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Abstract The signaling molecule 5'-AMP-activated pro-
tein kinase plays a pivotal role in metabolic adaptations.
Treatment with S5-aminoimidazole-4-carboxamide-1-8-p-
ribofranoside (AICAR) promotes the expression of meta-
bolic regulators and components involved in glucose
uptake, mitochondrial biogenesis, and fatty acid oxidation
in skeletal muscle cells. Our aim was to determine whether
AICAR-induced changes in metabolic regulators and
components were more prominent in white or red muscle.
Rats were treated with AICAR (1 mg/g body weight/day)
for 14 days, resulting in increased expression levels of
nicotinamide phosphoribosyltransferase (NAMPT), perox-
isome proliferator-activated receptor-y coactivator-1o
(PGC-1o), glucose transporter 4 proteins, and enhanced
mitochondrial biogenesis. These changes were more
prominent in white rather than red gastrocnemius muscle or
were only observed in the white gastrocnemius. Our results
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suggest that AICAR induces the expression of métabolic
regulators and components, especially in type II (B) fibers.
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Introduction

Skeletal muscle demonstrates a great degree of metabolic
plasticity, with its characteristics subjected to many studies
over several decades. Accumulating evidence suggests that
a large number of signaling molecules control the meta-
bolic properties of skeletal muscle. The signaling molecule
5'-AMP-activated protein kinase (AMPK) has been shown
to play a pivotal role in skeletal muscle cells [1].

AMPK is a heterotrimer comprising catalytic o- and
regulatory B3- and y-subunits [2], Two isoforms exist for the
o-subunit (a1 and a2) and the B-subunit (B1 and B2), with
three isoforms for the y-subunit (y1, y2, and v3). The o-
subunit contains the serine/threonine kinase domain, which
has been shown to exhibit kinase activity when it is
phosphorylated by upstream kinases such as LKB1 and
CaMKK [3, 4]. The [B-subunit contains a domain that
interacts with the o~ and y-subunits and was previously
reported to mediate the assembly of the heterotrimeric
AMPK complex [5]. The B-subunit also contains a glyco-
gen-binding domain [6]. The y-subunit binds to AMP fol-
lowing the phosphorylation of threonine 172 in the o-
subunit and kinase activation [7]. AMPK is a central
energy-sensing master regulator of cellular metabolism and
is activated when the cellular AMP/ATP ratio increases [8].
This allosteric regulatory system further promotes the
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phosphorylation of threonine 172 in the o-subunit by
upstream kinases [9].

Skeletal muscle AMPK is known to be activated by
exercise [10, 11]; secretory factors including leptin [12],
adiponectin [13], interleukin-6 [14], and brain-derived
neurotrophic factor [15]; and antidiabetic drugs [16, 17]. It
is also activated by the adenosine analog 5-aminoimida-
zole-4-carboxamide-1-B-p-ribofranoside (AICAR); Al-
CAR -activation of AMPK stimulates glucose uptake and
fatty acid oxidation in skeletal muscle cells [18]. AICAR
treatment has also been found to enhance the expression of
metabolic components, including glucose transporter 4
(GLUT4) and monocarboxylate transporters 1 and 4 pro-
teins; increase hexokinase activity; and stimulate mito-
chondrial biogenesis in skeletal muscle [19-22]. Activation
of AMPK has been linked to upregulated expression of
metabolic regulators, such as silent information regulator
of transcription 1 (SIRT1), peroxisome proliferator-acti-
vated receptor (PPAR)-y coactivator-la (PGC-1a), and
nicotinamide phosphoribosyltransferase (NAMPT) [21, 23,
241. It has been proposed that AMPK-induced metabolic
adaptations could be mediated, at least partially, by SIRT1
1.

SIRT1 is an oxidized form of nicotinamide adenine
dinucleotide (NAD™)-dependent histone deacetylase. It
plays an important role in various biological processes via
its interactions with and deacetylation of many transcrip-
tional regulators, such as forkhead transcription factor
(FOXO0) [25], p53 [26], nuclear factor-kB (NF-xB) [27],
and PGC-1a [28]. SIRT1 regulates mitochondrial biogen-
esis and fatty acid oxidation in skeletal muscle cells by
deacetylating and functionally activating PGC-1u [28, 29].

SIRT1 activity is controlled by NAMPT, also known as
pre-B cell colony-enhancing factor (PBEF) or visfatin.
NAMPT is the rate-limiting enzyme required for the syn-
thesis of NAD™ from nicotinamide, an inhibitor of SIRT1.
NAMPT increases the NAD'/NADH ratio and decreases
nicotinamide concentrations: SIRT1 activity then alloster-
ically increases in skeletal muscle cells [30]. The metabolic
capacity of skeletal muscle is thought to be at least partially
controlled by the AMPK-NAMPT-SIRTI-PGC-1o axis.
The expression of NAMPT in skeletal muscle has been
shown to increase with endurance exercise training and
activation of AMPK [23, 31, 32]. NAMPT might play an
important role in exercise training-induced metabolic
adaptations in skeletal muscle [33].

Skeletal muscle fibers in rodents are categorized as
slow-twitch type I and fast-twitch type IIA, IIX and IIB
fibers, and express myosin heavy chains I, ITA, IIX, and
IIB, respectively [34]. The type I, ITIA, and IIX fibers exist
in human skeletal muscle [34]. The rank order of maximum
contraction velocity in rat skeletal muscle fibers is
I<lA <IIX <IIB [35]; for oxidative capacity it is
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IB <I <X <A [36] or IB<IIX <I<IIA [37]
Metabolic responses to some stimuli, such as exercise
training [38], detraining [39], and hindlimb suspension
[40], appear to differ among the various fiber types. Acute
exercise was reported to increase the AMPK phosphory-
lation in all fiber types, and type IIX fibers exhibited the
greatest increase in human skeletal muscle [41].

We previously showed that AICAR induces increases in
AMPK phosphorylation levels in type II fiber-rich extensor
digitorum longus (EDL) muscle. The extent of this increase
appeared to be greater than that in the type I fiber-rich
soleus muscle of rats [24]. In another study, it was shown
that a single AICAR injection resulted in a 5.5-fold
increase in AMPK activity in the white gastrocnemius
muscle, but only a 2.9-fold increase in the red gastrocne-
mius muscle [42]. Collectively, these findings suggested
that acute administration of AICAR increases phosphory-
lation levels of AMPK in type II(B) fibers to a great extent
than in type I fibers. Therefore, chronic AICAR treatment
might result in greater expression levels of metabolic reg-
ulators and components in type II(B) fiber-rich white
muscle compared with those in type I fiber-rich red mus-
cles. However, results from previous studies have not
clearly revealed the extent of chronic AICAR treatment-
induced metabolic adaptations between muscles types. We
hypothesized that chronic AICAR treatment would
enhance expression levels of metabolic regulators and
components. We also believe that these effects would be
more prominent in type II(B) fibers than in type I fibers.

Our aims were to determine whether AICAR-induced
changes in metabolic regulators, such as NAMPT, SIRT1,
and PGC-lo, and in metabolic components, such as
GLUT4 and mitochondrial oxidative enzymes, differed
between type 1 fiber-rich red gastrocnemius and type IIB
fiber-rich white gastrocnemius muscles.

Materials and methods
Animal studies

Male Wistar rats (5 weeks old, 136-148 g) from Kyudo
(Tosu, Saga, Japan) were used in this study. All rats were
handled daily for at least 5 days before the commencement
of experiments. Rats were housed in a temperature-
(22 4 2 °C) and humidity-controiled (60 & 5 %) room
with a 12-h light (07:00-19:00):12-h dark (19:00-07:00)
cycle; food and water were provided ad libitum. All
experimental procedures were strictly conducted in accor-
dance with the Nakamura Gakuen University guidelines for
the Care and Use of Laboratory Animals and were
approved by the University Animal Experiment
Committee.
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Rats were divided into control (n = 9) and AICAR
treatment (n = 7) groups. Rats in the control group were
given daily subcutaneous injections of saline, while those
in the AICAR group were given daily subcutaneous
injections of AICAR (1 mg/g body weight; Toronto
Research Chemicals, North York, ON, Canada). This dose
of AICAR was previously shown to enhance skeletal
muscle AMPK activity and the phosphorylation of threo-
pine 172 in the o-subunit at 60 and 120 min postinjection
[19, 24, 43, 44]. Procedures were performed between 08:00
and 10:00 for 14 successive days. Nonfasted rats were
intraperitoneally anesthetized with pentobarbital sodium
(60 mg/kg body weight) about 24 h after the last injection.
The gastrocnemius muscle was dissected, and the deep
(red) and superficial (white) portions of the lateral head of
the gastrocnemius muscle were isolated. Muscle tissues
were immediately frozen in liquid nitrogen and stored at —
80 °C until required. The abdominal fat pads (mesenteric,
epididymal and perirenal) were also excised and weighed.

