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affecting arterial stiffness in older men
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Abstract

The present study elucidated the effects of habitual rowing exercise on arterial stiffness and plasma levels of the
vasoconstrictor endothelin-1 and the vasodilator nitric oxide (NO) in older men. Eleven rowers (68.0 £ 1.6 years) and 11
sedentary control older men (64.9 + 1.1 years) were studied. Peak oxygen uptake (36.0 £1.7 ws. 27.7 &
1.9 ml - kg7' - min™Y), leg press power (1346 + 99 vs. 1077 + 68 W), and HDL-cholesterol (75 + 5 vs. 58 +3 mg - ml~ )
were higher and triglyceride (78 + 9 vs. 120 &+ 14 mg - ml™ 1y was lower in rowers than in control participants (all P < 0.05).
Arterial stiffness indices (carotid f-stiffness and cardio-ankle vascular index) and plasma endothelin-1 and NOx
(nitrite + nitrate) levels did not differ between the two groups. These results suggest that habitual rowing exercise in
older men is associated with high muscle power and aerobic capacity, and favourable blood lipid profile withourt affecting
arterial stiffness or plasma levels of endotheline-1 and NO.

Keywords: Rowing, arterial stiffness, combined training, endothelin-1, nitric oxide

Introduction

Arterial stiffening (Avolio et al., 1985; Tanaka,
DeSouza, & Seals, 1998; Vaitkevicius et al., 1993)
and muscular weakening (Janssen, Heymsfield, &
Ross, 2002; Metter, Talbot, Schrager, & Conwit,
2002) develop with advancing age. Increased arterial
stiffness is associated with mortality in patients with
end-stage renal failure (Blacher et al., 1999) and
essential hypertension (Laurent et al., 2001). Arterial
stiffness is reduced with endurance training (Tanaka
et al., 2000; Vaitkevicius et al., 1993), and increases
with resistance training (Bertovic et al.,, 1999;
Miyachi et al., 2003; Miyachi et al., 2004). Moreover,
simultaneously performed aerobic training prevents
the arterial stiffening caused by resistance training
(Kawano, Tanaka, & Miyachi, 2006). Therefore,
combined aerobic and resistance training may be
used as protocol for maintaining vascular health.
Vascular endothelial cells play an important role
in the regulation of vascular tone by producing

vasoactive substances, such as endothelin and nitric
oxide (NO). Endotheline-1, a peptide produced by
vascular endothelial cells, is a potent vasoconstric-
tor (Miyauchi & Masaki, 1999), and contributes to
arterial stiffness (Luscher & Barton, 2000; Miyau~
chi & Masaki, 1999). NO produced by vascular
endothelial cells has a potent vasodilator effect, and
consequently prevents and inhibits hypertension
and arteriosclerosis (Moncada, Palmer, & Higgs,
1991), while the bioavailability of NO decreases with
advancing age (Dohi, Kojima, Sato, & Luscher,
1995; Dohi, Thiel, Buhler, & Luscher, 1990; Taddei
et al, 1997). Plasma endotheline-1 levels are
reduced by aerobic training in older people (Maeda
et al., 2003; Stauffer, Westby, & DeSouza, 2008;
White et al., 1997), but plasma nitrite/nitrate (NOx:
measured as the stable end product of NO) was
elevated by aerobic exercise training in elderly
women (Maeda et al., 2004).
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Rowing training is unique because it includes
components of both aerobic endurance and muscu-
lar strength training. In a boat race, rowers are
required to have high muscular power to accelerate
the boat at the beginning and large aerobic capacity

to maintain the speed. In addition, when they spurt

to accelerate the boat at more than a constant speed
in the final phase of the race, they row at maximum
muscular strength. Indeed, rowing training is identi-
fied as a combination of resistance and aerobic
training (Yoshiga, Higuchi, & Oka, 2002a, 2002b).
The age-related increase in brachial-ankle pulse wave
velocity, as an index of systemic arterial stiffness, is
attenuated in rowing-trained older men (Sanada
et al., 2009). However, it remains unclear whether
endogenous endotheline-1 and NO are affected by
rowing training in older humans.

We hypothesised that habitual rowing training
improves arterial stiffness and endogenous endothe-
line-1 and NO. To test our hypothesis, the present
study was performed to compare arterial stiffness and
plasma endotheline-1 and NOx concentrations be-
tween rowing-trained older men and age-matched
controls.

Methods

The study population included 11 rowing-trained
older men aged 68.0 + 1.6 years and 11 sedentary
controls aged 64.9 4+ 1.1 years (Table I). The
sedentary men were recruited through advertising
and had not participated in a habitual exercise
training program, such as endurance or resistance
training. The rowers were recruited from rowing
clubs and had rowed on the water or on an ergometer
at least twice per week for 5 years or more, each
session lasting 90-120 min including warm-up, 12—
16 km of rowing, and recovery, but had not

Table 1. Participant characteristics.

Control Rowers
N 11 11
Age, years 64.9 4+ 3.5 68.0 + 5.1
Height, cm 169.6 + 3.8 174.8 + 5.0%
Body weight, kg 69.1 +11.2 72.8 +9.0
Fat, % 214 + 4.7 21.3 + 4.1
HDL cholesterol, mgvdl_l 58 + 10.3 75 + 16.6%
LDL cholesterol, mg - dr! 124 + 25 126 + 16
Triglycerides, mg-dl™" 120 + 46 78 + 28*
Plasma glucose, mg-dl™* 99 + 11 110 + 29
Resting heart rate, bpm 65 + 11 60 + 7
Maximal heart rate, bpm 169 + 12 171 + 7
VO apeats Vmin 1.9+05 2.5 + 0.5%
Leg press power, W 1077 + 226 1346 + 329*

Data are Means + S; N, no. of subjects; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; % Ospeak, peak oxygen
consumption. *Significant at I” < 0.05 vs Control.

performed particular resistance or aerobic training.
All participants were free of diabetes mellitus and
overt chronic diseases based on their medical history.
In addition, participants who had used anabolic
steroids or other performance-enhancing drugs or
who had significant carotid intima-media thickening
(> 1.1 mm), plaque formation, and/or other char-
acteristics of atherosclerosis [ankle-brachial index
(ankle systolic blood pressure/brachial systolic blood
pressure) < 0.9] were excluded from the study. All
participants provided informed consent as approved
by the Human Research Ethics Committee of the
Faculty of Sport Sciences of Waseda University. The
study was performed in accordance with the guide-
lines of the Declaration of Helsinki 2006.

