIET
L7zBiTid, ELVWHERKEZET A2, HE, LA2CB
T, myostatin DRIMAHERIZWD o TVE I LATRS
N, IFASFURMETRHIARAYF AHHEIERD
- SHheRnses I EERIIRICB VW TREINALY,

®1 ARBRE/EROMRE 8~11)

1. Deconditioning (S&FEE)
2. Malnutrition (HEEE)

3. Hypoperfusion and Hypoxia (KRR, BER)  ERENEEERHEEZECTHESHEERBICIETERINTULEL. —5H,

COPD Tl&, iDARICEULICBBHEEERT.

4. Neurohumonal Factors (##5%EETF | RAS, SNA, aldosterone-PTH &) @ AT-Il Z, BEHEGEERL. FIHRMEER
B OSESFRICEZD. —75. ARB BKLUFACEI [, STt ENE TS (EHE i),

5. Catabolic/Anabolic Imbalance (B{LR{EFEE) DAL T, BERDTTEL, BIERTILEYHREALTVD. £z, GHHUE
MUTWDICHEDLS T IGF-1 B TERIREFR/ILEY - IGF-1 #MEETSEBHSNTVS.

6. Aggravated Muscle Protein Wastage (BiEESEE) - BF2, DABRE AEFICRONSHEASBEOIETSHD. &
&, ANFI— (cachexia) I[CBELTEESNTWLS. IEFF Y JOFTPV—-LRDEELZRE UTEEREINTLS.

7. Inflammation ($F). Oxidative Stress (B{ERA MURA) @ BUERSITS primary damage EFRMERTRICERT D812 - R

EFENT2IBENEFEIEZ SND.
8. Cell-cycle dysregulation (apoptosis. autophagy)

COPD : chronic obstructive pulmonary disease, RAS ! renin-angiotensin system. SNA : sympathetic nerve activation,
PTH : parathyroid hormone. AT : angiotensin, AR @ angiotensin receptor antagonist, ACEi : angiotensin-converting en-

zyme inhibitor, IGF : insulin-like growth factor.
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2) BEBEOEE
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FETE, LHAWERICERTIAGHcEAL TS
WERD % <, WEMABIME (Anaerobic threshold, AT)
FPHERILUAESLAFIFITbTwa, ATUT TEM
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(disease status) & FL—= 7 - AFA ¥ X ERL
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Bilis BT, Py FIN, HEES BB FFETIE BE0mEHCE
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training b 1 55
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AHA, 72U LR

ST BRI, 220—FERHTHE. HRR (heart rate reserve) i, (FALBA—EBEOI) <R+ KHFRLIR
B 2T, REBEELHA60S TRA IS O BE 0% T 3 $H481, L (HR)=(160-60) x0.5+60=110& %
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NYHAI NYHA II-II1 REDCE
HE 2-3H /8 12848 2-4H/HE
UL i 15-30% 12-154F 15-304
W 50-60% 1-RM 40-50% 1-RM 60%~1-RM
R SH4EM, SHVIRIR SHATHE, SBFER ST, SR
] 60FPLL L 6085 L1 E 601 LIk
ST REBAL 4-9ERAL 3-4 574 ORRfL~
v MK 2-3 1-2 2, 3~
BOSEL 6-15 4-10 6-12

i, ST OREE L.
SREM, N7 AERME, BHITS.

1RM (single-repetition maximal lift), MAFE LEF
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AV ACHE L (ALERER), EESHBESh
bo FRISORY THEFMEEShTORE, B
EFBBAIELTH - TOEBHFIR SN, B
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PHEAETRE, PPy EBARAERFELY
5 Ba

* Exercise improves skeletal muscle O, delivery and utilization—Exercise intolerance in CKD—
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Abstract The purpose of this study was to estimate sex differences in age-related grip
strength decline and describe the course of decline in grip strength from age 40 to 89 years by a
longitudinal epidemiological study. Participants were randomly selected community-living men
(n = 648) and women (n = 598) aged 40 to 79 years at baseline. Grip strength was measured
with standard techniques every other year over a 10-year period. The preservation rate of grip
strength was calculated as the 10-year follow-up value divided by the baseline value. The rela-
tionship between the preservation rates of grip strength and age group (by decade) at baseline
by sex was analyzed using Two-Way Analysis of Variance and the Tukey-Kramer method. The
trajectories of grip strength over 10 years were plotted for both men and women. The mean grip
strength preservation rates of participants in their 40s, 50s, 60s and 70s over 10 years was 0.90,
0.88, 0.84 and 0.79 in men, and 0.89, 0.89, 0.89 and 0.88 in women, respectively. There were
significant differences in sex and age group at baseline in the preservation rate of grip strength.
Among men, the preservation rate of grip strength for the 70s group was significantly lower
than that of younger groups (p < 0.05); however, no significant difference was observed among
age groups in women. The trajectories of grip strength decline year by year were steep in men,
but even in women. Age-related decline in grip strength markedly increased in older men, but

remained constant throughout middle and late adulthood in women.
Keywords : sex difference, grip strength, aging, longitudinal data

Introduction

By 2035, it is estimated that people aged 65 years and
older will comprise more than one third of the Japanese
population”. The number of older people who depend on
health care services is thus set to grow. In addition, about
70% of older people are expected to be living alone or
with their spouse”. In order for older people to maintain
independence in the community, it is important to perform
daily tasks without difficulty.

Poor muscle strength has proven to be one of the stron-
gest indicators of impairment, activity limitation and
mortality among older people”™. The term dynapenia
was coined to explain the loss of physical function and
increased risk of disability among older adulis”. Grip
strength, which represents hand strength, as well as lower

*Correspondence: kozakai@hokusho-u.ac.jp

extremity muscle strength, has been adopted as a use-
ful indicator®. Recently the term sarcopenia, which was
initially defined as the age-related loss of muscle mass,
has been redefined as the loss of muscle mass in combi-
nation with loss of muscle strength (grip strength) and/
or physical performance (walking speed)™'”. Frailty is a
major health problem for aging populations as it makes
older people vulnerable to poor recovery after a stressor
event'". According to Fried et al.'”, the definition of
physical frailty, which is one of the most well-known
criteria of the frailty phenotype, includes weakness (grip
strength) with weight loss, self-reported exhaustion, slow
walking speed, and low physical activity.

Because grip strength is established and simple to mea-
sure, it has been used across wide age groups'” and in
institutional settings to assess older people'?. However,
most nationwide surveys and functional assessments of
grip strength in institutions have typically not addressed
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the aging process. Although longitudinal studies show
that grip strength in adults declines with age'>'?, little
research has been conducted on changes in grip strength
using measure-based longitudinal data and well-balanced
large subject groups comprising both sexes.

The aim of the present study was to estimate sex dif-
ferences in grip strength decline and describe the course
of this decline from 40 to 89 years of age for men and
women using longitudinal data from community-living
middle-aged and older people.

Methods

Study Population. Participants included 648 men and
598 women who participated in both the baseline study
and the subsequent 10-year follow-up study of the Na-
tional Institute for Longevity Sciences-Longitudinal
Study of Aging (NILS-LSA). The NILS-LSA was based
on data obtained from interviews and laboratory examina-
tions of medical, nutritional, psychological and physical
fitness variables. Details of the study can be found else-
where™. The initial survey of the NILS-LSA involved
2267 participants 40 to 79 years of age, including almost
300 men and 300 women from each group categorized by
age decade (40s, 50s, 60s and 70s). The participants were
gender and age-stratified random samples of the resi-
dents of Obu-shi and Higashiura-cho, Aichi Prefecture,
in central Japan. Participants were drawn from residence
registrations in cooperation with local governments. All
participants lived or had lived at home in the community.
Those who lived in nursing homes or long-term care
homes were excluded. The NILS-LSA involves biennial
examinations; therefore, the participants had a maximum

of six examinations (baseline and 2, 4", 6", 8" and 10"
year) during the 10-year follow-up period. By the end of
the 10-year follow-up, some participants had dropped out
due to death (n = 248), moving to another area (n = 9),
or refusal to participate or no response (n = 748) (Fig. 1).
Participants who could not take part in the grip strength
test during the 6th wave survey were also excluded (n =
16). The final numbers of participants in each age group
by decade (40s, 50s, 60s and 70s) were 210, 219, 156 and
63 men, and 203, 204, 140, and 51 women, respectively;
and the participation rate for the grip strength test in the
10-year follow-up was 72.2%, 77.7%, 55.1% and 22.3%
for men and 72.0%, 73.1%, 49.1%, and 18.1% for wom-
en, respectively. As expected, the participants aged 70-79
years had the highest number of dropouts. The mean
number of examinations per participant was 5.8 + 0.5. No
significant differences were observed in the participation
rate of each age group or the number of examinations
by sex. All NILS-LSA procedures were approved by the
Ethical Committee of the National Center for Geriatrics
and Gerontology, and all participants provided written in-
formed consent.