Preparation of muscle samples

Frozen muscle samples were homogenized in ice-cold
homogenization buffer (1:10 w/v; 25 mM HEPES,
250 mM sucrose, 2 mM EDTA, 0.1 % Triton X-100, pH
7.4) supplemented with Complete™ Protease Inhibitor
Cocktail Tablets (Roche Diagnostics, Tokyo, Japan) and
centrifuged (15,000xg, 4 °C, 25 min). The supernatant
was removed and the concentration of proteins determined
using a kit {Bio-Rad, Richmond, CA). This muscle
homogenate was used for enzymatic assays and in Western
blotting analyses. For the Western blotting analyses, the
muscle protein homogenate was solubilized in sample
loading buffer (50 mM Tris-HCl pH 6.8, 2 % sodium
dodecyl sulfate, 10 % glycerol, 5 % B-mercaptoethanol,
and 0.005 % bromophenol blue).

Western blotting

Proteins (20 pg) present in homogenates were separated by
sodium-dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using 7.5 % (SIRT! and PGC-la), 10 %
(NAMPT and GLUTY), and 15 % (cytochrome C) resolv-
ing gels. Proteins separated by SDS-PAGE were electro-
phoretically transferred to polyvinylidene difiuoride
membranes. These membranes were incubated with a
blocking buffer of casein solution (Vector Laboratories,
Burlingame, CA, USA) for 1 h at room temperature.
Membranes were incubated with rabbit polyclonal anti-
bodies against PBEF (1:500 dilution; Bethyl Laboratories,
Inc., Montgomery, TX, USA), Sir2 (1:1000; Upstate Bio-
technology, Lake Placid, NY, USA), PGC-la (1:500;
AB3242, Chemicon International, Temecula, CA, USA), or

GLUT4 (1:8000; Chemicon International), or with a mouse
monoclonal antibody against cytochrome C (1:200; clone
THB.2C12; Biosource, Camarillo, CA, USA) overnight at
4 °C. Membranes were then incubated with anti-rabbit/
mouse biotinylated IgG (1:1000; Vector Laboratories) for
30 min. Protein bands were visualized using the avidin and
biotinylated horseradish peroxidase macromolecular com-
plex technique (Vector Laboratories). Band densities were
determined using NIH Image, version 1.62 (National
Institute of Health, Bethesda, MD, USA). '

Enzyme activity assays

Enzyme activities were measured spectrophotometrically -
with assays conducted at 30 °C using saturating concen-
trations of substrates and cofactors, as previously deter-
mined. Citrate synthase (CS) activity was measured at
412 nm to detect the transfer of sulfhydryl groups to 5, 5'-
dithiobis(2-nitrobenzonic acid) (DTNB). The extinction
coefficient for DTNB was 13.6. Hexokinase (HK), pyru-
vate kinase (PK), lactate dehydrogenase (LDH), malate
dehydrogenase (MDH), and B-hydroxyacyl-coenzyme A
dehydrogenase (BHAD) activities were measured at
340 nm by following the production or consumption of
NADH or NADPH over 3 min. The extinction coefficient
for NAD(PYH was 6.22. Further details and procedures
have been described previously [45].

Statistical analysis

Values are expressed as the mean =+ SD. We used the
unpaired f test to compare data between groups with a
P value less than 0.05 considered statistically significant.
Results

Body composition

We summarized the body composition of rats (Table 1);

pre- and posttreatment body masses in the AICAR group
were not significantly different from those in the control

Table 1 Body composition of rats in the current study

Control (n =9) AICAR(n=17)

Pretreatment body weight (g) 140+ 3 141 £ 3
Posttreatment body weight (g) 245 4+ 13 238 +8
Mesenteric fat tissue weight (g) 3.19 041 244 4 0.52%
Epididymal fat tissue weight (g} 1.81 4: 0.16 132 + 0.14*
Perirenal fat tissue weight (g) 0.39 4 0.06 0.23 £ 0.07*
* P < 0.05 vs. control group
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Fig. 1 NAMPT protein expression levels in red and white gastroc-
nemius muscles of rats in the control (open columns) and AICAR
(filled columns) groups. Values are mean = 8D; n = 7-9 muscles per
group. *P < 0.05 vs. the control group
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Fig. 2 SIRT1 protein expression levels in red and white gastrocne-
mius muscles of rats in the control (open columns) and AICAR (filled
columns) groups. Values are mean = SD; n = 7-9 muscles per group

group. Mesenteric, epididymal, and perirenal fat tissue
masses in the AICAR group were significantly lower than
those in the control group.

Expression of metabolic regulators

NAMPT protein expression levels in red and white gas-
trocnemius muscles were significantly increased, by 22 and
77 %, respectively (P < 0.01), following AICAR treatment
(Fig. 1). SIRT1 protein expression levels were unaltered by
AICAR treatment in red or white muscles (Fig. 2). PGC-1a
protein expression levels in the white gastrocnemius mus-

cle of rats in the AICAR group were significantly higher -

than those in the control group (47 %, P < 0.01); however,
a similar difference was not observed in red gastrocnemius
muscle (Fig. 3).
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group. *P < 0.05 vs. the control group
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Fig. 4 GLUTY protein expression levels in red and white gastroc-
nemius muscles of rats in the control (open columns) and AICAR
(filled columns) groups. Values are mean == SD; # = 7-9 muscles per
group. *P < 0.05 vs. the contro} group

Expression of metabolic components

AICAR treatment significantly increased GLUT4 protein
expression levels by 96 % in white gastrocnemius muscle
(P < 0.001), but not in red gastrocnemius muscle (Fig. 4).
Cytochrome C protein expression levels in the white gas-
trocnemius muscle were also increased by the AICAR
treatment (26 %, P < 0.05). We did not observe any
changes in cytochrome C expression levels in red gas-
trocnemius muscle (Fig. 5).

Enzyme activities
HK activities in red and white gastrocnemius muscles were

significantly increased in the AICAR-treated group, by 52
and 132 %, respectively, compared to the control group
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Fig. 5 Cytochrome C protein expression levels in red and white
gastrocnemius muscle of rats in the control (open columns) and
AICAR (filled columns) groups. Values are mean % SD; n = 7-9
muscles per group. *P < 0.05 vs. the control group

(Fig. 6a; P < 0.0001). PK activity in white gastrocnemius
muscle was increased by 26 % because of AICAR freat-
ment (P < 0.0001); however, PK activity was relatively
unchanged in red gastrocnemius muscle (Fig. 6b). AICAR
treatment did not affect LDH activity in either type of
muscle (Fig. 6c). CS activity in white gastrocnemius
muscle was significantly higher in the AICAR-treated
group compared with that in the control group (26 %,
P < 0.0001). No significant differences were observed for
CS activity in red gastrocnemius muscle (Fig. 6d). MDH
activities in red and white gastrocnemius muscles were
significantly increased by 13 and 38 %, respectively, fol-
lowing AICAR treatment (P < 0.05; Fig. 6e) compared

with those seen in the control group. AICAR treatment
resulted in a 31 % increase in BHAD activity in white
gastrocnemius muscle (P < 0.01), with no increase
observed in'red gastrocnemius muscle (Fig. 6f).