Measurements

Before testing, participants abstained from caffeine
and fasted for at least 12 h overnight. All measure-
ments were performed in the laboratory in the
morning. Tests for the rowers were conducted 24—
28 h after their last exercise training session.
Participants were not smokers except for one in the
control group. This participant abstained from
smoking on the test day.

Carorid arterial intima-media thickness

Carotid arterial intima-media thickness was mea-~
sured from images obrtained using an ultrasound
system (SonoSite Taitan; SonoSite Instruments,
Bothell, WA) equipped with a high-resolution
linear-array broad-band transducer. Ultrasound
images were analysed using software (ImageJ 1.41,
Bethesda, MD, USA). At least 10 intima-media
thickness measurements were taken at each segment,
and the mean value was used for analysis. This
technique has a coefficient of variance of 3 + 1%
(Kawano et al., 2006; Kawano et al., 2008).

Carotid arterial compliance and f3-stiffness

After 15 min of rest, carotid arterial compliance and
[-stiffness were measured. A combination of ultra-
sound imaging of the pulsatile common carotid
artery with simultaneous applanation of tonometri-
cally obtained arterial pressure from the contralateral
carotid artery permits noninvasive determination of
arterial stiffness (Kawano et al., 2008; Tanaka et al.,
2000). The carotid artery diameter was measured
from images obtained using a SonoSite Taitan
ultrasound system equipped with a high-resolution
linear-array transducer. A longitudinal image of the
céphalic portion of the common carotid artery was
acquired 1-2 cm proximal to the carotid bulb.
All image analyses were performed by the same
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investigator who was blinded to participants” exercise
status.

Pressure waveforms and amplitudes were obtained
from the common carotid artery with a pencil-type
probe incorporating a high-fidelity strain-gauge
transducer (SPT-301; Millar Instruments, Houston,
TX) (Kawano et al., 2008; Tanaka et al., 2000). As
baseline levels of blood pressure are subjected to
hold-down force, the pressure signal obtained by
tonometry was calibrated by equating the carotid
mean arterial and diastolic blood pressure to the
brachial arterial value (Jawano et al., 2008; Tanaka
et al., 2000). In addition to arterial compliance
(Laurent et al., 2006), we calculated the f-stiffness
index (Parati & Bernardi, 2006), which provides an
expression of arterial compliance adjusted for dis-
tending pressure (Hirai, Sasayama, Kawasaki, Yagi,
1989), because arterial compliance depends
on blood pressure (Van Merode, Hick, Hoeks,
Rahn, & Reneman, 1988). The arterial compliance
and f-stiffness indices were evaluated:

arterial compliance =7 (Df ~D2)/4(P, - Py) (1)
and

. ) n(P1/Py)
f-stiffness index = ———————
B (D; — Dy)/Dg

(2)
where D; and Dy are the maximal and minimal
diameters and P, and P are the systolic and diastolic
blood pressures, respectively. The systolic and
diastolic carotid blood pressures estimated by bra-
chial blood pressures were used for calculating
carotid arterial compliance and f-stiffness index.
The day-to-day coefficients of variation were 7 + 3%
and 5 + 2% for carotid arterial compliance and f-
stiffness, respectively.

Cardio-ankle vascular index

After repetition of rest, cardio-ankle vascular index
measurement was performed using a VaSera VS-1500
(Fukuda Denshi, Tokyo, Japan) from the measure-
ments of blood pressure and pulse wave velocity, while
monitoring the electrocardiogram and heart sounds
(Kubozono et al., 2007; Shirai, Utino, Otsuka, &
Takata, 2006). Pulse wave velocity was calculated by
dividing the distance from the aortic valve to the ankle
artery by the sum of the time between the aortic valve
closing sound and the notch of the brachial pulse
wave, and the time between rise of the brachial pulse
wave and that of the ankle pulse wave.

Cardio-ankle vascularindex = a - [(2p/AP)-
In(Py /Py) - pulse wave velocity®] + &
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Pulse wave velocity is the pulse wave velocity
between the heart and ankle, AP is Py — Py, p is
blood density, and a and b are constants. The
systolic and diastolic brachial blood pressure and
the pulse wave velocity were used for calculating the
value of the cardio-ankle vascular index. The day-to-
day coefficient of variation in the cardio-ankle
vascular index was 2 + 1%.

Blood biochemistry

Following a 12-h overnight fast, blood was collected
from an antecubital vein in the early morning. Each
blood sample was placed in a chilled tube containing
aprotinin (300 kallikrein inhibitor U - ml"l) and
EDTA (2 mg - ml™") and was centrifuged at 2000
rpm for 15 min at 4°C. The plasma was stored at
—80°C until assay. Plasma concentrations of en-
dotheline-1 were determined using a sandwich-
enzyme immunoassay (EIA) kit (Immuno-Biological
Laboratories, Fujioka, Japan) (coefficient of varia-
tion, 11%) (Iemitsu et al., 2006). Plasma concentra-
tion of NOx was determined using a commercial NO
(NO,/NO3) assay kit (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions
(coefficient of variation, 4%). Serum concentrations
of cholesterol, triglycerides and plasma concentra-
tions of glucose were determined using enzymatic
techniques.

Brachial arterial blood pressure at rest

Arterial blood pressure at rest was measured with a
semi-automated device (VaSera VS-1500) over the
brachial and dorsalis pedis arteries using the oscillo-
metric method (Shirai et al., 2006). Recordings were
made in triplicate with participants supine. The day-
to-day coefficient of variation in brachial blood
pressure at rest was 2 + 1%.