Measurements. A handgrip dynamometer (Takei Co.,
Niigata, Japan) was used to assess grip strength in kg.
The participants held a handgrip dynamometer while
standing with their arms at their sides and their elbows
extended and squeezing with maximum force, alternat-
ing the left and right hands. The average of two readings
from each hand was used as the measurement result. The
safety of the participants was closely monitored during
all tests. The examiners carefully measured grip strength
while monitoring the participants’ blood pressure and fa-

Dropouts
Died: n=248
Moved: n= 9
Refused to participate/No response: n=748
Baseline
————-
(n=2267) 2" wave
(n=1813) 3" wave
(n=1631) 4" wave
——
(n=1492) 5% wave
(n=1381) 6™ wave
——————
Nov. April May June July July July
1997 2000 2002 2004 2006 2008 2010

Fig. 1 Time frame and number of participants at baseline and at each follow-up survey.
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tigue level. They advised the participants to exhale while
squeezing during the grip strength measurements and
to perform the repetitions at their own pace. A medical
doctor asked the participants about their health condition
before starting the grip strength tests. If any participant
had any serious pain, physical injury, or illness of the or-
thopedic or cardiovascular systems, they did not take part
in the tests.

Statistical Analysis. The baseline characteristics of the
participants in the 10-year follow-up and the dropouts
were analyzed for differences using Student’s-f test for
continuous variables, and the Cochran-Mantel-Haenszel
test for categorical variables by sex. Student’s-z test was
also used to compare grip strength at baseline between the
participants and the dropouts by sex and age group. The
preservation rate of grip strength for evaluating changes
regardless of the absolute value was calculated by divid-
ing the 10-year follow-up value by the baseline value. The
relationship between the preservation rate of grip strength
and age group by decade at baseline and sex was analyzed
using Two-Way Analysis of Variance (ANOVA), and the
Tukey-Kramer method was used for multiple comparison
analysis by sex. Effect sizes were calculated to evalu-
ate the magnitude of differences in grip strength by sex,
age group and sex*age group. To observe the age-related
changes in grip strength throughout middle and late adult-
hood, the mean grip strength for each year within the age
groups was calculated at baseline and at each follow-up
for both men and women. The mean grip strength was
plotted for the age span of 40 to 89 years. Statistical test-
ing was performed using the Statistical Analysis System
version 9.1 (SAS Institute Inc., Cary, NC, USA). Signifi-
cant probability levels were considered to be less than
0.05.

Results

The baseline characteristics of the participants in the
10-year follow-up and the dropouts are shown in Table 1.
The participants in the 10-year follow-up were signifi-
cantly younger, taller, heavier, had higher incomes, more
education, better self-rated health and less prevalent dis-
eases than dropouts in men. The results for women were
similar. The participants in the 10-year follow-up had
greater grip strength than the dropouts in the 50s, 60s,
and 70s age groups among men and in the 60s age group
among women (Table 2).

The mean grip strength preservation rates of participants
in their 40s, 50s, 60s and 70s for the 10 years at baseline
were 0.90, 0.88, 0.84 and 0.79, in men, and 0.89, 0.89, 0.89
and 0.88 in women, respectively (Fig. 2). The skewness
and kurtosis of the grip strength preservation rate by sex
were 0.00 and 3.02 in men, and 1.20 and 8.83 in women,
respectively. The results of the two-way ANOVA indi-
cated that there were significant main effects and interac-

tion of sex and age group at baseline in the preservation
rate of grip strength (sex, df = 1, F'= 8.87, p = 0.003, v =
0.007; age group at baseline, df = 3, F = 10.54, p < 0.0001,
7’ = 0.024; sex*age group at baseline, df = 3, F' = 8.52,
p < 0.0001, #° = 0.020). Power analysis using the GLM-
POWER procedure showed that this model had more than
99% power to detect differences in grip strength by sex
(99.4%), age group (99.5%) and sex*age group (99.2%).

The grip strength preservation rate in older age groups
was significantly lower than that of younger groups
among men (40s, 50s, 60s > 70s, 40s > 60s; p < 0.05);
however, no significant difference was observed among
age groups in women. The average annual decline rate in
grip strength in men was -1.0% per year in the 40s, and
gradually increased with age to double the reduction rate
(-2.0% per year) in the 70s. In contrast, among women,
grip strength declined at a constant rate (-1.0% per year)
among all age groups.

Yearly changes in grip strength using the mean grip
strength for each year of age are shown in Fig. 3. Each
line joins six values for every two years from baseline to
the 10-year follow up. Trajectories of grip strength for the
age span of 40 to 89 years illustrated that the course of
decline in grip strength with age was steep among men,
whereas it remained the same among women. Although
sex differences in grip strength tended to be less obvi-
ous in the older age groups, women had much lower grip
strength than men througho‘ut the age span of 40 to 89
years.

Discussion

We demonstrated an age-related decline in grip strength
across middle and late adulthood for men and women us-
ing 10-year longitudinal data. Our main finding was that
the decline in grip strength differs between sexes in mid-
dle and late adulthood. Among men, age-related decline
in grip strength was greater in late adulthood, whereas
among women, age-related decline in grip strength was
constant across middle and late adulthood.

The age-related decline in grip strength among men
was associated with age at baseline. It is well-known
that women have less muscle strength than men at every
stage of their adult life’”; however, sex differences in
the decline of muscle strength remain unclear because
few longitudinal studies of muscle strength for men and
women in the same population have been reported'”.
Previous studies support our findings that the decline in
grip strength accelerates with age among men'” and that,
among the oldest women, a horizontal plateau in grip
strength decline is observed'”. However, no sex differ-
ences in the rate of decline in grip strength were reported
in a previous 10-year prospective study’”. Different age
ranges and cohort sizes between the previous and cur-
rent study may have led to the varied results. This study,
which was designed for the same follow-up period and
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Table 1. Baseline charactaristics of the participants in the 10-year follow-up and the dropouts for men and women
Men Women
follow-up dropout follow-up dropout
n=648 n=491 p-value n=598 n=530 p -value
Age years 555 +9.2 64.1 + 11.1 <0.01 54.8 +£9.2 643 £ 10.6 <0.01
Height cm 1659 =59 162.7 =+ 6.6 <0.01 1529 +53 1495 + 63 <0.01
Weight kg 63.7 8.5 60.1 = 9.6 <0.01 532 £7.7 516 = 8.7 <0.01
BMI kgm’> 231 26 227 £ 31 <001 228 £31 230 £ 35 0.16
Body fat % 212 £4.1 21.5 = 4.7 0.17 311 +438 320 £ 55 <0.01
Education years 12,6 2.5 11.6 = 25 <0.01 11.8 +2.1 11.0 £ 2.0 <0.01
Annual income %
6,500,000 yen and higher 61.9 34.8 <0.01 53.7 30.2 <0.01
Smoking % 0.10 0.53
Never 23.9 18.7 89.4 90.2
Former 39.7 41.1 2.7 3.2
Current 36.4 40.1 7.9 6.6
Self-rated health % <0.01 <0.01
Excellent 33 2.7 4.2 1.7
Very good 28.9 17.6 24.1 11.9
Good 59.5 64.6 63.9 71.6
Fair 8.2 14.3 7.9 13.2
Poor 0.2 0.8 0.0 1.5
Prevalent diseases %
Stroke 1.6 6.0 <0.01 0.5 34 <0.01
Hypertension 20.1 30.0 <0.01 19.2 35.7 <0.01
Heart diseases 8.7 16.1 <0.01 7.9 14.2 <0.01
Diabetes 7.5 14.1 <0.01 3.0 83 <0.01

BMI, Body mass index. Continuous variables are presented as means + standard deviation (SD), and categorical variables
are presented as percentages. The differences between groups were analyzed by Student’s-f test for continuous variables

and by Cochran-Mantel-Haenszel test for categorical variables. Bold represents significant p-value (<0.05).

Table 2. Baseline grip strength of the participants in the 10-year follow-up and the dropouts in each age group for men and women

Men Women
follow-up dropout follow-up dropout
age groups n Mean SD n Mean SD p-value n Mean SD n Mean SD p-value
40-49 210 462 £64 81 458 +6.6 0.56 203 275 £438 79 26.7 =47 0.21
50-59 219 42.7 +6.3 63 409 =74 0.05 204 253 £44 75 243 +£45 0.08
60-69 156 389 5.7 127 37.1 £ 6.4 0.01 140 235 +4.1 145 222 +£4.3 0.01
70-79 63 352 £5.6 220 334 6.0 0.04 51 207 £3.7 231 198 £3.9 0.13

SD, standard deviation. The differences between groups were analyzed by Student’s-7 test. Bold represents significant p-value (<0.05).



JPFSM: Sex differences in age-related grip strength decline 91

1.00
B Men (n=648)  Women (n=598)
= % 095 ! > i
ey > e
g g |
B3 | * |
177 wn
et 09 - = -'
e R
% T
3 3
8 ¢ T -
s £
.% 5 0.89 0.89 089 0.88
S 8§ 080 -
v S
v o=
g 2
Qe
0.75
40~49 50~59 60~69 70~79
Age group (years)

Fig. 2 Preservation rate of grip strength by sex and age group at baseline.
Means and standard errors are presented. *; Tukey-Kramer test; p < 0.05.
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Fig. 3 Longitudinal changes in grip strength for ages 40 to 89 years in men and women.

age-stratified numbers for both men and women, clearly
demonstrated that the decline in grip strength through-
out middle and late adulthood was different for men and
women.