Comparison of AICAR effects in red and white muscles

We have illustrated the relative changes in protein
expression levels and metabolic enzyme activities induced
by AICAR treatment and compared them with those in the
control group (Fig. 7). AICAR induced changes for all
parameters relative to the control group, with the exception
of SIRT1 protein and LDH activity levels. These were
significantly higher in white gastrocnemius muscle com-
pared with that in red gastrocnemius muscle (£ < 0.05).

Discussion

AMPK has been implicated in several diseases such as
diabetes mellitus, hypertension, cardiac hypertzophy, can-
cer, dementia, and stroke [46]. The control of AMPK
activity represents a strategy for preventing these diseases
or improving therapies against them. In our current study,
we found that treating rats with AICAR over 14 successive
days significantly increased expression levels of NAMPT,
PGC-1¢, and GLUTA4 proteins and enhanced mitochondrial
biogenesis in rat skeletal muscle.

We designed our study so as to compare AICAR-
induced metabolic alterations in red and white muscles.
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% difference from control

NAMPT  SIRT1  PGC-ia

Fig. 7 Proportional differences in protein expression levels and
metabolic enzyme activity levels between rats in the control and
AICAR groups for red (open columns) and white (filled columns)
gastrocnemius muscles. Differences in these measurements were

Our results showed that the expression levels of metabolic
regulators, such as. NAMPT and PGC-lo proteins, fol-
lowing the AICAR treatment were higher in the white
gastrocnemius muscle than in the red gastrocnemius mus-
cle. Furthermore, the expression of the GLUT4 and cyto-
chrome C proteins as well as CS, MDH, $HAD, HK, and
PK activities were higher in the white gastrocnemius
muscle than in the red gastrocnemius muscle following the
AICAR treatment. The red gastrocnemius muscle contains
~50 % type I fibers and less than 1 % type IIB fibers. The
white gastrocnemius muscle contains ~90 % type IIB and
~10 % of type X fibers, with low levels but a minimal
amount of type I or ITA fibers in rats [37, 47]. Based on
these results, AICAR-induced metabolic improvements
were suggested to be more prominent in type II(B) fibers
than in type I fibers.

The fiber type-dependent effects of AICAR on muscle
metabolic profiles observed in our present study could be
partially associated with different AMPK phosphorylation
levels among fiber types following AICAR treatment. We
previously showed that acute AICAR treatment-induced
increases in AMPK phosphorylation levels appeared to be
greater in type II fiber-rich EDL muscle than in type I fiber-
rich soleus muscle [24]. Additionally, phosphorylation
levels of acetyl-coenzyme A carboxylase (ACC), a down-
stream target of AMPK, in the EDL muscle appeared to be
enhanced to a great extent than in the soleus muscle fol-
lowing AICAR treatment [24]. Previous results indicate
that a single AICAR injection resulted in a 5.5-fold
increase in AMPK activity in white gastrocnemius ruscle,
but only a 2.9-fold increase in red gastrocnemius muscle
[42]. These fiber type-dependent effects of AICAR on the
phosphorylation of AMPK might be responsible for the
different results we observed in red and white muscles.

Another possible cause of these differences could be the
varying expression patterns of the AMPK ¥ subunit iso-
forms among fiber types. In rodents, the AMPK y3 isoform
is primarily expressed in muscles that are rich in type IIB
fibers, but is rarely expressed in type I fiber-rich muscles

Q Springer

CytoGC  CSacl. MDHact. BHAD act, GLUT4 HKacl. PKact. LDH act

determined as follows: % difference = 100 x (AICAR group/mean
control group) ~— 100. Values are mean = SD; n =7 per group.
#P < 0.05 vs. red gastrocnemius muscle. CyroC cytochrome C, act.
activity

[48, 49]. The skeletal muscles of AMPK v3 mutant
(R225Q) transgenic mice exhibit enhanced mitochondrial
biogenesis, fatty acid oxidation, and glycogen synthesis as
well as increased expression levels of genes encoding the
corresponding regulatory proteins {48, 50, 511. In contrast,
AMPK y3 isoform knockout mice have decreased gene
expression levels [50]. Cantd et al. [52] reported that
fasting-induced increases in the expression of NAMPT,
PGC-1e, and GLUT4 mRNA and exercise-induced
increases in NAMPT mRNA expression and PGC-lu
deacetylation were ameliorated in AMPK v3 knockout
mice. Incubating EDL muscle isolated from wild-type mice
with AICAR promoted the phosphorylation of the AMPK
downstream targets, such as ACC and the Akt substrate of
160 kDa (AS160); however, these changes were ablated in
EDL muscles isolated from AMPK v3 isoform knockout
mice [53]. The AMPK 73 isoform appears to be necessary
for AICAR-induced AMPK signaling in skeletal muscle
and controls AICAR-stimulated metabolic adaptations,
especially in type IIB fibers.

Consistent with our results, AICAR ireatment for 28
successive days was previously shown to increase NAMPT
protein and mRINA expression levels in the skeletal muscle
of mice {23]. The effects of AICAR on the accumulation of
the NAMPT protein were not apparent in AMPK o2 kinase
dead (nonfunctional emzyme) mice, whereas NAMPT
mRNA Jevels were maintained [23]. The AICAR-induced
increases observed in the expression of the NAMPT protein
we observed can be attributed to regulation by AMPK
signaling at the posttranscriptional or transiational level.
Results from a previous study demonstrated that AMPK
controlled intracellular NAD™ concentrations and SIRT1
activity {54]. Collectively, these results suggest that AMPK
regulates SIRT1 activity by modulating the quantity of the
NAMPT protein, followed by PGC-la deacetylation and
transcriptional activation.

The activated form of PGC-1o can interact with several
transcription factors, including myocyte enhancer factor 2
(MEF2), GLUT4 enhancer factor (GEF), cAMP response
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element binding protein (CREB), estrogen-related receptor
o (ERRa), PPAR«a and v, and nuclear respiratory factor 1
{(NRF1). NRF promotes the expression of GLUT4 and
PGC-1a, and also promotes mitochondrial biogenesis {1].
The AMPK-NAMPT-SIRT1-PGC-1a axis possibly medi-
ates the AICAR-induced metabolic improvements we
observed in skeletal muscle.

In a previous study, it was reported that SIRT1 protein
expression levels were increased in EDL muscle following
administration of a single dose of AICAR to rats [24]. In
humans, one short period of intense activity promotes the
phosphorylation of AMPKa and SIRT1 protein expression
in the vastus lateralis muscle. The same level of activity
with glucose ingestion did not lead to an increase in either
AMPK phosphorylation or SIRT1 protein content [55].
Based of these findings, it appears likely that AMPK sig-
naling regulates the SIRT1 protein content in skeletal
muscle.

We demonstrated that 14 successive days of AICAR
treatment did not alter the expression of SIRT1 in either red
or white gastrocnemius muscle in rats. Chronic adminis-
tration of AICAR (30 days) to mdx mice also failed to
enhance the expression of SIRT1 mRNA {[56]. Further-
more, 5 days of a successive AICAR treatment decreased
SIRT1 protein expression levels in rats [57]. These findings
suggest that the effects of AICAR treatment on SIRT1
expression in skeletal muscle in vivo differed depending on
duration of the treatment period. Although administration
of a single dose of AICAR was shown to promote AMPK
activity [22, 24], long-term (28 days) AICAR treatment
abolished the activation of AMPK in rat skeletal muscle
[22, 58]. These results indicate treatment period-specific
effects of AICAR that lead to the activation of AMPK and
inconsistent SIRT1 expression patterns.

Another possibility is that chronic AICAR administra-
tion results in an excess of nutrients in skeletal muscle
fibers. These are manifested as elevated glycogen stores
and inhibit accumulation of the SIRT1 protein, thus
masking the effects of AICAR. Caloric restriction was
previously reported to increase SIRT1 protein expression
levels in skeletal muscle [59], suggesting that the expres-
sion of the SIRT1 protein is inversely associated with
energy stores. The concentration of glycogen at 22-25 h
after a final AICAR injection in the skeletal muscle of rats
treated with AICAR over 4 weeks was higher than that in
saline-treated rats [22]. This finding suggests that long-
term administration of AICAR results in constantly ele-
vated glycogen concentrations in skeletal muscle that
might interfere with accumulation of SIRT1. Further
investigations are required to elucidate the mecha-
nism(s) responsible for varying different resulis obtained
between short- and long-term AICAR treatments with
respect to SIRT1 expression.