Peak oxygen uptake

We measured peak oxygen consumption (VOZPeak)
during incremental cycle ergometer exercise (Miya-
chi et al.,, 2001), as the cardiorespiratory fitness
index. Oxygen consumption (coefficient of variation,
4 + 1%), heart rate, and ratings of perceived exertion
were monitored throughout the protocol (Miyachi
et al., 2001).

Muscle strength

Muscle strength was assessed by leg extension power
(Kawano et al., 2008). Briefly, leg extension power
(coefficient of variation, 2 + 1%) was determined
using a dynamometer (Anaero Press 3500; Combi
Wellness, Tokyo, Japan) in the sitting position. The
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participants were secured in a chair using a
seatbelt. In the starting position, the feet were
placed on a sliding plate with the knee angle
adjusted to 90°. Five trials were performed at 15-s
intervals, and the average of the two highest
recorded power outputs (W) was taken as the
definitive measurement.

Body composition

Body composition was determined using the bio-
electric impedance method (coefficient of variation,
4 4 2%) (Bolanowski & Nilsson, 2001).

Statistics

Statistical analyses were performed using StatView
(SAS, Cary, NC) with presented means + s. Mean
differences between rowers and control men were
examined using Student’s unpaired ¢ test. Statistical
significance was set at P < 0.05.

Results

Height and HDL-cholesterol were higher, and
triglyceride was lower in rowers compared with
controls (Table I; all P < 0.05). Rowers had greater
I/"nge,dk and leg press power than controls. There
were no significant differences in other parameters
between the two groups.

Blood pressures of the brachial and carotid arteries
were not significantly different between the two
groups (Table II). There were no differences in
carotid systolic or diastolic diameters or in intima-
media thickness between the two groups. Also there
were no significant differences in cardio-ankle
vascular index, carotid arterial compliance, or f-
stiffness between the two groups. Plasma endothe-
line-1 concentration and plasma NOXx concentration
did not differ between rowers and controls, although
plasma endotheline-1 tended to be lower in the
rowers (Table IT).

Discussion

The results indicate that rowing-trained older
men demonstrate greater cardiorespiratory fitness,
muscular strength, and superior blood lipid pro-
files, but not differences in indices of arterial
stiffness or plasma endotheline-1 and NOx con-
centrations.

Resistance training is associated with an increase
in arterial stiffness (Bertovic et al., 1999; Miyachi
et al.,, 2003; Miyachi et al.,, 2004). Although
rowing training includes a component of resistance
training, this study demonstrated that arterial
stiffness indices were not different between older

Table II. Vascular indices, plasma endothelin-1 and NOx
concentrations.

Control Rowers
Brachial systolic BP, mmHg 140 + 18 142 + 19
Brachial mean BP, mmHg 111 + 15 113 + 17
Brachial diastolic BP, mmHg 92+ 8 91 + 12
Brachial PP, mmHg 48 + 11 52+ 11
Carotid systolic BP, mmHg 138 + 24 147 + 31
Carotid PP, mmHg 47 + 16 55 + 25
Carorid diastolic diameter, mm 6.7 + 0.8 7.2+ 1.0
Carotid systolic diameter, mm 7.0+ 0.8 7.6+ 1.1
ACarotid diameter, mm ‘ 0.3 +0.1 03402
Carotid IMT, mm 0.7+ 0.1 0.8 +0.1
Cardio-ankle vascular index, 8.4+ 1.0 84+ 1.0

Arbitrary unit

Carotid arterial compliance,
mm*/mmHg

Carotid arterial compliance,
mm®/kPa

Carotid f-stiffness index, 11.2+2.8 10,0+ 1.5
Arbitrary unit

Plasma endothelin-1, 3.0+ 0.7 33408

g/ml

Plasma nitrite/nitrate 45 + 30 40 + 24

NOx), uM

0.06 + 0.02 0.08 + 0.03

0.008 £ 0.003 0.010 £ 0.004

Data are Means + S; BP, blood pressure; PP, pulse pressure;
IMT, intima-media thickness.

men who were rowers and sedentary controls.
Considering the favourable effect of aerobic train-
ing on arterial stiffness, the findings suggest that
the aerobic component of rowing training negates
the higher arterial stiffness associated with the
resistance training component. In addition, we
observed that habitual rowing training was asso-
ciated with lower triglyceride and higher HDIL-
cholesterol levels, and also with greater leg press
power and VOZPCRk. Furthermore, this type of
training is not associated with unfavourable effects
on arterial stiffness. Considering these results, we
suggest that rowing training should be proposed as
an effective exercise model for prevention of
sarcopenia or lifestyle-related diseases, such as
cardiovascular diseases.

The results indicated that there were no significant
differences in plasma levels of endotheline-1 and
NOx between rowing-trained older men and similar
sedentary controls. Aerobic training induces a
decrease in endotheline-1 level and an increase in
NOx level with improvement of arterial stiffness
(Maeda et al., 2004; Miyaki et al., 2009). On the
other hand, arterial stiffening with resistance training
is associated with greater plasma levels of endothe-
line-1 (Otsuki et al., 2007). Regulation of arterial
stiffness via arterial tonus is adjusted by the balance
between the vasoconstrictor endotheline-1 (Miyau-
chi & Masaki, 1999) and the vasodilator NO
(Moncada et al., 1991). Furthermore, vascular
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adaptations to changes in physical actvity (such as
training) may be regulated through the interaction
between vasodilation and vasoconstriction (Thijssen,
Rongen, Smits, & Hopman, 2008). Since aerobic
and resistance training components in rowing train-
ing may negate changes in NO or endotheline-1, we
speculate that these factors balance each other, which
might have contributed to the lack of a difference in
arterial stiffness between rowing-trained men and
controls.

