LS1

were rc]ati;/ely small and round with few visible ncurites. PEMF-mediated neurite
outgrowth occurrcd gradually in a time-dependent manner (Fig. 2B-F). These results

indicate that PEMF stimulation has the potential to induce ncuritogenesis independently

in PC12 cells via an unknown and novel mechanism. Specifically, PEMF-dependent
neuritogenesis may involve the activation of an intracellular signaling pathway.

We also assessed whether PEMF exposure increases AChE activity in the cells, Cell
lysates were analyzed for AChE activity after culture for 6 or 14 days with exposure to a
single PEMF (12 h/day), 50 ng/ml NGF, or 40 ng/ml BMP4. As shown in Fig. 2G, a single
PEMEF had no significant effect on AChE activity on day 6, in contrast to NGF. However,
it significantly increased AChE activity by day 14, similar to BMP4 (Fig. 2H). These
results suggest that stimulation with the PEMF gradually induces not only morphological
differentiation, but also functional differentiation, in PC12 cells.

Previous work has shown that activation of the ERK1/2 signaling pathway induccs
neuritogenesis in PC12 cells (Kao et al., 2001) and that NGF-induced ERK1/2 activation
and neurite outgrowth are blocked by the MEK1/2 inhibitors PD098059 and U0126 (Ahn
and Tolwinski, 1999; Pang et al., 1995). Thus, we next ;xssesscd whether PEMF exposure
activates the ERK1/2 signaling pathway. Cell lysates were analyzed for endogenous
ERKI‘/2 activity at 20, 60, and 180 min after exposure to a single PEMF in the presence or
absence of 2.5 uM UD126. Next, we evaluated the time course of ERK1/2 activity by
Western blotting. As shown in Fig. 3A, the induction of ERK1/2 phosphorylation was

detected after 60 min of PEMF stimulation and continued up to the 180-min time point.

Sustained PEMF-dependent activation of ERK1/2 was completely abolished in the
presence of U0126 (Fig. 3A).

We next investigated whether PEMF exposure induces sustained ERK1/2 activation in

other mammalian cells. Cell lysates from cither NR8383 cells or PC12 cells (as a control)

were analyzed for endogenous ERK1/2 activity at 3 h after stimulation with a single

. PEMF, a double PEMF (see Materials and Methods for details), or 50 ng/ml NGF (as a

positive control). Next, ERK1/2 activity was cvaluated by Western blotting. As shown in
Fig. 3B, ERK1/2 phosphorylation was detected after 3 h of both PEMF stimulations in
PC12 cells, but not NR8383 cells, although it was not as strong as that in NGF-treated )
cells. ‘

The results presented in Fig. 3 prompted us lc; determine whether PEMF-mediated
activation of the ERK1/2 signaling pathway is required for PEMF-mediated
neuritogenesis in PC12 cells. We therefore pretreated cells with the MEK1/2 inhibitor
U0126 at a concentration previously shown to abolish PEMF-induced ERK1/2 activation
(2.5 uM) (Fig. 3A) prior to the 6-day induction of PEMF-dependent neuritogenesis. The
results presented in Fig. 4A-C show that 2.5 pM U0126 almost completely suppressed
PEMF-induced neuritogenesis in PC12 cells. We also scored PC12 cells incubated in the
presence of U0126 at various concentrations (0-2.5 pM), the other MEK inhibitor
PD098059 at a concentration high cnough to suppress ERK1/2 activation (10 uM) (Pang
et al., 1995), or a negative control for U0126, U0124 (2.5 pM), to assess the inhibition of
neurite outgrowth, Our results indicate that U0126 reduced PEMF-mediated
neuritogenesis in PC12 cells in a dose-dependent manner (Fig. 4F). In addition,
PD098059, but not U0124, also inhibited PEMF-induced neuritogenesis in the cells (Fig.
4D, E, G). These results suggest that PEMF-induced neuritogenesis in PC12 cells
requires sustained activation of MEK-ERK1/2 signaling.