Although AICAR stimulates skeletal muscle metabo-
lism via the direct activation of AMPK [60}, other indirect
mechanisms might also mediate metabolic adaptations. As
an example, AICAR can activate other AMP-sensing
enzymes [61, 62]. AICAR also controls the secretion or
production of hormones/cytokines that regulate metabo-
lism, including insulin [63], adiponectin [64], interleukin 6
(IL-6) {65], and tumor necrosis factor-o (TNF-o) [64].
Adiponectin and IL-6 are activators of AMPK [13, 14],
whereas TNF-u is an inhibitor of AMPK {66, 67]. There- -
fore, in vivo AICAR treatment-induced metabolic modifi-
cations in skeletal muscle could be attributed to the direct
and indirect activation of AMPK and AMPK-independent
mechanisms. The administration of AICAR to mice over-
expressing o2 kinase-dead AMPK led to an increase in the
expression of NAMPT mRNA but not the corresponding
protein [23], suggesting that AICAR affects the expression
of NAMPT at the transcriptional level via an AMPK-
independent mechanism.

In this study, we demonstrated that chronic AICAR
treatment significantly decreased the mass of abdominal fat
pads with concomitant increases in the expression of
metabolic regulator proteins and mitochondrial compo-
nents. Although the reasons for such reductions currently
remain unclear, it is possible that increases in fatty acid
oxidation and oxidative capacity in skeletal muscle induced
by AICAR enhanced whole-body energy expenditure.
Alternatively, it is possible that treatment with AICAR
results in a slightly reduced food intake. However, slight
caloric restriction should not affect metabolic modifica-
tions caused by AICAR. We previously demonstrated that
caloric restriction of around 65 % in ad libitum-fed rats for
14 days did not affect expression of metabolic regulator
proteins or mitochondrial components in skeletal muscle
[45).

In conclusion, chronic AICAR treatment of rats for 14
successive days significantly increased NAMPT and
PGC-1a protein expression levels in red and white gas-
trocnemius muscles. GLUT4 protein expression levels
were also increased, and mitochondrial biogenesis was
enhanced in skeletal muscles following AICAR treatment.
These increases in the expression of metabolic regulators
and components in white gastrocnemius muscle were
more prominent than those in red gastrocnemius muscle,
suggesting that AICAR-induced metabolic adaptations

- occurred, particulaly in type II(B) fibers. In contrast, long-

term administration of AICAR did not affect SIRT1
expression.
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Abstract

Although coronary Hsk factors promote the formatlon of atherosclerotic plaque containing activated platelets and inflammatory
leukocytes, and play a pivotal role In the development of coronary artery diseases (CAD), the hemorheological effects of these risk factors
on clrculating intact erythrocytes, a major component of whole blood cells, are poorly understood. Therefore, this study almed to quantify
erythrocyte deformability in patients with coronary risk factors, and enrolled 320 consecutive cardiac outpatients Including 33 patients with
nonvalvular atrial fibrillation (AF). Patients with acute coronary syndrome or valvular AF were excluded. Demographic variables obtained by
medical records were correlated with erythrocyte deformability investigated by our highly sensitive and reproducible filtration technique,
Among demographic variables, friglyceride (p = 0.004), HbA4c (p = 0.014) and body weight (p = 0.020) showed significant inverse correlation
to the erythrocyte deformability. This deformability was not associated with types of CAD (old myocardial infarction vs. stable angina) or
modality of treatment (percutaneous intervention vs. coronary artery bypass grafting). Unexpectedly, stepwise mulltiple regression analysis
demonstrated that nonvalvular AF was the most significant contributor to the impalred erythrocyte deformability (p = 0,002). Hypertension
and dyslipidemia are more prevalent in the AF patients (p < 0.001), and the erythrocyte deformability was found to be impaired synergisticafly
and signlficantly (p < 0.001) during the stepwise accumulation of the caronary Hsk factors in addition to AF. In conclusion coronary risk
factors synergistically impalir the erythrocyte deformability, which may play an important role in critieally stenotic coronary arterles. Since the
impairment of intact erythrocyte deformability s mostly associated with nonvalvular AF, this common arthythmia may reflect the coronary
tisk accumulation.

Introduction

Hemorheology in association with coronary atherosclerotic plaque
formation has drawing increasing attention. Much effort has been
devoted to elucidate the role of activated platelets and leukocyte
(scavenger macrophages, activated lymphocytes and inflammatory
polymorphonuclear neutrophils) in atherosclerotic progression and
prothrombotic tendencies. In contrast, the effects of coronary risk
factors on the behaviors of circulating intact erythrocytes, major
component of whole blood cells, have been poorly understood
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in actual cardiac patients. The deformability of erythrocytes that
pass through the microvascular network is an essential factor to
maintain the physiological fluent microcirculation. Physiological
and hematological values of erythrocyte deformability are
equivalent to those of platelet aggregating and leukocyte migratory
functions. However, the concept of erythrocyte deformability has
not been strictly defined as a physical quantity, and the evaluation
of deformability depends on the measurement technique and
its relative sensitivity.! Erythrocytes deformability is supposed
to be impaired in patients with coronary artery disease (CAD)
by mechanical stress depending on plaque morphology such as
irregular surface, calcified plaque edge and sharp plaque shoulder.
This deformability is also impaired by shear stress of high blood
flow velocity observed in stenotic coronary arteries. Nevertheless,
erythrocytes deformability is a fandamental prerequisite of coronary
microcirculation maintaining patency of critically stenotic coronary
arteries or collateral circulation.? Therefore, the aim of this study
is to investigate the homerheologic effects of coronary risk factors
on the intact erythrocyte deformability, using our highly sensitive
and reproducible filtration technique. In this setting, erythrocyte
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deformability is considered as filterability of exythrocyte suspension.
As mMicropipette technique, a representative hemorheologic
methods other than filtration technique, estimates single erythrocyte
membrane rigidity, one of the components regulating whole cell
deformability® Therefore, erythrocyte suspension filterability is
considered as whole cell deformabilty.

Methods

Study Population

This study was approved by the internal ethics committee of the
Institute of Rheological Function of Foods Co. Ltd, (Fukuoka, Japan)
and was performed in accordance with the Declaration of Helsinki,
ie., signed informed consent was obtained from each subject prior
to enrollment into the study. The study population consisted of 320
Japanese patients (209 males and 111 females) with common cardiac
and/or systemic diseases. All patients were managed monthly at least
" over 1.5 years and treated at the discretion of attending physicians in
the outpatients section of the Kyushu University Hospital (Fukuoka,
Japan) or in several teaching hospitals and community clinics affiiated
to the University Hospital. Hypertension was defined as casual blood
pressure > 140/90 mmidg or treatment with antihypertensive drugs.
Type 2 diabetes mellitus was defined as fasting serum glucose > 126
mg/dl, casual serum glucose > 200 mg/dl, HbA1c(NGSP) » 6.5%
and/or current antidiabetic medication.4 Patients with type 1 diabetes
mellitus were not enrolled. Dyslipidemia was defined as serum
LDL cholesterol > 140 mg/dl, serum HDL cholesterol < 40 mg/
dl or prescription of lipid-lowering agents.* Coronary artery disease
(CAD) included old myocardial infarction and stable angina pectoris
irrespective of conservative, endovascular or surgical treatment.
Activity of CAD was stable in these patients and those with acute
coronary syndrome (ACS) were excluded. Chronic kidney disease
(CKD) covers all the stages of impaired renal function, indicating
estimated glomerular filtration rate (eGFR) 5 60 ml/min/1.73m2.5
Patients with atrial fibrillation (AF) due to evident rheumatic mitral
valve diseases, episode of mitral valve replacement or valvuloplasty
were excluded. Therefore, AF was nonvalvular. Paroxysmal AT was
defined according to the HRS/EHRA/ECAS 2012 Consensus
Statement on Catheter and Surgical Ablation of AFS In this
Consensus Statement, the concept of permanent AF was considered
inappropriate in that patient and physician ceased further attempts
to restore and maintain sinus thythm, whenever this joint decision is
made. However, the term of permanent AF, defined as longstanding
AF impossible to be terminated by any means, was used in this study
in contrast to paroxysmal AF. AF outpatients (n = 33) were followed
every month for anticoagulation, i.e., 20 patients showed permanent
AF whereas 13 patients had paroxysmal AF. In AF patients treated
with warfarin, time in therapeutic range (TTR) of the international
normalized ratio of prothrombin time (PT-INR) ranged from 51
to 72% (65.6 + 0.9%). Dabigatran (n = 7) and rivaroxaban (n = 5)
were also prescribed newly or converted from warfarin. Transthoracic
echocardiography and Holter monitoring were conducted in all AF
patients. Treatment of the aforementioned coronary risk factors was
under the discretion of the treating physicians in outpatient clinics.
Medication and lifestyle including smoking were not altered in any
patient during the study period.