Muscle mass is directly associated with muscle
strength®”. Age-related decreases in muscle mass have
been reported as trivial; however, age-associated decreas-
es in arm muscle quality (muscle strength/muscle mass)
were lower among women than among men in our previ-
ous study*”. Generally, women assume the main role of
housework and continue this role until old age. This may

help women maintain the same level of grip strength over
time. However, Goodpaster et al. suggested that muscle
weakness leads to diminished physical activity, conse-
quently leading to secondary muscular disuse atrophy®.
To prevent further loss of muscle strength among women
in late adulthood, it is important to activate muscles and
increase muscle quality throughout their lifetime.

For men, both muscle mass and muscle quality steeply
decrease with age’™. Additional physiological declines
such as decreasing insulin-like growth factor-1 and tes-

tosterone levels®™ and loss of social roles at work and in
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the community may cause the steep decline in muscle
strength among men. Forrest et al. suggested that older
adults who have adequate muscle strength may experi-
ence more noticeable declines in strength with age'”.
Rapid declines in muscle strength could have an impact
on the ability of older adults to function in daily life as
well as cause a sense of loss, particularly among men.
Further studies are needed to examine the effects of large
declines in muscle strength later in life among men.

We illustrated longitudinal changes in grip strength for
the age span of 40 to 89 years using 7252 observational
data points (1246 persons x 2~6 biennial values). We also
demonstrated the trajectories of grip strength decline year
by year in both men and women. This data provided a de-
tailed course of decline in grip strength with age through-
out middle and late adulthood for both sexes.

Previous studies have shown that the relationship be-
tween age and grip strength in men is both linear'**"*®
and curved'®. Our 10-year follow-up data decreased
among older people, and thus the variance of the mean
grip strength of participants in their 70s was wider than
that of the other age groups. Therefore, whether the de-
cline in grip strength among men in their 70s and older is
linear or curved remains uncertain. However, our data of
grip strength indicated that grip strength among men de-
clined markedly year by year during the age span of 40 to
89 years.

Among women, previous studies also reported con-
flicting results with horizontal slopes in grip strength'®
and quadratic changes in grip strength®”. However, grip
strength among women was considerably lower than
among men in middle and late adulthood. Grip strength in
women may be considered the threshold of grip strength
for community living. Although the cut-off point for sar-
copenia is 20 kg of grip strength in women”, grip strength
among women in hospitals and nursing homes was report-
ed to be below this level'”. Recently, the Foundation for
the National Institutes of Health Sarcopenia Project de-
fined less than 16 kg of grip strength in women as weak-
ness’”. In our study, most women in their 70s reached
the level of 20 kg of grip strength and the average grip
strength among women in their late 80s was 17 kg, which
is near the threshold level of grip strength for geriatric
syndromes associated with functional limitations and dis-
ability. Although the age-related decline in grip strength
seen among women was less than that of men, the avail-
able capacity of grip strength for community living was
far less among women than men throughout middle and
late adulthood.

Sarcopenia is a key component of physical frailty'”, and
there is considerable overlap between the two™>. Both are
important concepts in geriatric research, and emphasize
grip strength in their definition. Monitoring actual muscle
function may be useful in identifying older people at risk
of daily living disability and dependency. In addition,
characterizing how the aging process affects grip strength

over middle and late adulthood may lead to improved
methods for preserving muscle strength. Our results may
therefore contribute to the development of improved in-
terventions and advice for the prevention of functional
limitations and the maintenance of quality of life in late
adulthood.

Some limitations of this study need to be addressed.
First, there were more dropouts in the older than in the
younger age groups in our longitudinal study. About 60%
of the dropouts due to death during the study period were
in their 70s at baseline. However, this was considered
unavoidable, and despite the dropouts, we still had over
300 observations in men and women alike that allowed us
to show the effects of the aging process on grip strength
among participants in their 70s. Second, the participants
in this study regularly attended the examinations in the
NILS-LSA. This may have resulted in an underestimation
of the decline in grip strength. The main reasons given
for dropping out of the study were health problems, in-
convenience, and a lack of time. However, it was difficult
to examine the details of the dropouts because some did
not respond or state any reasons for dropping out. Grip
strength at baseline was lower among the dropouts than
among the participants in the follow-up, especially in men
(Table 2). We also performed a sub-analysis for the entire
study population from baseline to the 10-year follow-up.
Grip strength among participants who were examined six
times was significantly stronger than that of those who
were only examined once (at baseline); however, when
compared to participants of both sexes who were exam-
ined two to five times, no difference in grip strength was
found (data not shown). Regarding socio-demographic
variables, the dropouts who had been examined only at
baseline were significantly older and had poorer health
than the participants in the follow-up for both sexes
(Table 1). These differences might have led to an underes-
timation of the decline in grip strength. Finally, although
the statistical analyses in this study had high power (more
than 99%), the effect sizes were small’”. Age-related de-
cline in grip strength was clearly different between men
and women. However, age-related grip strength decline
is associated with numerous factors; therefore the role of
sex in explaining this decline may be limited.

The strengths of the present study include the large
number of randomly selected community-living partici-
pants and the fact that the 10-year longitudinal obser-
vation data tracked participants from age 40 to 89. We
measured changes in grip strength biennially, and every
year of age was assessed. The number of male and female
participants in each age group was nearly equal, which
allowed for an accurate estimation of sex differences. We
were also able to show the effects of the aging process
on grip strength using actual measurements for men and

women.
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Conclusion

Age-related decline in grip strength markedly increased
in older men, but remained constant across middle and
late adulthood in women. The large decline in grip
strength among men and the low level of grip strength
among women may indicate progressive declines in
health, eventually making it impossible to perform daily
tasks independently. It may be important to introduce
sex-specific measures to maintain a higher level of grip
strength in older individuals.
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Abstract

Objective: To investigate the effects of arm-cranking exercise training on plasminogen activator inhibitor 1 (PAI-1) as a risk factor of deep vein
thrombosis, along with general physical parameters such as muscle strength, aerobic capacity, and hemodynamics, in individuals with spinal cord
injury (SCI) and control subjects.

Design: Longitudinal study.

Setting: Community-based supervised intervention.

Participants: Participants (N=17) comprised individuals with SCI (n=9) who volunteered for this study, and able-bodied individuals (n=28)
matched for age, height, and body mass index who were assessed at baseline only.

Intervention: The arm-cranking exercise program was performed for 10 weeks with 4 sessions per week. Sessions consisted of 2 sets of warmup
(5min) and arm crank exercises (25min) with a 10-minute recovery at an intensity of 50% to 70% of heart rate reserve.

Main Outcome Measures: Body mass (BM), waist circumference (WC), aerobic capacity (peak oxygen consumption [Vo,peak]), PAI-1, blood
pressure, glucose metabolism, and lipids.

Results: PAI-1, BM, WC, systolic blood pressure, and triglycerides (TG) decreased, and Vo,peak increased after training (P<.05, respectively).
Spearman rank-order analysis revealed that changes in PAI-1 were related to changes in Vopeak, BM, WC, TG, and high-density lipoprotein
cholesterol. Multiple linear regression analysis revealed that WC was the most sensitive factor for predicting changes in PAI-1 (P=.038).
Conclusions: These results suggest that 10 weeks of arm-cranking exercise training for people with SCI may help to reduce the risk factors of
cardiovascular disease. In addition, changes in abdominal fat may be related to changes in PAI-1 in the SCI population.
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Plasminogen activator inhibitor 1 (PAI-1) has been suggested to be
a crucial risk factor for metabolic syndrome,"? indicating that
decreases in PAI-1 may prove to be sensitive and clinically rele-
vant for the prevention of cardiovascular diseases (CVDs). The
prevalence of CVDs or CVD-related diseases, including diabetes,”*
hypertension,” dislipidemia,® peripheral arterial disease,’ stroke,?
deep vein thrombosis (DVT),>'® and obesity,'' is higher in
individuals with spinal cord injury (SCI) compared with the able-
bodied (AB) population. Among these, DVT is commonly
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observed in either acute or chronic SCI because of immobilization
of the paralyzed lower limbs; the limb immobilization also leads
to complications such as decreased venous return, which is likely
due to reduced muscle volume in the muscle pump.g’lz'14 Because
PAI-1 is the most important direct inhibitor of the tissue-type of
urokinase-type plasminogen activators, as well as a major regu-
lator of the fibrinolytic system, reduction in PAI-1 is considered as
a target biomarker in the prevention of DVT."