Taken together, the results of the present study clearly indicate the essential role of

MEK-ERK1/2 signaling in the PEMF-dependent neuronal induction of PC12 cells, and
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suggest the existence of a cell type- or cell content-dependent mechanism that mediates

i3

PEMF-induced MEK-ERK1/2 signaling, However, how a PEMF induces MEK-ERK 1/2

activation and q neuritogenesis in PCI12 cells is unclear. In this context, our
preliminary data show the TrkA tyrosine kinase inhibitor GW441756 had no significant
effect on PEMF-induced neuritogenesis in PC12 cells (data not shown), implying that
activation of MEK-ERK1/2 signaling may be independent of TrkA-mediated signaling.
In conclusion, we characterized a novel effect of a8 PEMF on the differentiation of
PCI12 cells. Specifically, PEMF cxposurc; can independently induce neuritogenesis
through MEK-ERK 1/2 activation. Further research into the mechanisms underlying the
action of the PEMF and the identification of its critical target signaling molecule(s)

leading to neuritogenesis in PC12 cells will promote future application of

electromagnetic fields to the regulation of neuronal differentiation.
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Legends to Figures

Fig. 1. Dose effect of the PEMF on neurite outgrowth in PC12 cells. (A-F) PC12 cells
were treated with 40 ng/ml BMP4 or 50 ng/ml NGF, exposed to a single PEMF (sPEMF)
for various time periods, or left untreated for 6 days. Phase-contrast images of PC12 cells
on day 6 after culture without stimulation (A), with PEMF exposure for 0.75 h/day (B),
with PEMF exposure for 3 h/day (C), with PEMF exposure for 12 W/day (D), with 40

ng/ml BMP4 (E), or with 50 ng/ml NGF (F). Scale bar, 100 um. Similar results were

btained in three independent experiments. (G, H) PC12 cells were treated with 40 ng/ml
BMP4 or 50 ng/ml NGF, exposed to the PEMF for the indicated time periods, or left
untreated for 6 days, and the percentage of neurite-bearing cells on day 6 was determined.
The data represent the mean * SE of three replicates. **P < 0.01 vs. the day-6 controls

with no stimulation.

Fig. 2. Time course of PEMF-induccd neuronal diffcreptiation in PC12 cells. (A-E) PC12
cells were exposed to a single PEMF (sPEMF) for a 12-h period cach day or left untreated
for 7 days. (A) Phase—confrast images of the cells on day 0 prior to exposure to the PEMF.
Phase-contrast image of PC12 cells on day 3 after exposure to the PEMF (12 h/day) (B) or
no stimulation (C). Phase-contrast image of PC12 cells on day 7 after exposure to the
PEMF (12 h/day) (D) or no stimulation (E). Scale bar, 100 pm, Similar results were
obtained in three independent experiments. (F) PC12 cells were exposed to the PEMF for
12 h/day or left untreated for 7 days, and the percentage of neurite-bearing cells on days 0,
1, 3, and 7 was determined. The data represent the mean + SE of three replicates. *P <

0.05, **P < .01 vs. the day 0 control with no treatment. (G, H) Cell lysates from PC12

15

cells were prepared and analyzed for acetylcholine esterase (AChE) activity after
stimulation with a sSPEMF (12 Wday) or positive controls (50 ng/ml NGF or 40 ng/ml
BMP4) for the indicated periods of time. The data represent the mean + SE of three
replicates. 11P < 0.01 vs. the day-0 control with no stimulation. n.s., not significant vs,
the day 0 control with no treatment. **P < 0.01 vs. the day-6 or day-14 control with no

stimulation.

Fig. 3. Sustained PEMF-induced activation of endogenous ERK1/2 in PC12 cells. (A)
PC12 cells were exposed to a single PEMF (sPEMF) for 20, 60, or 180 min or left
untreated in the presence or absence of the MEK1/2 inhibitor U0126 (2.5 pM). Equal
amounts of the sample proteins u}ere immunoblotted and probed with antibodies against
phosphory]avtcd (activated) ERK 1/2 (p-ERK1/2) and ERK1/2. (B) PC12 or NR8383 cells
were exposed to a SPEMF or a double PEMF (dPEMF), treated with 50 ng/ml NGF (as a’
positive control), or left untreated for 3 h. Equal amoﬁnts of the sample proteins were
immunoblotted and probed with antibodies against p-ERK1/2 and ERK1/2.
Representative blots are shown. Similar results were obtained in three independent