Erythrocyte Filterability

Erythrocyte suspensions were prepared as described elsewhere.”

In brief, venous blood (approximately 10 ml) was sampled in the
morning after an overnight fast. Blood cell counting and hematocrit
measurement were performed using a hemocytometer (Ace
Counter, FL.C-2404, Fukuda Denshi Co. Ltd., Tokyo, Japan). After
centrifugation at 1300 x g for 10 min, supernatant was aspirated to
replace buffy coat and plasma with HEPES-buffered saline. Intact
erythrocytes were then washed three times (800 x g, 600 x g and 500
x g for 10 min each) by re-suspension with HEPES-buffered saline
and the final hematocrit of erythrocyte suspension was adjusted to
3.0% to prevent erythrocytes sticking within the filter pores and to
reuse the specific filter. These procedures were performed within 2
hours after blood sampling for subsequent filtration experiments.”
Erythrocyte filterability (whole cell deformability) was investigated
blindly by filtration technique (Model NOBU-II, Tsukasa Sokken
Co. Litd., Tokyo, Japan) as reported elsewhere.®® Nickel mesh filters
were produced by a photo-fabrication technique (Dainippon Printing
Co. Litd., Tokyo, Japan) and characterized by regulatly distributed
pores of identical size and shape (Fig. 1A), which guarantees the
sensitivity of filtration experiments even in the erythrocyte suspension
with low (3.0%) hematocrit value. A specific filter with appropriate
pore size (4.94 pm in diameter) was used repetitively by sonication
during a series of experiments to guarantee the reproducibility. The
relationship between hydrostatic pressure (P; mmH20) and time (t;
sec) was obtained during continuous filtration under gravity using a
pressure transducer. P was transformed to the height of the meniscus
in the vertical tube (h; mm) and flow rate (Q; ml/min) was calculated
by the rate of fall of the meniscus (Ah/At) and internal cross-sectional
area of the vertical tube, P-Q relationship was obtained automatically
by software installed on a personal computer (DELL Latitude CS,
Dell Inc., Round Rock, TX, USA) and stored simultaneously on
Microsoft Office Excel 2003 on Windows XP (Microsoft, Tokyo,
Japan). The percentage of Q_of erythrocyte suspension relative to
Q_of saline at 100 mmH20 was used as an index of erythrocyte
filterability. Temperature of the specimens was kept at 25°C by
circulating isothermal water within a water jacket around the
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A: Scanning electron microscoeple photograph of a nlckel mesh
fter. inset shows magnification of a singie pore In this fitter. B:
chiematic Hustration of nlekel mesh filtration system. Filtration
rossure (P mmH20)} Is converted to the helght of the menlzcus
ithin the vertical tube {h; mm) using the equatlon h = P/pg.
Flow rate (Q; mi/min) Is calculated using the equation @ =
m{D/2)2{Ah/At) D, Internal diameter of vertical tube; Ah/At, first
me detlvatives of h; g, acceleration of gravity; p, speclfic gravity
f specimens. ) :
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vertical tube (Fig. 1B). These examinations were performed at room
temperature (22 + 2°C).

An aliquot of the erythrocyte suspension was fixed with isotonic
1.0% glutaraldehyde solution containing 24.5 mM NaCl and 50 mM
phosphate buffer (pH 7.4). Thereafter, the shape of erythrocytes was
observed blindly using a differential interference contrast microscope
(Diaphoto 300, Nikon Co. Ltd., Tokyo, Japan) at 400 x magnification.

Data Analyses

All data are expressed as means + SEM. For statistical analyses,
human sample size was chosen to provide 90% power with an a
error of 0.05. A total of = 310 cases was required provided that the
significant intergroup difference of human erythrocyte filterability
investigated by this technique is 1.0%.” Continuous variables were
compared with unpaired Student’s t test or Mann-Whitney U test.
Erythrocyte filterability (%) was compared by the latter, because
Kolmogorov-Smirnov test confirmed that this was not normally
distributed (p < 0.001). Discrete variables were analyzed by Fisher's
exact test or Pearsons 2 test. Linear regression was fitted by the
standard least square method. Significant contributors to erythrocyte
filterability impairment were determined by stepwise multiple
regression analysis. None of the variables with missing data qualified.
The criteria for entering into the regression model were significant
partial correlation coefficient (r) to the filterability, greatest r among
the same category even if it was not significant, or otherwise clinically
meaningful variables. These analyses were performed using Predictive
Analytics Software (PASW) 18.0 version for Windows (SPSS, Inc.,
IBM, Chicagpo, IL, USA). Differences with two-sided p < 0.05 were
considered significant.

Results

Patients’ Profile :

Baseline characteristics of enrolled subjects are detailed in Table
1. Averages of some listed variables had already reached the upper
limit of normal range (systolic blood pressure) or even exceeded the
ranges (HbAlc, fasting serum glucose, triglyceride). None of these
patients had experienced an episode of evident heart failure (NYHA
class 2III). In patients with CAD, 25 patients had a history of old
myocardial infarction and the remaining 23 patients showed stable
angina pectoris. Percutaneous corenary intervention (PCI) was
performed in 38 patients, and coronary artery bypass grafting surgery

Baseline Characterlstics of Subjects (N = 320)

Varlables Means + SEM Variables Means + SEM
Age (years) 61.5%0.7 LDL cholesterol {mg/dl) 120%2
Body walght (kg) §26£07 Trigtyceride (mg/dh) 160+8
Fat (%) 21.2x05 WBC (x 102/uh) 60211
BMI (kg/m2) 24.2£0.2 RBC (x 104/uh) 4423
SBP (mmHg) 14041 Hb (g/dl) 141+014
DBP (mmHg) 801 Ht (%) 40903
HhAdc (%) 7004 MCH (pg) 318101
FSG (mg/dl) 148+3 MOV (1) 927403
Total Cholesterol (mg/dl) 20812 MCHC (g/di} 344%01
HDL cholesterol (mg/dl) 5641 Ervthracyts filterabllity (3%5) 876 £ 0.2

BMI, body mass index; DBP, diastolic blood pressure; FSG, fasting serum glucose; MCH, mean

corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume; SBP, systolic blood pressure.
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A: Representative PQ relationehips durlng continusue filtration
sxperiment using erythrocyte suspensions and HEPES-buffered
saline. The P40 relationships with open symbols correspond to
filtvations of salins {open clrcles) or erythrecyte suspension
obialned from a healthy non-smoker without coronary risk factors
{open squares), Closed symbels Indlcate representative patlenis
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(CABG) was conducted in 21 patients. Medication included Ca
antagonists (n = 46, 14%), statins (n = 34, 11%), angiotensin receptor
blockers (n = 28, 9%), antiplatelet agents (n = 27, 8%), f-blockers (n
= 18, 6%), angiotensin converting enzyme inhibitors (n = 16, 5%)
and do on.