Dyslipoproteinemia is risk factor for coronary
artery disease, i.e., elevated concentrations of trigly-
ceride, total cholesterol, and LDL-cholesterol, and a
reduced level of HDL-cholesterol, which is improved
with performing aerobic (Higuchi et al., 1984) and
resistance training (Fahlman, Boardley, Lambert, &
Flynn, 2002). Accordingly, these observations sug-
gest that habitual rowing training in older men is
associated with lower risk factor indices for coronary
artery disease.

The reader should be aware of some study
limitations associated with the present study. Firstly,
study limitations include the relatively small sample
size that might have led to a type 2 error. Indeed, the
rowers showed modest lower levels of arterial
stiffness and higher levels of arterial compliance as
found by others (Cook et al., 2006; Sanada et al.,
2009), but these did not reach statistical significance
as opposed to the previous observational studies.
Secondly, the present study focused on older men
with and without habitual rowing exercise and the
results should be confirmed in further large sample
studies focused on rowing-trained young adults and
women.

In conclusion, we showed that rowing-trained
older men did not demonstrate higher arterial
stiffness as determined by carotid [-stiffness and
cardio-ankle vascular index, higher endogenous
endotheline-1 and lower endogenous NO, but a
favourable blood lipid profile, muscular strength,
and cardiorespiratory fitness. These results suggest
that habitual rowing exercise in older men is
associated with high muscle power and aerobic
capacity, and favourable blood lipid profile without
affecting arterial stiffness or plasma levels of endothe-
line-1 and NO.
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Abstract Elevated fasting plasma homocysteine (Hcy)
level is a vascular disease risk factor. Plasma Hcy is affected
by 5,10-methylenetetrahydofolate reductase (MTHFR)
genotype and dietary folate intake. This cross-sectional
study in 434 Japanese adults examined the associations
among objectively measured physical activity (PA), plasma
Hcy adjusting for dietary folate intake, and MTHFR C677T
genotype. Daily PA was measured by triaxial accelerometry
and all subjects completed a questionnaire about their die-
tary habits. Plasma Hcy and MTHEFR C677T genotype were
determined. Plasma Hcy in subjects with the TT genotype
was significantly higher than in those with CC or CT
genotype (p < 0.001). Plasma Hcy was significantly dif-
ferent between >200 (7.6 £ 0.2 nmol/mL) and <200 pg/
day (8.3 & 0.3 nmol/mL) folate intake groups (p = 0.003).
There were no differences in plasma Hcy adjusting for age,
sex, and folate intake between groups according to PA cat-
egory in all subjects. However, there were significant
interactions between time spent in light PA (p = 0.003),
vigorous PA (p = 0.001), or inactivity (p = 0.004), and
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MTHFR genotype. In only the TT genotype, shorter time
spent in light PA was associated with higher plasma Hcy
than a longer time spent in light PA (11.5 & 3.3 nmol/mL
vs. 8.5 & 3.3 nmol/mL, p < 0.001), and longer time spent
in vigorous PA and inactivity were associated with higher
plasma Hey (11.8 &+ 3.3 nmol/mL vs. 8.4 & 3.2 nmol/mL,
11.6 £ 3.3 nmol/mL vs. 8.4 £ 3.3 nmol/mL, respectively,
p < 0.001). In conclusion, light and vigorous PA were
associated with plasma Hcy only in the TT genotype, but
there were no such associations in all genotypes.

Keywords Homocysteine - MTHFR genotype -
Physical activity - Folate intake

Introduction

Elevated fasting plasma homocysteine (Hcy) is considered a
risk factor for vascular disease (Homocysteine Studies Col-
laboration 2002; Boushey et al. 1995; Meleady et al. 2003).
Hcy is a sulfur-containing amino acid derived from the
metabolism of methionine, which is important for cellular
methyltransferase reactions, including those of DNA, RNA,
proteins, and lipids (Castro et al. 2006). Hey can be further
metabolized via two alternative pathways; it may be irre-
versibly degraded through the transsulfuration pathway or
remethylated to methionine via the remethylation pathway. If
optimal Hey levels in cells are not maintained or reestablished
through folate-dependent remethylation, Hey will be actively
exported to the extracellular compartment. In addition, the
common C677T polymorphism of the 5,10-methylenete-
trahydofolate reductase (MTHFR) gene, which regulates
folate metabolism involved in folate-dependent remethyla-
tion of Hcy, has been established as an important genetic
determinant of elevated Hcy (Bathum et al. 2007; Hustad
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et al. 2007; Yang et al. 2008). It has been reported that the
MTHER genotype explains ~5.1% of plasma Hcy variation
in a genome-wide association study (Lange et al. 2010), and
also the impact of the MTHFR gene locus was estimated to
explain 24-53% of the variation using a combined associa-
tion and linkage analysis in twins (Bathum et al. 2007).

Several nutritional factors, such as lower folate intake and
high alcohol consumption, also contribute to higher plasma
Hcy levels (Ganji and Kafai 2003; Jacques et al. 2001; Ny-
gard et al. 1998). In addition, the larger intake of folate can
reduce plasma Hcy in people with the TT genotype of the
MTHFR gene with higher plasma Hcy levels; i.e., plasma
Hcy is affected by gene—environment interactions (Yang
et al. 2008). On the other hand, although regular physical
activity (PA) has been established to reduce the risk of vas-
cular disease, there have been contradictory reports regarding
its effects on plasma Hey (Dankner et al. 2007; de Bree et al.
2001; Husemoen et al. 2004; Joubert and Manore 2008;
Nygard et al. 1995; Ruiz et al. 2007a; Saw et al. 2001). Some
studies have indicated that PA is inversely associated with
total Hey (Dankner et al. 2007; Nygard et al. 1995), whereas
de Bree et al. (2001) reported a weak positive relation
between PA and plasma total Hey in women. Furthermore,
Joubert et al. (Joubert and Manore 2008) have reported that
extremely high PA of moderate and high intensities may
increase Hey level. These discrepancies may have been due to
the different methods used for evaluation of PA, including
self-reported questionnaires, the lack of consideration of
intensity or duration of PA, limited statistical power with
small sample size, and no adjustment for folate intake status.