Aerobic exercise training reduces the risk factors of CVD, and
the American College of Sports Medicine has suggested that this
effect is likely due to loss of body mass (BM).'® In ambulatory
humans, studies have demonstrated that exercise training reduced
PAL-L in AB people,’”* as well as in patients with CVD.?"?
Additionally, sedentary people with SCI have been reported to
show higher PAI-1 levels, compared with highly trained athletes
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with SCI, indicating that increasing the amount of exercise may be
a therapeutic strategy to reduce the PAI-1 level in SCI.**> However,
little known is about the positive effects of upper body training on
PAI-1 in SCI Previous interventional training studies'’2>
designed to reduce PAI-1 revealed positive effects by exercise
training; conversely, whether detraining may alter PAI-1 is un-
certain. It has also been suggested that physical inactivity
(eg, unilateral lower limb immobilization, which can exacerbate
the effects of localized deconditioning) increases the risk of
DVT.* Therefore, the observation of both training and detraining
effects may offer further insight into changes in the PAI-1 level
and related factors,

With this information in mind, we chose to investigate the
effects of arm-cranking exercise training on PAI-1 and several
other related parameters that can influence CVD risk factors,
namely BM, waist circumference (WC), and lipids. We hypothe-
sized that PAI-1 levels would be reduced by arm-cranking exercise
training and then would recover to their pretraining values after
detraining (ie, equivalent period without training); we also
expected that these alterations would be related to BM, WC, and
lipids. To test this, we investigated the effects of 10-week training
and detraining periods on these biomarkers in individuals
with SCI.

Methods

Participants

Nine men with SCI and 8 age-matched AB participants voluntarily
participated in this study. Physical characteristics for each of the
participants with SCI along with averaged values for the AB
participants are shown in table 1. All participants with SCI were
engaged in sedentary work to which they commuted using their
own vehicle, indicating that their daily wheelchair activity levels
were similar. AB participants were relatively sedentary and had
not performed any regular exercise for 6 months before the study.
AB participants were free of any known CVD, and both groups
were taking no medications and did not smoke. Participants were
asked to abstain from caffeinated beverages for 12 hours, and from
strenuous physical activity and alcohol for at least 24 hours before
the study. Participants were familiarized with all measurement
techniques in the arm-cranking exercises at 50 revolutions/min.
All studies were performed at an ambient temperature of
24°Cx1°C with minimal external stimuli. All procedures were
approved by the ethical committee of Hokusho University, Japan,
and were performed in accordance with the guidelines of the

List of abbreviations:

AB able-bodied
BM body mass
CVD cardiovascular disease
DVT deep vein thrombosis
HDL-C high-density lipoprotein cholesterol
HRR heart rate reserve
PAI-1 plasminogen activator inhibitor 1
SBP systolic blood pressure
SCI spinal cord injury
TG triglycerides
Vo,peak peak oxygen uptake
WC waist circumference

www.archives-pmr.org

Table 1  Individual characteristics of SCI participants and mean
values of AB and SCI participants
Injury

Participant Injury  Duration Age Height
No. Classification Level (v) (y) (cm)

1 A Ti2 11 30 176

2 A T10-12 14 34 173

3 A L1 12 31 162

& B T10 20 41 164

5 A T12 7 26 174

6 A T8-9 28 55 165

7 B T12 16 39 170

8 A L1 24 54 169

9 A T9-10 9 32 167
SCI NA NA 167 3810 169%5
AB NA NA NA 357 17144

NOTE. Values are mean = SD for SCI and AB subjects. Classification was
determined by the standards of the American Spinal Injury Association.
Abbreviations: A, complete injury; B, sensory incomplete; L, lumbar;
NA, not applicable; T, thoracic.

Declaration of Helsinki. After a detailed description and
explanation of all study procedures, including the possible risks
and benefits, each participant gave written informed consent.

Study procedures

The study consisted of 3 experimental protocols: (1) pretraining
measurements (baseline) for SCI and AB participants; (2)
10-week arm-cranking exercise training for SCI participants only;
and (3) posttraining measurements after a 10-week detraining for
SCI participants only. At pretraining, the physical characteristics,
peak aerobic capacity, upper body muscle strength, and bio-
markers were evaluated (for details, see Physical Characteristics
Measurement, Aerobic Capacity Measurement, Handgrip Strength
Measurement, and Biomarker Outcomes sections below). During
the training period, each participant with SCI performed two,
30-minute sets of arm-cranking exercises with a 10-minute resting
interval between them, 4 days per week for 10 weeks at an
intensity of 50% to 70% heart rate reserve (HRR). During the first
2 weeks, the target heart rate was set at 50% of HRR, and
increased 5% every 2 weeks; thus, during the last 2 weeks (weeks
8—10), the target heart rate was set at 70% of HRR. According to
the guidelines of the American College of Sports Medicine,'® this
exercise intensity and duration can improve aerobic fitness levels.
HRR was obtained from the following equation'®:

HRR (%) = (Exercising HR — Resting HR) /
(Peak HR — Resting HR) x 100%

where resting and peak heart rate were derived from the arm-
cranking exercise at the pretraining evaluation, followed by the
same assessment pretraining measurement carried out for partici-
pants with SCI only. The researchers carefully supervised the
training and carefully monitored the exercise duration and intensity
to prevent injury.” Notably, in the initial stages, a subset of subjects
stated that they did not want to continue the exercises. In these cases,
the researchers did not force the subjects to continue exercising but
rather increased the recovery interval between sets, so that the
subjects became motivated again and finally completed the total
exercise protocol. During training, they wore a wireless heart rate
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monitor. During the detraining period, all participants with SCI were
asked not to increase their physical activity (eg, by performing
additional upper body training such as arm cranking or resistance
exercise), but rather to live as usual (fig 1).

Physical characteristics measurement

Initially, each participant was measured for height; BM, wearing
only underwear and after voiding the bladder; and WC at the
umbilicus after normative expiration. Height and WC were
measured using a nonelastic tape measure while lying in a 30°
supine position, as this approximated the method used to measure
standing AB participants.’® BM was measured using a custom
scale with an individual’s wheelchair weighing approximately
20kg. In AB participants, height and WC were measured in the
same positions as for the participants with SCI. BM was measured
using a commercial body weight scale.”

Aerobic capacity measurement

To determine individual peak oxygen uptake (Vo,peak) for both
groups, each participant performed an incremental arm-cranking
test (Rehabi Trainer 881E®) in a sitting position until exhaustion
(10W/min increase at 50 revolutions/min).”” After 30 minutes of
rest in the supine position, the SCI participants moved to their own
wheelchairs. AB participants also used a wheelchair suitable to their
body size. The wheelchair was firmly fixed, and the participant’s
legs and feet were firmly held in place with a strap. The pedal axis
was aligned with the participant’s shoulder, and the elbow was
positioned in a slight flexion position. The participants rested for 10
minutes in the wheelchair before beginning, then performed an
incremental arm-cranking exercise test until exhaustion. The
criteria for exhaustion were as follows: (1) a score of 19 on the rating
of perceived exertion; and (2) failure to maintain 50 revolutions/min
despite strong verbal encouragement. The test was terminated when
either of these 2 criteria was met. For this measurement,

gas-exchange variables were measured using the breath-by-breath
method.® Heart rate was continuously monitored by an electrocar-
diogram attached to a metabolic measuring system.

Handgrip strength measurement

Isometric maximum handgrip strength was evaluated. Handgrip
was measured 3 times in both arms with participants in a sitting
position using a dynamometer.UI Participants were encouraged to
exert the strongest possible force for 3 seconds with 5-minute
intervals. The maximal handgrip strength was calculated by
averaging the values of the 3 measurements.

Biomarker outcomes

Resting venous blood samples (10mL) were taken from the ante-
cubital vein under fasting conditions and immediately centrifuged at
3000 revolutions/min for 15 minutes at 4°C to separate plasma and
serum. Blood samples were frozen at —80°C for further analysis of
PAI-1, fibrinogen, blood glucose, hemoglobin A lc, total cholesterol,
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol. All analyses were measured
by a clinical testing company.” Systolic and diastolic blood pressures
were measured at the upper left arm by the oscillometric method.”
Blood pressures were measured at 1-minute intervals at least 3
times, and averaged values of blood pressure were taken.

Posttraining and detraining measurements for
participants with SCI

The measurements after the 10-week arm-cranking exercise training
and detraining periods were obtained only from the participants with
SCI. Our reasoning for this was that the AB group would have
continued walking in their daily lives using their lower limbs. It
would therefore be impossible to control for the potential effects of
this ambulatory activity on the physical and biomarker measurements.

/ Ex I Rec /' Ex Exercise training for one day

05 30 40 45

70 min

65%HRR

60%HRR
56%HRR

50%HRR

T0%HRR

Live as usual (not to increase physical activity)

10 20 weeks

A N
M >
N 1 4

Training period

SCl
AB
Pre-training
{baseline)
measurement
Fig 1

Post-training
measurement

Detraining period

N/A N/A

Post-detraining
measurement

Study protocol. Abbreviations: EX, exercise; NA, not applicable; Rec, recovery.

www.archives-pmr.org

261



262

Plasminogen activator inhibitor 1 reductions and influencing factors

2177

Statistical analysis

All data are shown as means £ SD. The unpaired ¢ test was used to
compare the pretraining (baseline) values between SCI and AB par-
ticipants. One-way repeated-measures analysis of variance was used to
compare all SCI participants at 3 time points: pretraining (baseline),
posttraining, and detraining. Spearman rank-order analysis was used to
detect influential parameters for changes in PAI-1.* A multiple linear
regression analysis was conducted to predict changes in PAI-1. A P
value <.05 was considered statistically significant.