Representative Filtration Data

Hematologically, there were no remarkable erythrocytes
shape changes observed in the enrolled subjects. Figure 2 shows
representative results of the nickel mesh filtration experiments. The
continuous filtration process yielded P~Q_relationships for control
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Cortelatlon of Categorlcal Factors and Evythrocyte Fllterablilty

Factots ‘ n Erythracyte filtorability (%) p

Gshder male 209 874+0.2
temale 144 88.0403 0.072

Curent Smoking (=) 201, 879402
(+) 119 872403 0.059

Hypertension =) 213 876£0.2
(+) 107 878403 0.867

Dyslipidemia (=) 217 876402
(+) 103 87.7£03 0.841

Arlal fibrillation (=) 287 878202
(+) 33 863209 0308

Diabetes mellitus (~) 100 881402
(+) 220 874102 0.200

oKD =) 184 87.5£0.2
(+) 136 872403 0.041

CAD ) 272 88.240.2
(+) 48 875203 0.407

Erythrocyts filterability is expressed as mean + SEM. CAD, coronary artery disease; CKD, chronic

kidney disease;

n, number of subjects in a specific group; p, prabability.

saline and erythrocyte suspensions. Reproducibility of the filtration
experiment was confirmed in that P-Q_curves obtained by filtration
of the same specimen were superimposable as in our recent study.®?
Saline demonstrated a linear P-Q_relationship passing through the
origin, which is compatible with Newtonian fluid. P-Q_relationships
for the erythrocyte suspensions displayed smooth and upward
concave curves over the low-pressure region. These findings indicate
that erythrocyte suspension shows non-Newtonian behavior, which
is evident under a low-shear-rate condition. Open squares correspond
to erythrocyte suspensions obtained from subjects without any
coronary risk factors. Closed symbols indicate those obtained from
patients with at least one risk factor. Q_of erythrocyte suspensions

Correlatlon of Continuous Varlables and Enyvthrocyte Filterablilty

(N=320)

Varlables f P

Agde (yoars) 0.044 0.480
Body welght (kg} -0.430 0.020
BMi (kg/m2) -0.084 0.095
Fat (%) ~0.074 0.293
SBP (mmHg) ~0.033 0.557
DBP {mmHg) 0,027 0,639
Hbaic (%) ~0.137 0.014
Total cholesterol (mg/dl) ~0.062 0.27¢
HDL cholesterol (mg/dl) 0.100 0.076
LDL cholesterol (mg/d) -0.401 0.073
Triglyceride (mg/dl) ~0.159 0.004
MCH (pg) ~0.014 0.798
MOV (1) -(3.018 0.742
MCHC (g/dl) 0.003 0.954

.p. probability; r, partial correlation cosfficient. Other abbreviations are the same as in Table 1.

obtained from patients with these risk factors were always less than
Q_in patients without them at any given pressure. These findings
indicate that these coronary risk factors impair the human erythrocyte
filterability.

Erythrocyte Filterability and Coronary Risk Factors

Relationships between categorical factors and erythrocyte
filterability are shown in Table 2. CKD alone showed significant
impairment of erythrocyte filterability (p = 0.041). The filterability
in AF patients did not differ from that in the remaining subjects,
and the filterability in permanent AF was equivalent to that in
paroxysmal AF. Correlations of continuous variables and erythrocyte
filterability are demonstrated in Table 3. Body weight, HbAlc
and triglyceride showed significant inverse correlation, whereas
hematological parameters relating to erythrocyte size (mean
corpuscular volume; MCV) and internal density (mean corpuscular
hemoglobin concentration; MCHC) did not show any correlation
with filterability.

Prior to the multiple regression analysis, demographic variables
suitable for inclusion into the regression model were selected. For
categorical variables, CKD was selected for significance (p = 0.041),
current smoking was included as a potent risk of hemorheology,10
and AF was selected as an outcome of overall risk accumulation.6
For continuous variables, body mass index (BMI, p = 0.095) instead
of body weight (p = 0.020) was selected as a surrogate of obesity.
HbAlc (p = 0.014) and triglyceride (p = 0.004) were selected for
respective significance. Although hematological indices were not
significant, MCV was selected for its greatest .

Multiple regression analysis was performed to identify significant
covariates contributing to the impairment of erythrocyte filterability
with concurrent avoidance of multi-colinearity by monitoring the
variance inflation factors. Table 4 shows five regression models
including selected continuous or categorical variables according to
stepwise reduction. Multiple correlation coefficients were highly
significant in this series of regression models. AF was the greatest
contributor to the impaired erythrocyte filterability in all the listed
models with high significance (p = 0.002 - 0.023).

Erythrocyte filterability of AF patients did not differ from that of
the remaining patients (Table 2). However, AF remained alone as the
greatest contributor to the impaired erythrocyte filterability (Table 4).
Table 5 shows the distribution of AF in patients with coronary risk
factors. AF was prevalent significantly (p < 0.001) in hypertensive
and dyslipidemic patients. Table 6 further indicates the effects of
coronary risk accumulation on the erythrocyte filterability. Multiple
comparison of the filterability under the stepwise accumulation of
coronary risk factors showed highly significance (p < 0.001), i.e.,
the erythrocyte filterability was impaired synergistically during the
accurnulation of coronary risk factors in addition to AF. However, the
filterability was not different with respect to the types of CAD (old
myocardial infarction vs. stable angina), modality of treatment (PCI
vs. CABG), and choice of medication (not shown).

Discussion
Main Findings

‘The erythrocyte deformability has significantimpacton the apparent
blood viscosity, which has profound influence on the coronary blood

flow,2 development of myocardial infarction and the resultant infarct
size.!* However, the involvement of abnormal erythrocyte behaviors
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Stepwise Multiple Regresslon Analysls Predicilng Contributors to
Erythrocyte Fliterablifty (N = 320)

model F R P Covariates (p)

1 2650 0263 0.008 Atrialfibrillation (0.023), Triglycetide (0.025), HbAlc
(0.040), BMI (0.295) Current smoking {0.346), MOV

(0.387), SBP (0.538), CKD {0.848)

2 3034 0.259 0004 Atrslfibrillation {0.023), Triglyceride (0.024), HbAle
(0,036}, BMI (0.298) Current smoking (0.346), MCV
(0.3686), SBP (0.867)
3 4077 0212 0.001 Atialfibrillation (0.004), Triglyceride (0.022), HbAlc
(0.064), BMI (0.258) Currant sroking {0.224), MCV
(0.389)
4 4.748 0268 < Atrial fibrillation (0.003), Triglyceride {0.049), HbA1ic
0.001 {0.088), BMI (0.328) Current smoking {0.177)
5 5835 0265 < Atrial fibrillation (0.002), Triglyesride (0.010), HbAlc
0.001 {0.070), Current smoking (0.1986)

F, Fvalue for fitnsss of multiple linear regression; P, probability for trend toward fitting the
regression; p, probability of significant covariate contribution; R, multiple carrelation coefficient.
Other abbreviations are the same as in Table 1.

on the progression of CAD is not fully elucidated. In the present
study, a highly sensitive and reproducible filtration technique was
applied to the actual cardiac outpatients to assess the circulating
intact erythrocyte filterability (whole cell deformability) in relation
to coronary risk factors. Univariate analyses found significant impact
of triglyceride (p = 0.004), HbAlc (p = 0.014), body weight (p =
0.020), and CKD (p = 0.041) on the impairment of the erythrocyte
deformability, but multiple regression analysis demonstrated that
nonvalvalar AF was the greatest contributor to the impaired
deformability, indicating that coronary risk factors including AF
impair the erythrocyte filterability synergistically.