experiments. 1B, immunoblot,

Fig. 4. Suppression of PEMF-induced ncurite outgrowth in PC12 cells by MEK1/2
inhibitors. (A-E) PC12 cells were exposed to a single PEMF (12 h/day) or left untrcéted
for 6 days in the presence of 2.5 uM U0126, 2.5 uM U0124, or 10 uM PD098059.
Representative phase-contrast images of PC12 cells on day 6 after culture with no
stimulation (A), the PEMF (12 h/day) (B), the PEMF tlZ h/day) plus 2.5 pM U0126 (C),

the PEMF (12 Wday) plus 2.5 uM U0124 (D), or the PEMF (12 W/day) plus 10 uM

16
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PD098059 (E). Scale bar, 100 pm. Similar results were obtained in three independent
experiments. (F, G) PCi 2 cells were exposed to the PEMF (12 h/day) or left untreated for
6 days in the presence of the indicated concentrations of U0126, U124, and PD098059.
The percentage of neurite-bearing cells on day 6 was assayed. The data represent the
mean * SE of three replicates. 11P < 0.01 vs, the day 0 control with no stimulation, **P <
0.01 vs. PEMF stimulation (12 h/day) alone on day 6. n.s., not significant vs. PEMF

stimulation (12 W/day) alone on day 6. PD, PD098059.
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of the ical wave-front oceurs at -

=it propagates from the apex to the base of the posterior wall, and then from the base to the apex of the septum, with a propagation-speed of 3—9 2

. m/s This dynamic meas! ] modahxy Isnl;n

1. Introduction

Unlike the case of skeletal muscle, the direction of myocar-
dial contraction does not coincide with the direction of work
necessary to eject the intraventricular blood, contributing to
great complexity of the wall deformation sequence of cardiac
contraction. Electrocardiography is an invaluable clinical
tool for the diagnosis of cardiac failure. Electrocardiographic

ment” has realized noninvasive imaging of the
spatial distribution of action potentials, and magnetocardio-
graphy® conducted inside a shiclded room enables similar
imaging. By these electro-magnetic phenomena-based meth-
ods, however, mechanical properties of myocardial velocity
and contraction are not been directly measured. Other cardlac
imaging tools, namely, computed tomography (CT),” mag-
netic resonance imaging (MRI),*” single photon emission
computed tomography (SPECT),” and conventional echo-
cardiography,™ enable visuali 1

ion of two-di ional
(2D) or three-dimensional (3D) images, motion, torsional
deformation, asynchronous wall motion during acute myo-
cardial ischemia,” and the left ventricular inflow.!% The time
of peak contraction of the heart wall has been reported using
3D MRI tagging.!" With MRI tagging, the onset time of the
contraction has been reported. 215 However, their visualiza-
tion is restricted to static configurations or large and slow
motion due to contraction. Using the Doppler effect of the
ultrasound, the velocity or displacement are measured, 1%
but an accurate waveform for which the frequency analysis
is applicable is not obtained, and measurement of minute,
rapid velocily waveforms at the beginning of the contraction
in the heart wall has not been attempted.

We have previously found that the rapid response of the
excised heart muscle of a rat to electrical stimulations is
minute (displacement of 30 um and velocity of 0.5 mm/s)!®
and that velocity measurement is superior to displacement
measurement since the displacement is the accumulation of
velocity, that is, low-pass filtering.'” To realize noninvasive
detection of such minute mechanical responses to the
propagation of the action potential in the human heart, we
developed a novel ultrasound-based noninvasive method'?
and we successfully measured such response as a velocity
waveform for human subjects for the first time.!” In the
present study, the regional change in length or wall thickness
was simultaneously measured with high temporal resolution

"E-mail address: kanai@ecei.tohoku.ac.jp
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to confirm whether the detected velocity component
cotresponds to the myocardial contraction or extension.