We hypothesized that the amount of PA at certain
intensity is associated with plasma Hcy level. The present
cross-sectional study was performed to objectively clarify
the associations among PA, plasma Hcy, and MTHFR
genotype after adjusting for dietary folate intake taking
intensity and duration of PA into consideration.

Methods
Subjects

A total of 434 Japanese adults (118 men and 316 women),
23-85 years of age, participated in this cross-sectional

study. Daily PA was measured for 28 days by triaxial
accelerometry, and all subjects completed a questionnaire
about their dietary habits before laboratory measurements.

All subjects gave their written informed consent for
participating in the present study. All procedures were
reviewed and approved by the Ethical Review Board of the
National Institute of Health and Nutrition.

Anthropometry and biochemical measures

Weight and height were measured and body mass index (in
kg/m?) was calculated. Blood pressure was measured with
form ABI/PWYV (Omron Corlin, Tokyo, Japan) under quiet
resting conditions in the supine position.

Venous blood samples were obtained after an over-
night fast of at least 10 h. Whole blood collected into
tubes without additives or with EDTA was immediately
centrifuged at 3,000 rpm for 20 min to obtain serum or
plasma. Hcy was analyzed in plasma by gas chroma-
tography-mass spectrometry, whereas folate was deter-
mined in serum by microbiological methods. Plasma
glucose, and total cholesterol, HDL-C, and TG in serum
were also determined.

Physical activity

The duration and intensity of PA were evaluated by tri-
axial accelerometry (Actimarker EW4800; Panasonic
Electric Works, Osaka, Japan), which has been shown to
be a valid method for determining the total energy
expenditure or energy expenditure associated with phys-
ical activity based on a comparison with doubly labeled
water (Yamada et al. 2009). The subjects were asked to
wear a belt on the lower back except during water-based
activities for 28 days. The metabolic equivalent (MET)
intensity levels of PA were calculated as described pre-
viously (Gando et al. 2009; Yamada et al. 2009). Briefly,
acceleration in the anterior-posterior (x), mediolateral (y),
and vertical (z) axes were calculated using a sensor with
a sample rate of 20 Hz over a range from 0 to
2 x g. The apparatus stores the standard deviation of the
vector norm of the composite acceleration (K,,) in three
dimensions each minute as follows:

n n n

o = nil (ZX?’“Z?’HZZ%) ’% <§x‘)z+(§yi>z+(§a)z

k=1 k=1 k=1
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where n is the number of data for 1 min (n = 1,200), and
Zx, Xy, and Xz are the sums of the accelerations in each
axis for 1 min. The metabolic equivalent (MET) intensity
levels of PA were calculated by simple linear regression
of K,,. The average daily step counts (steps/day) and the
total amount of PA (METs h) were calculated using data
from at least 14 days excluding those days when subjects
did not wear the accelerometer or made less than 1,000
steps/day in accordance with the method reported previ-
ously (Rowe et al. 2004). We also determined the daily
time spent in PA corresponding to 1.1-2.9 METs (light),
3.0-5.9 METs (moderate), more than 6.0 METs (vigor-
ous), and less than 1.1 METs (inactive). To assess the
effects of PA on plasma Hcy, subjects were categorized
into the high PA group and low PA group based on
Exercise and Physical Activity Reference for Health
Promotion 2006 in Japan, which proposed that the
quantity of PA should be 23 METs h/week integrating
the PA of more than 3 METs (equivalent to
8,000-10,000 steps per day) for health promotion. We set
thresholds of categorization at 23 METs h/week inte-
grating the PA of more than 3 METs or 10,000 steps as
the total amount of PA or daily step counts. With regard
to time spent in PA at each intensity, subjects were
categorized on the basis of each median value.

Assessment of dietary folate intake

The dietary habits, mainly nutrient intake, for the previous

month were assessed with a validated brief-type self- ,

administered diet history questionnaire (BDHQ) composed
of 73 items developed based on the self-administered diet
history questionnaire (DHQ) reported elsewhere (Okubo
et al. 2008; Sasaki et al. 2000). Intake of folate was cal-
culated in terms of energy density (per 1,000 kcal) that was
used as covariate in ANOVA, and subjects were also
classified into either >200 pg/day or <200 pg/day folate
intake groups based on to the estimated average require-
ment (200 pg/day) for folic acid defined by Dietary Ref-
erence Intakes for Japanese, 2010.

Genotyping of MTHFR gene

Genomic DNA was extracted from the plasma buffy coats
and buccal cells using a QIAamp DNA Blood Maxi Kit
(Qiagen, Tokyo, Japan). MTHFR SNP genotypes were
determined by real-time PCR with TagMan probes using
an ABI Prism 7700 Sequence Detector (Perkin-Elmer
Applied Biosystems, Foster, CA) as described previously
with minor modifications (Iemitsu et al. 2006; Misono et al.
2009). In a preliminary study, we examined the precision
of genotyping by TagMan methods, and the concordance
rate between 2 samples obtained on different days from

290 subjects was 100% (data not shown). The gene-specific
primers and TagMan probes for each SNP were synthe-
sized using Primer Express v.1.5 software (Perkin-Elmer
Applied Biosystems) according to the published DNA
sequences for each SNP as follows: C677T (Ala—Val) in
exon 5 of MTHFR (NCBI accession #rs1801133). The
sequences of the oligonucleotides used were as follows:

MTHFR forward: 5-GCACTTGAAGGAGAAGGTG
TCT-3’

MTHFR reverse: 5'-CCTCAAAGAAAAGCTGCGTG
ATG-3'

MTHFR/G probe: 5'-ATGAAATCGGCTCCCGC-3'

MTHFR/A probe: 5'-ATGAAATCGACTCCCGC-3'

Ninety-six-well PCR plates were read on an ABI-7700
with end-point analysis mode of the SDS v.1.7a software
package (Perkin-Elmer Applied Biosystems). Genotypes
were determined automatically by the signal processing
algorithms in the software.