Erythrocyte Deformability and Coronary Risk Factors

Itis generally accepted that erythrocyte deformability is determined
by 1) erythrocyte membrane material properties; 2) internal density
as reflected by MCHGC; and 3) cellular geometric factors as reflected
by MCYV, surface-to-volume ratio and erythrocyte shape.! Therefore,
abnormal erythrocyte membrane properties, increased MCHC or
MCYV, and several kinds of shape changes impair the deformability
individually or in concert. There were no discernible erythrocyte
shape changes in this study population. There were contributions of
AF, triglyceride and HbAlc, but not of MCV or MCHC, to the
deformability (Tables 3, 4). These findings indicate that impaired
deformability mainly arises from erythrocyte membrane properties
which may be altered by coronary risk factors such as hypertension,
dyslipidemia, diabetes in addition to smoking,™

Erythrocyte membrane lipid components have profound influence
on membrane fluidity and hemorheologic functions.! The present
study demonstrated the association of impaired deformability with
elevated serum triglyceride as in our previous study,’ suggesting
altered erythrocyte membrane integrity and lipid composition
in hypertriglyceridemia.®? Reportedly, our recent study clarified
that diabetic erythrocytes show the impaired filterability and
this impairment is enhanced by other risk factor such as smoking
causing potent oxidative stress.”° In this study, HbAlc is inversely
proportional to the filterability (Table 3) and a marginal contributor
to the impaired filterability (Table 4). Tsuda® demonstrated the
increased erythrocyte membrane rigidity in hypertensive patients

by electron spin resonance study. Therefore, the main cause of the -

impaired erythrocyte filterability is attributed to the erythrocyte
membrane abnormalities in diabetic, hypertensive or dyslipidemic
patients. Previous studies using this filtration technique (Fig

1) clarified that deformability is markedly impaired in human
erythrocytes exposed to acute oxidant stress./*% Relative to such
severe oxidant stress in vitro, mild oxidant stress in vivo as in above
common diseases also causes persistent erythrocyte membrane lipid
peroxidation and disturbs deformability.5"

Erythrocyte Deformability in AF |

Development of nonvalvular AF is known to be accelerated by risk
factors common to those of CAD, because CHADS, and CHA,DS,-
VASc scores predict not only the risk of ischemic stroke but also the
new onset of AF.*® Actually, more than half of enrolled patients are
diabetic (69%), and one third of them are current smokers (37%)
in the present study (Table 2). Moreover, major coexisting diseases
are CKD (43%), hypertension (33%), dyslipidemia (32%) and CAD
(15%). In this meaning, patients’ profile of this study is similar to the
Fushimi AT Registry, which is a Japanese domestic survey of AF
patients conducted in urban community.’®

AF is a common arrhythmia in clinical practice, and characterized
by abnormal hemorheology in left atrium (LA) such as elevated
hematocrit value and fibrinogen concentration.”*# Stagnant blood
within the enlarged fibrillating LA appendage shows procoagulative
state under erythrocyte hyperaggregability and elevated platelet
reactivity.®?® Activated platelets release prostaglandin E2, which
enhances calcium entry into erythrocytes leading to the impairment
of erythrocyte deformability.®® AF is associated with oxidant stress
via increased LA wall superoxide production or angiotensin II
type 1 receptor-mediated pathway.%?’ Such local LA environment
oxidizes erythrocytes and impairs the deformability.'*¢ Erythrocyte
dynamics are improved by medication such as statin,®® aspirin,®
Ca antagonists®® and eicosapentaenoic acid.*® These agents were
prescribed to AF patients associated with CAD for coronary risk
reduction and rate control of AF. Such therapeutic effects may have
attenuated the impairment of the erythrocyte deformability in AF
patients in this study.

It is questionable whether AF is an independent risk of ACS3
Reportedly, total cholesterol content of erythrocyte membrane is
increased in the patients with ACS,*? which is ameliorated by statin
therapy.** Increased cholesterol content reduces the erythrocyte
membrane fluidity and impairs the deformability leading to
erythrocytes aggregation and coronary flow slowing. 3% This study
excluded patients with ACS, and the answer for this question awaits
future cohort investigating erythrocyte deformability in ACS patents
with AF and that in ACS patients without AF.

Limitations r

This study has several limitations. First limitation is small
sample of patients (n = 320) treated at the discretion of attending
physicians. Nonvalvular AF with few episodes of paroxysms may

Cross Table of Atslal Fibvlilation and Coronary Risk Factors

Hypertension  Dyslipidemia Diabetes Cutrent
(+) (+) meflitus {+) Smoldng
{+)
Atriat fibrillation (+}n=33 24 20 i8 16
Atrial fibrillation (~)n =287 83 83 202 103
N=320 n =107 n= 103 n=220 n=119
P <0.001 <0.001 0.063 0.156

n, number of subjacts in a specific group; N, total numbsr of subjects
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Effects of Coronary Risk Accumulation on EvyHiwocyte Fliterabliliy

Coronary Risk Factors Erythrocyte Fitterabllity (%)
no risk factor 888103
Hypertension 878+03
Hypertanslon + Dyslipldemia 874+ 04
Hypertension + Dyslipldemtia + Diab mellitus 869+ 0.7
Hypertension + Dyslipidemla + Dlabates mellitus + Smoking 86.3+09
Hypertension + Dyslipidemia + Dlabstes mellitus + Smoking+ 86.1% 1.0

Atriatiibrillation

Multiple comparison of the erythrocyts filterability during the stepwise accumulation of coronary

risk factors showed highly significancs {p < 0.001).
have been dismissed in this study population. Second limitation is
a cross-sectional nature of study design. Coronary risk factors were
considerably accumulated in the AF patients group in that average
CHA,DS,-VASc score was 3.30 x 0.24. However, unlike in the other
study,”” impaired erythrocyte deformability in AF patients could
not be correlated to the ischemic stroke in this study partly due to
intensive anticoagulation. Finally, erythrocyte filterability shows
small intergroup differences and intragroup deviations (Tables 2 and
6). This is due in part to the aforementioned medication, but in other
part due to high sensitivity and reproducibility of our methodology.
Filtertability of erythrocytes obtained from healthy volunteers
(positive control) was 88.8 = 0.3% (Table 6), and that of erythrocytes
exposed to severe oxidant stress was declined to 20% (negative
control) leading to filter occlusion or hemolysis.” Therefore, our data
presented in this study reflects mildly pathological human erythrocyte
behaviors leading to impaired but not occluded microcirculation in
vivo under treatments.

Conclusions:

This study investigated the intact human erythrocyte deformability
in relation to coronary risk factors of actual cardiac patients. Multiple
regression analysis showed that nonvalvular AF is unexpectedly and
mostly attributable to the impaired erythrocyte deformability among
other coronary risk factors, reflecting nonvalvular AF as an outcome
of multiple coronary risk accumulations. Therefore, this small sample
study should be vatidated by a future cohort to validate the important
hemorheorologic role of erythrocytes playing in prothrombotic state
leading to ischemic stroke associated with AF.
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Mortality Benefit of Participation in BOOCS Program
A Follow-Up Study for 15 Years in a Japanese Working Population

Tsutomu Hoshuyama, MD, Keita Odashiro, MD, Mitsuhiro Fukata, MD, Toru Maruyama, MD,
Kazuyuki Saito, MD, Chikako Wakana, MS, Michiko Fukumitsu, MS, and Takehiko Fujino, MD

Objective: This study aims io demonstrate the protective effect on mortal-
ity among participants of a health education program, Brain-Oriented Obe-
sity Control System (BOOCS). Methods: A quasi-experimentally designed,
15-year (1993 to 2007) follow-up study was conducted with a total of 13,835
maleand 7791 female Japanese workers, They were divided into three groups:
patticipants in the program (1365 males and 742 females), nonparticipant
comparative obese controls (1230 males and 605 females), and nonpartici-
pant reference subjects (11,012 males and 6426 females). Hazard ratios were
calculated with survival curves drawn to evaluate the mortality effects by the
program patticipation. Results: The male participants showed significantly
lower mortality risk for all causes of death at hazard ratio = 0.54 (95%
confidence interval: 0.31 to 0.94) with significantly different survival curves
(P = 0.014 by log-rank test) than obese controls. Conclusions: The results
support a protective effect on mortality by participating in BOOCS program.