Results

Pretraining (baseline) values in SCI and AB
participants

Physical characteristics, aerobic capacity, blood pressure, and
biomarkers in both groups at pretraining (baseline), posttraining,
and detraining are shown in table 2. At pretraining, there were
significant differences in peak heart rate and PAI-1 between
groups. Maximum WC, handgrip, systolic blood pressure (SBP),
total cholesterol, TG, and fibrinogen tended to be higher in SCI
than AB participants, but without statistical significance. There
were no significant differences in other variables between
the groups.

Effect of arm-cranking training and detraining

Table 2 also shows changes in the physical characteristics, aerobic
capacity, blood pressure, and the biomarkers between pre- and
posttraining in SCI participants. These results are summarized in
table 3. Maximum WC, BM, Vospeak, SBP, TG, and PAI-1
significantly improved with the 10-week arm-cranking exercise

training (P<.05). After the 10-week detraining phase, BM, WC,
Vo,peak, SBP, TG, and PAI-1 acutely recovered, with statistical
differences between posttraining and detraining (P<.05). However,
the postdetraining values of BM, WC, and Vo,peak continued to be
significantly different than the pretraining values (P<.05).
Conversely, the values of SBP and TG recovered and were similar to
the pretraining values (all P>.05). Moreover, the PAI levels at
posttraining tended to be lower than the pretraining values, but
without statistical significance (P=.052). The other parameters
were not affected by either training or detraining (all P>.05).

Potent factors affecting changes in PAI-1 level

In the present study, we calculated relative changes between the
posttraining and pretraining values, and between the postdetraining
and posttraining values. Spearman rank-order analysis revealed that
these relative changes in PAI-1 levels were related to relative changes
in BM, WC, Vo,peak, TG, and HDL-C; that is, 2 different periods
(difference between posttraining and pretraining, and between
postdetraining and posttraining) X 9 participants =18 (table 4).
Additionally, relative changes in PAI-1 can be explained by following
equation with multiple regression analysis. As a result, relative
changes in WC were determined to predict the relative changes in
PAI-1 level.

Relative changes in PAI-l = —6.118 + (.952xBM) +
(4.582xWC) — (.077xVo,peak per BM) + (220xTG) —
(.251xHDL-C); (adjustedR2= .759, P<.001; P value of WCis .038).

Discussion

Our results have provided several pieces of information with
importance for treatment of SCI. First, participants with SCI
showed statistically significant differences in PAI-1 and peak heart

Table 2  Physical characteristics, aerobic capacity, muscle strength, and hemodynamic variables at each period in SCI and AB participants
SCI (n=9) AB (n=8) Baseline
Measures Pretraining (Baseline) Posttraining Postdetraining Baseline P
BM (kg) 61.0+7.0 59.1+7.5* 60.1+7.0" 62.84+5.2 563
WC (cm) 85.546.2 83.645.9* 84.245.6" 81.0+2.1 071
Voppeak per BM (mL-kg™!-min~?) 28.9+4.1 32.7+4.4* 30.2+4.2M 29.3+4.1 .868
Peak Vg (L-min™") 67.2111.1 72.5£9.4 67.7+£10.4 68.1+12.1 .878
Peak HR (beats-min~") 160410 163+8 159+6 151+3" .046
Handgrip strength (kg) 50.445.5 52.246.3 51.346.0 46.4%+4.1 .085
SBP (mmHg) 1365 1334+4* 1355 132+4 .070
DBP (mmHg) 7548 7345 747 7146 .276
Blood glucose (mg/dL) 102+25 9934 101+27 90+10 .231
Hemoglobin Alc (%) 4,940.6 4.840.8 4.910.7 4.74+0.3 470
Total cholesterol (mg/dL) 203434 196+36 207+31 178+16 .074
TG (mg/dL) 154469 116458* 140456 107424 .087
HDL-C (mg/dL) 567 5847 5648 60+10 .265
LDL-C (mg/dL) 114424 110+30 113x27 9947 .109
PAI-1 (ng/dL) 52+11 38+12* 414117 30+6° <.001
Fibrinogen (mg/dL) 297+57 290446 303451 249450 .087

NOTE. Values are mean =+ SD or as otherwise indicated. P values denote the significance of differences between SCI and AB participants at baseline.
Abbreviations: DBP, diastolic blood pressure; HR, heart rate; LDL-C, low-density lipoprotein cholesterol; Ve, pulmonary ventilation.
* P<.05 between values at baseline and after training in SCI participants.

T P<.05 between values after training and detraining in SCI participants.

! P<.05 between values at baseline and after detraining in SCI participants.

5 P<.05 between AB and SCI participants at baseline values.

www.archives-pmr.org
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Table 3  Summarized results of statistics in SCI participants
One-Way Repeated ANOVA Post Hoc Pairwise Comparisons
Pre- vs Posttraining vs Pretraining vs

Measures F Partial n° P Posttraining Detraining Postdetraining
BM 34.928 0.814 <.001 <.001 .005 <.001

wC 10.177 0.560 .001 .019 .021 .033
Vozpeak per BM 48.458 0.858 <.001 <.001 <.001 .008

Peak V¢ 4.296 0.350 .032 .023 .126 .805

Peak HR 1.818 0.185 194 413 234 .623

HG strength 2.101 0.208 .155 .252 .218 311

SBP 3.964 0.331 .040 .005 146 512

DBP 0.290 0.035 752 .829 .853 .829

Blood glucose 0.225 0.027 .801 .900 .900 .900

HbA1lc 0.548 0.064 .588 .696 .696 .696

TC 1.681 0.045 458 221 .256 = 634

16 10.518 0.568 .001 .010 .010 .136

HDL-C 3.225 0.287 .067 23 .189 .565

LDL-C 1.081 1.135 .363 457 457 .600

PAI-1 56.150 0.875 <.001 <.001 <.001 .052
Fibrinogen 1.671 0.173 .219 326 .326 .326

Abbreviations: ANOVA, analysis of variance; DBP, diastolic blood pressure; HbAlc, hemoglobin Alc; HG, handgrip; HR, heart rate; LDL-C, low-density

lipoprotein cholesterol; TC, total cholesterol; Vg, pulmonary ventilation.

rate, and marginally significant differences in WC, muscle
strength, and some biomarkers, compared with AB participants.
Second, arm-cranking exercise training improved several param-
eters, such as indices of obesity, biomarkers for CVD risk, and
aerobic capacity. Third, Spearman rank-order analysis revealed

Table 4 Spearman rank-order correlation coefficients between
changing rate in PAI-1 and changing rate in other variables
R Values to
Change in

Changes in Variables (%) PAI-1 (%) P

BM .609 .007
wc .654 .003
Vopeak per BM —.696 .001
Peak V¢ —.401 .100
Peak HR —.324 .189
Handgrip strength —.152 548
SBP 427 .078
DBP 157 534
Blood glucose 174 491
Hemoglobin Alc 119 .639
TC 456 .057
16 .869 <.001
HDL-C —.694 .001
LDL-C .266 .287
Fibrinogen 174 491

NOTE. Values are shown as Spearman rank-order correlations and P
values. Changing rate was taken between posttraining and baseline
values, and between postdetraining and posttraining, indicating the
total sample size was 18 (9 subjects x 2 periods).

Abbreviations: DBP, diastolic blood pressure; HR, heart rate; LDL-C,
low-density lipoprotein cholesterol; TC, total cholesterol; Vg,
pulmonary ventilation.

that relative changes in PAI-1 were related to the relative changes
in BM, WC, TG, HDL-C, and Vospeak. WC was shown to be
especially predictive of changes in the PAI-1 level by multiple
regression analysis.

SCI versus AB participants at baseline

We found a significant difference in the baseline values of PAI-1
between the 2 groups. Maximum WC, SBP, total cholesterol, TG,
and fibrinogen tended to be higher in the SCI than in the AB
participants, but without statistical significance. These results
suggest that the risk factors for CVD may be higher in persons
with SCI than in AB individuals. Because many studies have
reported that the prevalence of CVDs or CVD-related disease,* "
and obesity'! is higher in persons with SCI compared with AB
individuals, our results are reasonable. There were no differences
in Vogpeak or pulmonary ventilation, while peak heart rate was
significantly higher in SCI than in AB participants. Since a pre-
vious study®® demonstrated that a higher heart rate in SCI during
exercise compensates for a lower stroke volume, the significantly
higher heart rate in our subjects with SCI might also have occurred
to compensate for a lower stroke volume. We also found a higher
trend for handgrip strength in the participants with SCI. This may
be related to their daily use of the upper extremities for wheelchair
operations.