Statistical analyses

The ¢ test was used to compare the variables between men
and women, and one-way ANOVA was used to compare
the variables among genotype groups followed by Sche-
ffé’s test for multiple comparisons. Pearson’s correlation
coefficients (r) were calculated to evaluate the associations
between continuous variables and plasma Hcy Ilevels.
ANOVA adjusted for age and/or sex and/or folate intake
was used to test the interactions between MTHFR genotype
and folate intake groups or PA groups categorized in
determining plasma Hcy. When there was a significant
interaction, Scheffé’s test was used for multiple
comparisons.

Statistical significance was set at p < 0.05. All statistical
analyses were performed with SPSS for Macintosh, version
16.0 (SPSS Japan Inc., Tokyo, Japan).

Results
Characteristics of subjects

The characteristics of all subjects included in the present
study are shown in Table 1. Males showed significantly
higher Hcy levels than females (p < 0.001). There was no
significant correlation between age and plasma Hcy.
However, there was an interaction between age and sex in
determining plasma Hcy (p = 0.01), with a significant
positive correlation only in women (r = 0.222, p < 0.001).
In our subjects, 36.6% (49 men and 110 women) were
homozygous for the wild-type allele (CC), 49.8% (50 men
and 166 women) were heterozygous (CT), and 13.6% (19
men and 40 women) were homozygous for the variant
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Table 1 The characteristics of the study population

Characteristic Male Female p Value
(n=118) (n = 316)

Age (years) 485 £ 13.71 554 +£11.73 <0.001
Height (cm) 170.0 £ 5.9 155.8 £ 6.0 <0.001
Weight (kg) 69.1 £+ 8.6 54.6 £ 83 <0.001
BMI (kg/m?) 239 £24 225 £33 <0.001
Systolic blood pressure (mmHg) 1223 £ 15.1 120.9 4 17.1 Ss.
Diastolic blood pressure (mmHg) 75.1 £10.2 71.1 £ 104 <0.001
Fasting glucose (mg/dL) 935 £ 111 93.0 £133 ns.
Triacylglycerol (mg/dL) 112.0 4 69.8 88.4 £ 553 <0.001
Total cholesterol (mg/dL) 194.6 £ 30.3 2156 £ 353 <0.001
HDL-cholesterol (mg/dL) 543 £10.8 67.8 + 15.0 <0.001
Serum folate (ng/mL) 82+ 34 11.1 £5.0 <0.001
Plasma homocysteine (nmol/mL) 100 £ 5.8 71+ 1.8 <0.001
Daily step count 11185.4 4 3099.2 11274.8 £ 3632.9 n.s.
Total amount of physical activity (METsih) 39420 40 £22 ns.
Time spent in light physical activity (min) 487.2 £+ 103.9 588.5 + 96.7 <0.001
Time spent in moderate physical activity (min) 572 £ 219 62.0 + 24.1 LS.
Time spent in vigorous physical activity (min) 2.6 +6.7 1.8 +78 n.s.
Time spent in inactive (min) 892.9 + 109.4 787.7 £ 101.4 <0.001

x + SD

Total amount of physical activity: sum of physical activity more than 3 METs

Light physical activity: less than 1.1-2.9 METs
Moderate physical activity: 3-5.9 METs
Vigorous physical activity: more than 6 METs
Inactive: less than 1.1 METs

allele (TT). The genotype distribution did not deviate from
the Hardy—Weinberg equilibrium (p > 0.05). Mean values
of plasma Hcy were significantly higher in the TT genotype
compared with CC and CT genotypes (Table 2,
p < 0.001). There were no significant differences in age,
sex, dietary folate intake, or PA among genotypes
(Table 2). There was an interaction between age and
MTHEFR genotype in determining plasma Hey (p < 0.001),
with a slight but not significant positive relation with age in
the CT genotype (r = 0.130, p = 0.056) and a slight but
not significant negative relation in the TT genotype (r =
-0.228, p = 0.082). In addition, there was an interaction
between sex and MTHFR genotype in determining plasma
Hey (p < 0.001).

Folate intake and plasma Hcy

The average values of folate intake were 185.8 £ 57.5 ug/
day in men and 2262 4 69.0 pg/day in women
(p < 0.001). There were significant positive correlations
between age and folate intake in men (r = 0.312,
p = 0.001) and women (r = 0.401, p < 0.001). ANCOVA
performed with age and sex as covariates revealed a
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significant difference in plasma Hcy between the >200 pg/
day group (7.6 £ 0.2 nmol/mL) and <200 pg/day group
(8.3 £ 0.3 nmol/mL) (p = 0.003).

There was a significant interaction between dietary folate
intake and MTHFR genotype in determining plasma Hcy~
(p < 0.001). Only the TT genotype showed a significant
difference in plasma Hcy between folate intake groups; the
<200 pg/day group had significantly higher plasma Hcy
than the >200 pg/day group after adjusting for age and
sex (12.36 & 3.23 nmol/mL vs. 7.88 &+ 3.19 nmol/mL,
p < 0.001, Table 3). However, there were no such differ-
ences in the CC or CT genotypes.

Objectively measured PA and plasma Hcy

There were no gender-related differences in daily step
counts or total amount of PA (METs h/week) (Table 1).
However, women spent significantly longer times in light
PA and shorter times in inactivity than men (p < 0.001).
Both daily step counts and total amounts of PA were sig-
nificantly negatively correlated with age (r = -0.142,
p = 0.003 and r = -0.206, p < 0.001). There was a sig-
nificant positive correlation between time spent in light PA
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Table 2 The characteristics by MTHFR genotype

Characteristic CC genotype CT genotype TT genotype p Value

(n = 159) (n = 216) (n=159)