F or our health and well-being, better lifestyle is undoubtedly im-
portant. Many studies have provided scientific evidences show-
ing that healthy behavior, including smoking cessation, physical ex-
ercise, low-fat diet, and balanced nutrition, is essential for disease
prevention and health promotion. Prevalence of obese workers has
increased during these decades, that is, 25.1% for males and 23.9%
for females in the United States as a body mass index (BMI) of 30 or
higher in 2003 to 2009,' and 28.5% for males and 11.6% for females
in Japan as a BMI of 25 or higher in 2011.2 We are now facing to
risk of metabolic syndrome especially in developed countries, and
the fact shows that substantial proportion of us would improve the
ways of our life and health behavior>®

Key points of health education are logicalness, constructive-
ness, and persuasiveness for people, those screened as with ill-health
condition. Effective and practical health programs should consist
of not only an accurate theory but also flexible manner of guid-
ance. Although several practical studies on worksite health pro-
grams have been conducted in Japan,™' most of them utilize the
traditional approach for lifestyle modification. We have established
a new method of health education, Brain-Oriented Qbesity Control
System (BOOCS), and put it to practice.* This is a unique method
prioritizing the recovery from fatigue, in particular, “brain fatigue,”
and it eventually induces better lifestyle modification and improve-
ment of body weight and serum lipids.
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This study was carried out under a quasi-experimental design,
that is, an intervention study without random allocation of subjects
with the aim to demonstrate the preventive effect of BOOCS pro-
gram on mortality during the active employment among the program
participants.

MATERIALS AND METHODS
Study Subjects

The all subjects were public service employees working for
the municipal governments of Fuluoka Prefecture, Japan. They had
the membership of a health service organization that provides a
variety of services such as health examinations, health seminars and
guidance, and health insurance programs.®

Of the members of this health service organization, those who
were actively employed as of April 1, 1992, with at least 6 months of
employment and aged 59 years oryounger as of March 31, 1993, were
included in the study population. The newest computerized personnel
data file was used to identify the date of his or her employment and
establishment of the membership, and the date of his or her retirement
(only for the retired).

Definition of Intervention and Reference Group

In 1992, the health service organization introduced the health
seminars that were specific to BOOCS program. The seminars were
held 10 times a year, which was 1-day or 2-day program and consisted
of lectures on health care by physicians and practical exercises by
health care professionals such as a physical instructor, a dietician,
and a psychologist. All participants received an individual interview
of follow-up by occupational health nurses 1 year after the seminar.

At the beginning of the fiscal year 1993 to 1997, the occupa-
tional health nurses selected the workers with obesity and the risk of
diabetes and/or hypertension with verifying the annual health check-
up data of the previous year and sent them a letter to encourage them

. to participate in the program. The workers without participation his-

tories were selected as priority candidates. The intervention subjects
were those who first participated in the program during 1993 to 1997.

For the workers without participation in BOOCS program,
conventional health guidance was provided for health promotion and
disease prevention. They were divided into two groups as follows.
The first group was composed of those with obesity at 25 or higher
score of BMI, or with health problems relating to obesity, which was
found in the annual health check-up in 1992. They were defined as
comparative obese controls. The second group was composed of the
rest of the workers after excluding the comparative obese controls,
and they were defined as reference subjects.

Characteristics of BOOCS Program

The BOOCS program utilizes psychosomatic' approach for
behavior modification, which is distinct from the others.!¥ Under the
two principles and three basic rules (Table 1), effective and active
guidance is provided for health promotion and disease prevention.
Although lifestyle modification in a conventional approach starts
with prohibition and inhibition against unhealthy behaviors such
as alcohol drinking, smoking, and high calorie-intake, its sirictness
frequently results in the rebound of body weight and the appearance

Copyright © 2015 Lippincott Williams & Wilkins, Unauihorized reproduciion of this ariicle is prohibiled.
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TABLE 1. Two Principles and Three Basic Rules of BOOCS
Program?®

Two principles

1. Do not prohibit or order yourself as possible.

2. Do something pleasant for you.

Three basic rules

1. Do not practice what you dislike, even if it is good for your heaith,

2. Do not prohibit what you like even if it is bad for your health.

3. Do only what you like among good things and matters for your health.

Abbreviation: BOOCS, Brain-Oriented Obesity Control System.
3 Adapted from Fujino.'

of guilty conscience. On the contrary, the BOOCS program does
not induce such dilemmas because it begins with no prohibition and
makes us recover from brain fatigue. Moreover, the three basic rules
translating the principles easily lead us to modify our behavior for
health and well-being in our everyday life.

Follow-Up

All subjects were followed up from April 1, 1993, to March 31,
2008, at longest. The follow-up was stopped when the subject died or
retired and lost the membership because of compulsory retirement
(usually at the age of 60 years) or voluntary retirement. The follow-up
periods for the participants in the program were different according
to the year of participation, 1993 to 1997. Personal information,
including date of hire and that of retire/death, was computerized and
the person years of the active membership were calculated on the
basis of the information.

Data Analysis

First, standardized mortality ratios (SMRs) and corresponding
95% confidence intervals (CIs) were calculated. Person years at risk
were accumulated for the subjects in the follow-up period. Expected
numbers of deaths were calculated by multiplying the person years
with sex-, age-, calendar-year-, and cause-specific death rates of the
general population in Japan, 1993 to 2007.%

Second, hazard ratios (HRs) and corresponding 95% Cls were
calculated between participants and comparative obese controls with
adjusted by age as of March 31, 1993, and occupation as potential
confounders. Also, survival curves were drawn for all deaths be-
tween participants and comparative obese controls. Statistical anal-
yses were performed with SAS version 9.3 (SAS Institute Inc, Cary,
NC), and PHREG and LIFETIME procedures were used for calcu-
lating HRs and drawing survival curves, respectively.

Ethical Issues

This study was approved by the Ethical Review Board of
University of Occupational and Environmental Health, Kitakyushy,
Japan. ‘

RESULTS

Figure | shows a process of recruitment and enrollment of
the study subjects. From the personnel files, a total of 21,626 work-
ers (13,835 males and 7791 females) were identified as the study
subjects. After excluding 46 of them with no meeting the inclu-
sion criteria, the number of BOOCS participants, comparative obese
controls, and reference subjects were 2307 (1565 males and 742
females), 1835 (1230 males and 605 females), and 17,438 (11,012
males and 6426 females), respectively. Mean ages were significantly
different among three groups in both males and females. Frequently
seen occupations were a clerk and a firefighter in males, and a clerk, a
kindergarten teacher/a nurse, and a food supplier in females (Table 2).
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FIGURE 1. Process of recruitment and enroliment in this
study. .

During the follow-up period, 24 (22 males and 2 females),
40 (35 males and 5 females), and 259 (206 males and 53 females)
deceased in participants, comparative obese controls, and reference
subjects, respectively (Table 3). In males of the deceased, 10, 16,
and 90 persons with malignant neoplasms and 5, 6, and 50 persons
with diseases of the circulation :were included in the participants,
comparative obese controls, and reference subjects, respectively
(Table 4).

In males, SMRs for all causes were lower than those of the
general population in Japan at 0.36 (95% CI: 0.22 to 0.52) in partic-
ipants, 0.87 (95% CT: 0.69 to 1.29) in comparative obese controls,
and 0.44 (95% CI: 0.38 to 0.51) in reference subjects. For those with
malignant neoplasms, decreased SMRs were found to be statistically
significant only in participants at 0.48 (95% CI: 0.23 to0 0.82) and in
reference subjects at 0.57 (95% CI: 0.46 to 0.70). Regarding those
deceased because of diseases of the circulation and suicide, no sta-
tistically significant decrease or increase in SMRs was seen among
both participants and comparative obese controls (Table 4).

In females, despite the lower number of deceased workers,
SMRs for all causes were statistically significantly lower among
participants at 0.14 (85% CI: 0.01 to 0.41) and among reference
subjects at 0.45 (95% CI: 0.33 to 0.58) (Table 4).

Compared with comparative obese controls, HRs for all
causes were significantly lower in participants at 0.54 (95% CL
0.31 to 0.94). Survival curves were also statistically different and
such significant mortality changes were persisted during follow-up
period (P = 0.014 by log-rank test; Fig. 2). Nevertheless, the mortal-
ity effect was not found in females with 0.26 (95% CI: 0.02 t0 2.52)
(data not shown). Regarding other categories of cause of deaths,
no significant change was observed in HRs, probably because of
the small number of deaths in both males and females (data not
shown).
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