Effect of arm-cranking training and detraining in
SCI

In this study, 10-week arm-cranking exercise training significantly
reduced BM, WC, SBP, TG, and PAI-1. Similarly, aerobic ca-
pacity improved. These improvements in BM, and WC were
maintained even after detraining. Moreover, PAI-1 was acutely
increased after detraining, but it still showed a lower trend be-
tween baseline and postdetraining (P=.052). By contrast, SBP
and TG returned toward the postdetraining baseline values. These

www.archives-pmr.org
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results may indicate that exercise training—induced changes in
PAI-1 are related to body composition. Several previous inter-
ventional studies (eg, exercise training, weight loss, and intense
lifestyle programs) have shown that decreases in PAI-1 are asso-
ciated with reductions in body weight'® and WC.*® Although these
previous studies were not conducted for patients with SCI, our
results may account for these parallel changes among PAI-1, BM,
and WC. Indeed, previous studies on patients with SCI have re-
ported that upper body endurance training (ie, arm-cranking ex-
ercises or wheelchair ergometer training) significantly decreased
WC3'*2 and BM.*? Other studies of patients with SCI showed that
upper body exercise training significantly reduced TG**?* and
increased HDL-C.**** Our Spearman rank-order analysis results
also revealed that changes in PAI-1 were related to BM, WC,
Vospeak, TG, and HDL-C, but were not related to peak pulmonary
ventilation or peak heart rate. These results suggest that exercise
training may play a more important role in improving health
outcomes than merely improving aerobic capacity. Moreover,
WC is the most sensitive factor for predicting exercise-induced
changes in PAI-1. Taken together, these findings suggest that ex-
ercise training may be clinically relevant for reducing PAI-1 in
individuals with SCI, probably via a reduction of WC.

One possible explanation for the relation between the de-
creases in PAI-1 and WC observed herein may be that they involve
the abdominal adipose tissue. In the present study, maximum WC
was extracted as the most potent factor for predicting changes in
PAI-1. It is known that adipose tissue is an important organ in
producing PAI-1.*® Additionally, adipose gene expression of PAIL-
1 is elevated with obesity®” and has been positively linked with the
risk factors of CVD.*® WC measurement is known to be a valid
method for identifying obesity in SCL*® Similarly, percent body
fat is strongly associated with WC but not with body mass index in
individuals with SCI,>* which may imply that reductions in WC
cause reductions in body fat in those with SCI. Since we did not
directly assess abdominal body fat, future studies would be war-
ranted to clarify the underlying mechanisms and causal relation-
ships that may affect changes in PAI-1 levels.

Future perspectives

After SCI, the body’s composition undergoes various changes that
might lead to obesity (eg, limited mobility, results in reductions in
muscle mass)."" Of note, the participants with SCI in the present
study had average body mass indices (see tables 1 and 2). None-
theless, WC and PAI-1 were significantly decreased, and WC was
deemed to be predictive of changes in PAI-1. In the training ses-
sions, a subset of SCI participants complained that they wanted to
discontinue the exercises because they were too difficult; however,
this may have been due to a lack of experience with an arm-cranking
exercise using an ergometer, since all participants ultimately
completed the full training protocol despite increases in exercise
intensity. Our results may indicate that exercise is useful not only to
reduce the risks of DVT and other CVDs, but also to increase the
quality of life in people with SCL*

Study limitations

First, we must acknowledge the relatively small sample size in
both groups; thus, we used post hoc power analysis tests to obtain
statistical power and the required sample size. We estimated that a
sample size of 8 would have been necessary to achieve the
appropriate statistical power for the measurement of exercise-

www.archives-pmr.org

induced changes in PAI-1, BM, WC, SBP, TG, and Vo,peak. This
may indicate that the exercise-induced changes in the main out-
comes were not strongly affected. Second, we observed the par-
ticipants for 10 weeks in the present study. In a previous 12-week
study investigating the relation between arm-cranking exercise
and PAI-1, no changes were observed in PAI-1.' However, the
training volume in our study (40h) was greater than in this pre-
vious study (18h), although the exercise intensities were similar. It
is possible that these differential training volumes contributed to
the different responses of the PAI-1 levels.

Conclusions

Ten weeks of arm-cranking exercise training significantly decreased
PAI-1, BM, WC, and several CVD-related markers. Relative changes
in PAI-1 were related to relative changes in BM, WC, HDL-C, TG,
and Voppeak. Additionally, a change in WC was found to be the
factor most predictive of changes in PAI-1, indicating that reductions
in visceral fat may provide a sensitive, clinically relevant way to
reduce the risk of thrombosis in patients with SCL
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Keywords ABSTRACT

Clinical, Metabolic syndrome, Aims/Introduction: Low aerobic capacity is a strong and independent predictor of all-

Treatment drug cause mortality in patients with metabolic syndrome (MetS). Here, we investigated the
effects of pioglitazone treatment on whole-body aerobic capacity and skeletal muscle

*Correspondence energy metabolism in MetS patients.

Shintaro Kinugawa Materials and Methods: A total of 14 male patients with MetS received oral pioglita-

Tel: +81-11-706-6973 zone 15 mg/day for 4 months. To assess whole-body aerobic capacity, exercise testing

Fax: +81-11-706-7874 with a bicycle ergometer was carried out before and after pioglitazone treatment. To

E-mail address:

tuckahoe@med hokudai.acjp assess skeletal muscle energy metabolism, intramyocellular lipid in the resting leg and

high-energy phosphates in the calf muscle during plantar-flexion exercise were measured
using 'proton- and *'phosphorus magnetic resonance spectroscopy, respectively.
Results: Pioglitazone significantly increased peak oxygen uptake (25.1 £ 49 mL/kg/min
doi: 10.1111/jdi.12606 pretreatment vs 27.2 £ 3.9 mL/kg/min post- treatment, P < 0.05) and anaerobic threshold
(127 £ 1.9 mlL/kg/min pretreatment vs 136 £ 1.6 mlL/kg/min post-treatment, P < 0.05),
although daily physical activity was comparable before and after the treatment. Intra-
myocellular lipid content was significantly reduced after pioglitazone treatment by 26%,
indicating improved skeletal muscle fatty acid metabolism. Pioglitazone also significantly
decreased the muscle phosphocreatine loss during exercise by 13%, indicating improved
skeletal muscle high-energy phosphate metabolism. Notably, the increase in anaerobic
threshold; that is, submaximal aerobic capacity, closely correlated with the decrease in
intramyocellular lipid content after pioglitazone treatment.

Conclusions: Pioglitazone significantly improved the MetS patients’ whole-body aero-
bic capacity and skeletal muscle energy metabolism. The beneficial effect of pioglitazone
on whole-body aerobic capacity might be at least in part through improved fatty acid
metabolism in the skeletal muscle.

J Diabetes Investig 2017, 8: 535-541

INTRODUCTION cardiovascular disease. The worldwide prevalence of the MetS is
Metabolic syndrome (MetS) is a multifactorial condition char-  increasing dramatically, leading to both medical and public
acterized mainly by obesity and insulin resistance, which  health crises worldwide. Furthermore, the rapid growth of the
increases the risk of the development of type 2 diabetes and  numbers of individuals with type 2 diabetes worldwide over the

past decade highlights the necessity of early pharmacological
— intervention to prevent type 2 diabetes and its complications,
Received 6 August 2016; revised 17 October 2016; accepted 30 November 2016 such as macrovascular and microvascular diseases™”.
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Pioglitazone, an insulin-sensitizing thiazolidinedione, is
widely used for the treatment of type 2 diabetes. Thiazolidine-
diones are known to activate peroxisome proliferator-activated
receptor-y, which is distributed not only in adipose tissue but
also in skeletal muscle, and plays an important role in fatty acid
and glucose metabolism®. Among the various antidiabetic
drugs, pioglitazone has a strong effect on insulin resistance, and
is considered a potential candidate treatment for patients with
Mets*.

Large clinical trials have shown that pioglitazone reduces the
risk of the development of type 2 diabetes in patients with
impaired glucose tolerance®, and reduces the risk of stroke and
acute myocardial infarction in insulin-resistant patients with a
history of ischemic stroke or transient ischemic attack®.

Low aerobic capacity is a more powerful predictor of all-
cause mortality than other established risk factors for cardiovas-
cular diseases in healthy individuals’. We previously showed
that aerobic capacity is lowered in association with impaired

skeletal muscle energy metabolism in MetS patientss'g. Low aer-

obic capacity could independently increase the risks of cardio-
vascular diseases and death in obese and insulin-resistant MetS
patients'®", These findings support the importance of treat-
ment to improve the aerobic capacity in patients with MetS.

The first-line treatments for MetS are lifestyle interventions,
including exercise and calorie restriction. However, most MetS
patients cannot maintain high physical activity and/or their
optimal bodyweight over a sustained period of time, and conse-
quently they remain at high risk for developing type 2 diabetes
and cardiovascular disease. Therefore, additional treatment to
improve aerobic capacity is clinically beneficial for MetS
patients.

We recently showed that pioglitazone increased aerobic
capacity with improved skeletal muscle mitochondrial function
in diet-induced obese and insulin-resistant mice'?, which raises
the possibility that pioglitazone can improve aerobic capacity in
patients with MetS. However, to our knowledge, no study
showing the effect of pioglitazone on aerobic capacity in
humans has been published.

In the present study, therefore, we examined whether piogli-
tazone could improve the aerobic capacity and skeletal muscle
energy metabolism in MetS patients. We also determined
whether the effects of pioglitazone on aerobic capacity are asso-
ciated with improved skeletal muscle energy metabolism.