Age (years) 526 £ 12.3 547 = 12.6 51.7 £ 136 n.s.
Sex (men/women) 49/110 50/166 19/40 n.s.
Height (cm) 160.6 £ 9.0 158.9 £ 8.6 159.8 £ 7.9 n.s.
Weight (kg) 597 £ 11.0 58.0 = 10.1 57.6 + 10.7 n.s.
BMI (kg/m?) 231 £32 229 +31 224 +£28 ns.
Plasma homocysteine (nmol/mL) 75+ 21 76+ 21 103 £79 <0.001
Daily folate intake (pg/d) 208.2 + 68.4 222.4 £+ 67.6 208.1 £ 69.9 I.S.
Daily step count 11195.3 £ 3590.3 11089.8 4 3004.4 11987.6 &+ 4672.7 n.s.
Total amount of physical activity (METsih) 40+24 38+18 44 £26 n.s.
Time spent in light physical activity (min) 562.7 + 111.0 566.3 £ 106.7 539.3 4+ 106.3 n.s.
Time spent in moderate physical activity (min) 61.2 £ 23.5 59.1 £23.1 65.0 & 253 n.s.
Time spent in vigorous physical activity (min) 22499 16 +45 32488 n.s.
Time spent inactive (min) 813.9 + 120.6 813.0 &+ 109.7 832.5 £+ 108.4 n.s.

x + SD

Total amount of physical activity: sum of physical activity more than 3 METs

Light physical activity: less than 1.1-2.9 METs
Moderate physical activity: 3-5.9 METs
Vigorous physical activity: more than 6 METs
Inactive: less than 1.1 METs

Table 3 Mean plasma homocysteine concentrations of groups according to folate intake category and MTHFR genotype*

CC genotype CT genotype TT genotype
n Hey (nmol/dL) Hey (nmol/dL) n Hcy (nmol/dL)
- Daily folate intake
Less than criteria 77 735 +£3.26 88 7.76 £ 320 30 12.36 4 3.23%*
More than criteria 82 7.43 £ 321 128 7.58 £3.25 29 7.88 + 3.19

x £ SD
ANOVA adjusted for age and sex

Subjects were divided according to folate intake with the dividing point set defined by Dietary Reference Intake for Japanesem 2010

* Significant interaction between folate intake category and MTHFR genotype on plasma Hcy concentrations, p < 0.001

** Significantly different between the categorized groups by Bonfferoni test, p < 0.001

(r = 0.180, p < 0.001) and age, whereas there were sig-
nificant negatively correlations between time spent in
moderate PA (r =-0.128, p = 0.008), vigorous PA
(r=-0.196, p <0.001), or inactivity (r=-0.132,
p = 0.006) and age. The median values used for catego-
rization were 567.7 min for light PA, 57.9 min for mod-
erate PA, 0.2 min for vigorous PA, and 808.0 min for
inactivity. A total of 27.4% of all subjects did not engage in
vigorous PA at all. The characteristics of subjects divided
into these categories are shown in Table 4. There were no
differences in plasma Hcy between groups according to PA
category. There were also no interactions between total
amount of PA and age, sex, or folate intake on plasma Hcy,
as well as daily step counts.

Interaction between PA and MTHFR genotype
in determining plasma Hcy

There were no significant interactions between total
amount of PA, daily step count, or time spent in moderate
PA and MTHFR genotype in determining plasma Hcy,
whereas there were significant interactions of time spent in
light PA (p = 0.003), vigorous PA (p = 0.001), or inac-
tivity (p = 0.004), and MTHFR genotype. Shorter time
spent in light PA was associated with higher plasma Hcy
only in the TT genotype (11.5 =+ 3.3 nmol/mL vs.
8.5 4+ 3.3 nmol/mL, p < 0.001, Fig. 1). Longer time spent
in vigorous PA and inactivity were associated with
higher plasma Hcy only in the TT genotype (11.8 &+
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Table 4 The characteristics of groups according to PA category

Characteristic n Age (years)  p Value  Sex p Value BMI p Value  Hcy p Value
(men/women) (nmol/dL)*

Daily step count
Less than criteria 166 55.04 133 ns. 46/120 n.s. 232 +3.1 n.s. 79+34 n.s.
More than criteria 268  52.6 4+ 12.2 72/196 227 + 3.1 79+34

Total amount of physical activity (METsjh)
Less than criteria 180 56.0 £ 126 0.001 51/129 ns. 233 £3.2% 0.019 82+34 n.s.
More than criteria 254  51.7 £ 12.4 67 187 22.6 + 3.0 7.7+£34

Time spent in light physical activity
Less than median 214 513+£136 <0001 89/125%* p <0001 232 432% 0.049 80 %35 n.s.
More than median 213 55.8 4 11.1 26/187 226 £ 29 7.7+£02

Time spent in moderate physical activity
Less than median 214 544 £130 ns. 65/149 ns. 23,3 £ 3.2% 0.005 8.1+34 n.s.
More than median 213 52.6 £ 12.2 50/163 224 £ 3.0 7.7 +£34

Time spent in vigorous physical activity
Less than median 221 577+ 114 <0.001  60/161 n.s. 23.2 + 34%* 0.011 7.6 £ 3.5 n.s.
More than median 206  49.0 £+ 12.4 55/151 225 +£27 82 +35

Time spent inactive
Less than median 214 552+ 110 0.008 27/187* p <0001 22.5+29* 0.008 7.6 £35 n.s.
More than median 213 88/125 233 £33 82+35

51.9 £ 139

x + SD
Subjects were divided on the basis of each criteria or median value
* ANOVA adjusted for age, sex, and folate intake

3.3 nmol/mL vs. 8.4 =+ 3.2 nmol/mL, 11.6 £+ 3.3 nmol/
mL vs. 8.4 % 3.3 nmol/mL, respectively, p < 0.001,
Fig. 1). According to the classification of Kang et al.,
normal range of plasma Hcy is 5-15 nmol/mL, and
15-30 nmol/mL represents moderate hyperhomocystein-
emia. In the present study, 7 subjects had plasma Hcy
levels of more than 15 nmol/mL, consisting of 3 with the
CT genotype and 4 with the TT genotype. All 4 subjects
with the TT genotype were grouped into the shorter light
PA group, longer vigorous PA group, and longer inactive
group. Mean values of time spent in vigorous PA were
4.7 & 14.1 min in the “more than” criteria group and
0.1 £ 0.1 min in the “less than” criteria group, respec-
tively (p < 0.001).