MATERIALS AND METHODS

Patients

A total of 14 male MetS patients who did not engage in habit-
ual exercise and who were diagnosed with MetS according to
the International Diabetes Federation criteria participated in the
study. All 14 patients were in good health with no evidence of
cardiovascular, hepatic or renal disease, as determined by medi-
cal history and physical examination including screening blood
tests, electrocardiograms and cardiac ultrasounds before the
study. A total of 10 of the 14 patients were treated with

antihypertensive drugs: a calcium antagonist, B-blocker, angio-
tensin-converting enzyme inhibitor, angiotensin II receptor
blocker or diuretic. One patient was also receiving statin ther-
apy. These medications were not altered for at least 3 months
before enrolment or during the study period. The present
report is a part of a large study investigating the impairment of
skeletal muscle energy metabolism in MetS, and thus, part of
the data are from the same patients whose data were published
previously, but in a different context®®, All patients gave written
informed consent before the study, which was approved by the
Medical Ethics Committee of Hokkaido University Hospital,
and all investigations were carried out according to the guideli-
nes in the Declaration of Helsinki.

Study design

The patients underwent blood tests to evaluate their insulin
sensitivity and lipid profiles after a 10-h overnight fast, followed
by clinical and anthropometric measurements including body
composition determined by an air displacement plethysmo-
graph (BOD POD® Body Composition System; Life Measure-
ment Instruments, Concord, California, USA), and 'proton
(*H) -magnetic resonance spectroscopy (MRS) studies to mea-
sure the intramyocellular lipid (IMCL) content in the resting
leg muscle.

The patients also underwent an exercise test with a bicycle
ergometer to assess their aerobic capacity. 31Phosphorus 'p)-
MRS studies were carried out to assess the high-energy phos-
phate metabolism in the leg muscle during exercise on another
day. Each patient’s daily physical activity was monitored by a
pedometer with an accelerometry sensor (Lifecorder Plus; Suzu-
ken, Nagoya, Japan) for at least 1 week before and after the
pioglitazone treatment. The patients were instructed not to
change any aspect of their lifestyle including diet and physical
activity during the study period. Each patient received oral
pioglitazone 15 mg/day for 4 months. After 4 months of piogli-
tazone treatment, the patients underwent the same tests to eval-
uate the effects of pioglitazone.

Systemic oxidative stress

Each patient’s level of serum thiobarbituric acid reactive sub-
stances, which are lipid peroxides known as a marker of oxida-
tive damage, were measured, as described"”. We also measured
the patients’ systemic anti-oxidant defense capacity including
serum thiols and enzymatic activities of superoxide dismutase,
glutathione  peroxidase and glutathione reductase, as
described®.

Whole-body aerobic capacity

Whole-body aerobic capacity was assessed by respiratory gas
analysis (Aeromonitor AE-300S; Minato Medical Science,
Osaka, Japan) with a bicycle ergometer. A ramp protocol of
25 watts/min (after a 3-min warm-up) was used for the exer-
cise testing. The respiratory exchange ratio was calculated as
the ratio of carbon dioxide production/oxygen uptake (VO,).

536 J Diabetes Investig Vol. 8 No. 4 July 2017

@ 2016 The Authors. Journal of Disbetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

267



268

For the measurement of their peak VO, the patients were
asked in advance to attain their symptom-limited maximal
point. As an index of perceived effort, the rating of perceived
exertion was evaluated with the 10-point Borg scale. The anaer-
obic threshold (AT) was determined by the V-slope method',
except in one patient.

IMCL content in skeletal muscle

We measured IMCL content in the patients’ resting tibialis
anterior muscle at the level of the muscle belly of the calf
using 'H-MRS, as described®”. The IMCL content from one
of the 14 patients could not be measured because of techni-
cal difficulties.

High-energy phosphate metabolism in skeletal muscle

Before the measurement of high-energy phosphate metabolism
in skeletal muscle, one-repetition maximum (1-RM) was deter-
mined, as described™. The calf flexor muscle cross-sectional
area at the level of the muscle belly was also measured using
magnetic resonance imaging. After the patient rested for
>30 min, the high-energy phosphate metabolism in the calf

Table 1 | Patient characteristics before and after pioglitazone treatment

Before (n = 14) After (n = 14)
Age (vears) 52+ 11 -
Body weight (kg) 775+ 1111 770 £ 103
Body mass index (kg/m?) 266+ 33 264 + 30
Percent fat (%) 280 £ 39 28842
Lean body mass (kg) 552+ 79 546+ 63
Waist circurnference (cm) 941 £ 90 935+ 80
Systolic blood pressure (mmHg) 143 + 13 138+ 15
Diastolic blood pressure (mmHg) 83+£10 837
Daily steps (steps/day) 7617 + 3871 6739 + 2374
MCC (kcal/day) 259+ 176 221 £ 92

Data are means + standard deviation. MCC, movement-related calorie
consumption.

Table 2 | Blood biochemistry before and after pioglitazone treatment

Before (n = 14) After (n = 14)

Fasting blood glucose (mmol/L) 64+ 10 59407
Insulin {(prol/L) 70+ 60 /17"
HOMA-IR 38+ 34 1.7 £ 08*
HbATc (%) 57106 56 £ 04
HDL cholesteral (mmoal/L) 134 £ 025 143 £ 028
LDL cholesterol (mmol/L) 318+ 07 352 £ 067
Triglyceride (mmol/L) 174 + 094 1.14 £ 059*
Free fatty acids (g/L) 017 £ 009 016+ 010

Data are mean * standard deviation. *P < 005 vs Before. HbAlc, glyco-
hemoglobin; HDL, high-density lipoprotein; HOMA-IR, homeostasis
model assessment of insulin resistance; LDL, low-density lipoprotein.

muscle was measured at rest and during a plantar flexion exer-
cise with the patient in the supine position on the original
apparatus equipped with a 1.5-Tesla (T) whole-body scanner
system (Magnetom Vision VB33G; Siemens, Erlangen, Ger-
many), using >'P-MRS, as described®”, The exercise protocol
was a constant load of 20% 1-RM at the pace of 40 times/min
for 4 min. Phosphocreatine (PCr) was standardized as (PCr)/
([PCr] + [Pi]) on the basis of the notion that (PCr) + (Pi) is
constant at rest and during exercise, where (PCr) indicates the
concentration of PCr and (Pi) indicates the concentration of
inorganic phosphate (Pi). In addition, the degree of PCr change
(ie, PCr loss) during exercise was calculated as PCr
loss = standardized PCr,. — standardized PCriges, Where
PCr, indicates the PCr level at rest and PCrygy.q indicates the
lowest PCr level during exercise.

Statistical analysis

Data are expressed as mean * standard deviation. The values
obtained before and after treatment were compared using
paired f-tests. We examined correlations by carrying out a line-
ar regression analysis using Pearson’s correlation coefficient.
Statistical analyses were carried out using GRAPHPAD PRISM
v5.01 (GraphPad Software, San Diego, California, USA), and
significance was defined as P < 0.05.

RESULTS

Patient characteristics

The patients’ bodyweight, body mass index, percent fat, lean
body mass, waist circumference and blood pressure did not
change after the pioglitazone treatment (Table 1). There was
no significant change in the cross-sectional area of the calf

(a) P<005 (b) P <005
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Figure 1 | The metabolic syndrome patients’ aerobic capacity before
and after pioglitazone treatment. (a) Peak oxygen uptake (VOy; n = 14),
(b) Anaerobic threshold (AT, n = 13).
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Figure 2 | The metabolic syndrome patients’ skeletal muscle energy metabolism before and after pioglitazone treatment. The skeletal muscle
energy metabolism was evaluated using (a) 'proton-magnetic resonance spectroscopy and (b—e) *' phosphorus-magnetic resonance spectroscopy.
(a) intramyocellular lipid (MCL) content. (b) Representative spectra of Fohosphorus-magnetic resonance spectroscopy at rest (left panel) and during
plantar flexion exercise (right panel) in the calf muscle. () Standardized phosphocreatine (PCr) level at rest. (d) Muscle PCr loss during exercise. Data
are mean * standard deviation (n = 14, except for IMCL content, which is n = 13). ATP, adenosine triphosphate; Pi, inorganic phosphate.

2 before

muscle after pioglitazone treatment (57.9 + 9.5 cm
treatment vs 58.2 + 7.4 cm” after treatment).

The patients’ daily physical activity was characterized by the
number of steps taken and the movement-related calorie con-
sumption, which were both measured by a pedometer. These
two parameters’ values were comparable before and after piogli-
tazone treatment (Table 1), suggesting that similar daily physi-
cal activity occurred during the study period.

The 4-month pioglitazone treatment significantly reduced the
patients’ fasting blood glucose, insulin, homeostasis model
assessment of insulin resistance and triglyceride levels, whereas
it did not change the levels of glycohemoglobin, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol or
free fatty acids (Table 2).

Systemic oxidative stress

The pioglitazone treatment did not change the patients’ serum
thiobarbituric acid substances (16.5 £ 4.4 umol/L
before vs 15.4 + 3.1 pmol/L after treatment). There were no
significant changes in the systemic anti-oxidant defense capacity
including  total  thiols (8.4 £ 1.5 units/fg  protein  vs
7.6 % 2.5 units/g  protein), superoxide dismutase activity
(0.86  0.22 units/g protein vs 0.86 £ 0.27 units/g protein), glu-
tathione peroxidase activity (13.1 = 1.7 units/g protein vs
13.5 + 1.4 units/g protein) and glutathione reductase activity

reactive

(0.99 + 0.18 units/g protein vs 0.99 + 0.16 units/g protein)
from before to after pioglitazone treatment.

Whole-body aerobic capacity

Pioglitazone significantly increased the patients’ peak VO, (Fig-
ure 1a) and AT (Figure 1b), indicating that pioglitazone
improved the MetS patients’ aerobic capacity. In addition, there
were no significant changes in the patients’ peak respiratory
exchange ratio, peak heart rate or rating of perceived exertion
after the pioglitazone treatment (peak respiratory exchange
ratio: 1.24 + 0.10 before treatment vs 1.22 + 0.11 after treat-
ment; peak heart rate: 144 + 26 b.p.m. before treatment vs
143 + 23 b.p.m. after treatment; rating of perceived exertion:
7.3 £ 1.8 before treatment vs 7.8 £ 1.6 after treatment), sug-
gesting that the effort at peak exercise was similar.

IMCL content in skeletal muscle

The IMCL content in the resting leg muscles of the MetS
patients was significantly reduced after the pioglitazone treat-
ment (Figure 2a).

High-energy phosphate metabolism in skeletal muscle

We measured 1-RM in MetS patients (42.6 £ 6.1 kg) only
before the pioglitazone treatment, assuming that 1-RM would
not be changed throughout the study period, which is

538

J Diabetes Investig Vol. 8 No. 4 July 2017

® 2016 The Authoes. Joumnal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Lid

269



270

supported by the unchanged cross-sectional area of the calf
muscle after the treatment. After the initiation of a constant
load of 20% 1-RM exercise, the PCr level in the patients’ calf
muscle started to decrease, and was finally stabilized within a
few minutes in all experiments. The representative spectra of
*'P-MRS at rest and during the plantar flexion exercise are
shown in Figure 2b. The standardized muscle PCr level at rest
was similar before and after the treatment (Figure 2¢). The
pioglitazone significantly decreased the muscle PCr loss during
exercise (Figure 2d), suggesting that the MetS patients’ intra-
muscular high-energy phosphate metabolism was improved
after the pioglitazone treatment.

Relationships between the changes in aerobic capacity and
skeletal muscle energy metabolism after pioglitazone
treatment

There was an inverse correlation between the changes in AT
and the changes in IMCL content after the treatment (Fig-
ure 3b), whereas there was no signiﬁcant correlation between
the changes in peak VO, and the IMCL content (Figure 3a).
The decrease in muscle PCr loss did not correlate with the
increase in peak VO, and AT (data not shown).

DISCUSSION

The major finding of the present study was that the 4-month
pioglitazone treatment (15 mg/day) improved the aerobic
capacity characterized by increased peak VO, and AT in
patients with MetS. The pioglitazone treatment decreased the
resting IMCL content and PCr loss during exercise in the
patients’ leg muscle, indicating that pioglitazone improved
skeletal muscle energy metabolism in these MetS patients.
There was also a significant relationship between the increase
in AT and the decrease in IMCL content after pioglitazone
treatment. The improved skeletal muscle fatty acid metabolism
might thus have contributed to the MetS patients’ increased
aerobic capacity after the pioglitazone treatment.

Low aerobic capacity has been well documented to be a
strong and independent predictor of all-cause mortality in
patients with obesity and insulin resistance'®". It has also been
shown that the increase in maximal aerobic capacity by each 1-
metabolic equivalent, equivalent to a 3.5-mL/kg/min increase of
peak VO,, confers a 12% improvement in survival’. The mod-
est, but significant, increase in aerobic capacity in the present
study’s MetS patients after the pioglitazone treatment is thus
clinically relevant. In addition, there was no significant differ-
ence in the number of daily steps or movement-related calorie
consumption between before and after pioglitazone treatment,
indicating that the increased aerobic capacity after the pioglita-
zone treatment was independent of the patients’ daily physical
activity.

We observed a decrease in the IMCL content in the MetS
patients after the pioglitazone treatment, which is consistent
with previous studies of patients with impaired glucose toler-

ance’® and patients with type 2 diabetes'®. The content of
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Figure 3 | Relationships between the changes in aerobic capacity and
intramyocellular lipid (IMCL) content after pioglitazone treatment. AT,
anaerobic threshold; VO, oxygen uptake.

IMCL, which is triglycerides within the muscle cells, is regu-
lated by both uptake of fatty acids and fatty acid oxidation in
skeletal muscle, and an accumulation of IMCL might be attri-
butable to a reduced capacity for fatty acid oxidation rather
than increased fatty acid uptake in skeletal muscle in obese
patients with insulin resistance'”. In addition, it was shown that
pioglitazone increases the gene expression involved in fatty acid
oxidation in the skeletal muscle in patients with type 2 dia-
betes'®. These findings support the hypothesis that pioglitazone
might decrease the IMCL content in individuals with MetS
through an increased capacity for fatty acid oxidation in skeletal
muscle,

The results of one of our previous studies showed that MetS
patients had impaired high-energy phosphate metabolism char-
acterized by greater muscle PCr loss during aerobic exercise
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with the constant load of 20% 1-RM®. Muscle PCr works as an
energy reserve in the cytosol and is converted to adenosine
triphosphate (ATP) through creatine kinase reaction to keep
the ATP level constant in the muscle cell”.

PCr + adenosine diphosphate — ATP + creatine

When mitochondrial ATP production cannot meet the
energy demand under aerobic conditions, the increased amount
of PCr is converted to ATP, which might result in greater PCr
loss. In the present study, the pioglitazone treatment signifi-
cantly decreased muscle PCr loss during low-intensity exercise
in the MetS patients. It was shown that pioglitazone activates
AMP-activated protein kinase, which is known as a key regula-
tor of mitochondrial biogenesis, and that pioglitazone increases
the gene expression involved in mitochondrial function in
human skeletal muscle'®. It was also reported that pioglitazone
improves mitochondrial respiratory capacity in skeletal muscle
in patients with type 2 diabetes®. Taken together, all of these
findings show that improved mitochondrial function as well as
increased substrate utilization in skeletal muscle might con-
tribute to the improvement in skeletal muscle energy metabo-
lism after pioglitazone treatment.

We observed that fasting blood glucose, insulin, homeostasis
model assessment of insulin resistance, and serum triglycerides
were decreased after pioglitazone treatment without changing
waist circumference and body composition in MetS patients,
although pioglitazone has been reported to reduce visceral fat
volume in patients with impaired glucose tolerance or type 2
diabetes”. It has been reported that pioglitazone treatment
improves muscle insulin sensitivity as well as adipose tissue
insulin sensitivity”>. Several studies have shown that IMCL con-
tent is inversely correlated with muscle insulin sansii.ivity2 ?,
Therefore, in the present study, pioglitazone treatment
increased systemic insulin sensitivity and decreased serum
triglycerides at least in part through improved skeletal muscle
energy metabolism including fatty acid metabolism in MetS
patients.

In the present study’s MetS patients, the increase in AT, but
not the increase in peak VO,, correlated with the decrease in
IMCL content after the pioglitazone treatment. As fatty acids
are the primary substrate for ATP production in skeletal mus-
cle during low- to moderate-intensity exercise™, it seems rea-
sonable that there was a relationship between the increase in
submaximal aerobic capacity and the improvement in skeletal
muscle fatty acid metabolism after pioglitazone treatment in
our MetS patients. However, as the intensity of exercise is fur-
ther increased, particularly near or at peak intensity, the main
energy sources can be switched to glucose and lactate, which
might be the reason why the increase in peak VO, did not sig-
nificantly correlate with the improvement in skeletal muscle
fatty acid metabolism after pioglitazone treatment.

In addition to improved fatty acid metabolism in the skeletal
muscle, other mechanisms could also contribute to the
increased aerobic capacity of MetS patients after pioglitazone
treatment. It has been shown that insulin sensitivity per se is

associated with aerobic capacity”. However, in the present
study, the improvement in insulin sensitivity markers including
fasting blood glucose, insulin and homeostasis model assess-
ment of insulin resistance did not correlate with the increase in
aerobic capacity produced by pioglitazone treatment. Pioglita-
zone has been reported to improve endothelial function,
which can improve aerobic capacity through an increased O,
supply into skeletal muscle. We cannot exclude the contribution
of changes in peripheral blood flow by pioglitazone, because we
did not assess endothelial function.

There are some limitations that should be acknowledged.
First, the small sample size (n = 14) might limit our interpreta-
tion and discussion. Second, the study was not a double-blind
study using a matching placebo. Further randomized clinical
trials with larger sample sizes are required to confirm the data
of the present study.

In conclusion, this is the first study to show that pioglitazone
treatment improved MetS patients’ whole-body aerobic capacity
and skeletal muscle energy metabolism. The increased submaxi-
mal aerobic capacity might be at least in part attributable to the
improved fatty acid metabolism in skeletal muscle after the piogli-
tazone treatment. Although there is no doubt that lifestyle inter-
ventions, such as exercise and diet therapy, are the most desirable
treatment for MetS, the present findings raise the possibility that
pioglitazone can be a potential drug treatment for obese and insu-
lin-resistant patients whose exercise capacity is lowered.
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