Discussion

In the present study, we investigated the associations
between objectively measured PA and plasma Hcy in
consideration of MTHFR C677T genotype. There were no
significant differences in plasma Hcy adjusting for age,
sex, and folate intake between groups categorized accord-
ing to the daily step count, total amount of PA, or time
spent in PA at each intensity in all subjects. However,
when MTHFR genotype was included in the analysis,
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significant interactions were identified between MTHFR
genotype and time spent in PA of certain intensities to
determine plasma Hcy. The subjects who spent shorter time
in light PA had significantly higher plasma Hcy than those
who spent longer time in light PA in the TT genotype.
Moreover, the subjects who spent longer time spent in
vigorous PA or inactivity had significantly higher plasma
Hcy than those who spent shorter time in the TT genotype.
The differences in plasma Hcy between PA groups in the
TT genotype were 3.0-3.4 nmol/mlL., and this difference
was in agreement with the values that have been reported to
be associated with an 11% lower ischemic heart disease
and 19% lower stroke risk (Homocysteine Studies Col-
laboration 2002). These observations represent the first
evidence related to the interactions among PA according to
intensity, plasma Hey, and MTHFR genotype.

Nygard et al. (1995) and Dankner et al. (2007) reported
that PA was inversely associated with total Hcy, whereas
de Bree et al. (2001) reported a weak positive relation
between PA and plasma total Hecy in women. Furthermore,
several studies indicated no relationship between PA and
plasma Hcy (Husemoen et al. 2004; Joubert and Manore
2008; Ruiz et al. 2007a; Saw et al. 2001). These discrep-
ancies may have been due to the different methods used for
evaluation of PA or lack of classification by MTHFTR
genotype. The self-reported questionnaire has often been
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Fig. 1 Mean plasma homocysteine concentrations of groups accord-
ing to PA category (amount of light PA, vigorous PA, inactivity) and
MTHER genotype. Subjects were divided into “less than” criteria and
“more than” criteria groups, with the dividing line set at the median
value of time spent in PA at each intensity. *p < 0.001, significant
difference compared with other groups. Data are expressed as
mean £ SD

used for assessment of PA, but it is not suitable for precise
assessment of PA. The first strength of the present study
was that daily PA of subjects was evaluated by triaxial
accelerometry because self-reported PA may be subject to
bias and misclassification (Freedson et al. 1998). More-
over, this study analyzed the interaction between amount of
PA and MTHFR C677T genotype. Thus, although we
failed to identify differences according to daily step count
or total amount of PA, the detailed PA indexes, such as
time spent in light PA, vigorous PA, or inactivity, showed
significant interactions with MTHFR genotypes on plasma
Hcy. In addition, several studies indicated that cardiovas-
cular fitness is associated with plasma Hcy (Kuo et al.
2005; Ruiz et al. 2007b), and the association between

UCP3 polymorphism and plasma Hcy was modified by
cardiorespiratory fitness (Labayen et al. 2010). These
studies suggested that the concepts of gene—gene interac-
tions and gene—environment interactions are critical to
provide personalized prescriptions to prevent hyperhomo-
cysteinemia and cardiovascular diseases.

We speculate that there may be two pathways by which
PA influences plasma Hcy. The first is the pathway asso-
ciated with creatine. Phosphocreatine (PCr) is a high-
energy phosphate for muscle contraction, and Cr is
endogenously synthesized in the liver and kidney from
arginine and glycine via methylation by S-adenosyl-L-
methionine:guanidinoacetate N-methyltransferase (GAMT)
closely linked to Hcy metabolism (Wyss and Kaddurah-
Daouk 2000). In humans, Cr synthesis has been reported to
account for 70% of Hcy formation (Mudd et al. 1980;
Mudd and Poole 1975). Therefore, the increase in Cr
synthesis in the liver corresponding to high-intensity PA
may underlie the higher plasma Hcy level in TT genotype
with longer time spent in vigorous PA in the present study.
However, we could not reach definitive conclusions
because we did not examine Cr concentration in skeletal
muscle. The second possibility is the pathway via betaine,
which is one of the remethylation pathways of Hcy.
Betaine supplementation decreases plasma Hcy (Olthof
and Verhoef 2005), and plasma betaine was reported to be
inversely related to plasma Hcy (Holm et al. 2004). In
addition, it has been reported that betaine was positively
associated with PA (Konstantinova et al. 2008). Betaine is
formed in the kidney and liver from choline catalyzed by
the mitochondrial enzyme choline dehydrogenase, the level
of which may increase accompanying mitochondrial bio-
genesis by light PA. Therefore, the inverse correlation
between time spent in light PA and plasma Hcy in the TT
genotype may be mediated through the betaine pathway.
However, the physiological mechanisms underlying the
associations between time spent in light PA and plasma
Hcy warrant further investigation.

This study had some limitations. First, we analyzed the
effects of PA on plasma Hcy in considering MTHFR
genotype with men and women together to achieve statis-
tical power. However, there was a gender difference in
plasma Hcy, and it will be necessary to analyze men and
women separately in a larger study population. Second, we
could not eliminate other predictors of Hcy, such as
smoking status or alcohol consumption, in the present
study. These factors may obscure the effect of PA on
plasma Hcy. Finally, due to the cross-sectional design of
this study, causality could not be established. It will be
necessary to confirm the effects of PA on plasma Hcy in a
future longitudinal study, and replication of the results in
larger study populations is necessary before firm conclu-
sions can be drawn.
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Conclusion

There were no significant differences in plasma Hcy

adjusting for age, sex, and folate intake between groups
categorized according to PA among all subjects. However,
in the TT genotype alone, shorter time spent in light PA
was associated with higher plasma Hcy than a longer time
spent in light PA, and longer time spent in vigorous PA and
inactivity was associated with higher plasma Hcy. Further
investigations with a larger sample size or a longitudinal
design are required.
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