2. Materials and Methods

In the present study, the minute propagation of the
contraction/relaxation was visualized for the first time in
the human as follows: The ultrasonic beams transmitted by
the ultrasound probe attached to the chest wall scan the 2D
plane of the heart, and the RF reflective wave for each
ultrasound transmission is acquired by the same probe as in
conventional echocardiography. In this novel method,
however, the phase shift between the succeedingly acquired
RF signals in the same direction is determined accurately at
each point in the heart wall along the ultrasonic beam, and
the position of each point is tracked. Thus, the minute
motion at each point is measured as a velccxty waveform so
that the Fourier transform is applicable.!’?" The six periods
(atriosystolic phase, isovolumetric contraction period, ejec-
tion period, isovolumetric relaxation phase, period of rapid
filling, and period of slow filling) during one cardiac cycle
were characterized by the measured waveforms.’” More-
over, by restricting the number of directions of transmission
to maintain a high frame rate (500Hz), the velocity
waveforms are simultaneously obtained at about 3,000
points set in the heart wall on the 2D plane.” Spatial
distribution of the heart wall vibrations generated by remote
perturbation of the inner pressure was also noninvasively
measured by the method. %" By applying frequency analysis
to each velocity waveform,’” the phase of its 40-Hz
component is detected and its instantaneous 2D distribution
is reconstructed at every 2ms, precisely revealing the
minute-wave propagation in the heart wall*® by neglecting
the differences in the amplitude components. The achieved
lower limit in the velocity measurement has been validated
as being 0.1mm/s,*® which corresponds to 0.2pm in
displacement during 2ms. Since the wavelength is about
410um for the typical frequency (3.75MHz), 0.2um
corresponds to about 1/2000 of the wavelength. Such a
minute velocity component superimposed on the large
motion due to heartbeat cannot be noninvasively measured
by any other known method. At the same time, the regional
change in length of thickness is accurately obtained from
the spatial difference between the velocity waveform at the
adjacent points (820 jtm apart) with 0.5-um accuracy.”* The
propagation of the contraction in the heart wall was detected
just at the apical side of the interventricular septum.*”
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one cardiac cycle
ejection rapid filling  slow filling
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800
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Fig. 1. (Color online) Time sequence of velocity and displacement in the unfolded left ventricular wall based on the apical view. (a) Cross-sectional image
from apical view of the LV of a healthy young subject. The two colored lines passing through the walls show the phase of the 40-Hz component of the
velocity wave at each point at 7x. Red and light blue correspond to the upward and downward movements, respectively. (b) Temporal changes in the phase of
40-Hz component of the velocity wave for one cardiac cycle along the two lines in (a). Vertical axis corresponds to the line in (a). (¢) Displacement
waveform at points a-j in (a). (d) Velocity waveform at points a-j with el (ECG) and pt di (PCG). (Ao = aortic valve;

= left atrium; Mv = mitral valve; RV = right ventricle; PW = posterior wall.)

3. In vivo Experimental Results

By applying this novel method to the longitudinal-sectional
plane of a healthy human heart as shown in Fig. 1(a), the
velocity signal was measured as a waveform at each point
on the plane. The velocity waveforms measured at six points

(a—j) in Fig. 1(2) and their integration, the displacement
waveform, are shown in Figs. 1(d) and I(c), respectively,
for one cardiac cycle. The left ventricular (LV) contraction
during the ejection period is roughly shown in the upward
displacement (toward the apex) of Fig. 1(c). In the velocity
waveform of Fig. 1(d), from the time of the P-wave, Tp, of the

07HAO1-2 © 2011 The Japan Society of Applied Physics
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Fig. 2. (Color online) Expanded version of Fig. 1 at the beginning of the contraction. (a) Temporal changes in the phase of the 40-Hz component of the
velocity wave in Fig. 1(b). (b) Temporal changes in thickness or length at points a—j in Fig. 1(d). (¢} Velocity waveform at points a~j.

electrocardiography, there is downward velocity component
(toward the base), corresponding to the LV expansion due
to atrial contraction. After this, during systole, the upward
velocily component (toward the apex) begins, which corre-
sponds to the LV coniraction, continuing until the time of the
second heart sound, T, the time of the aortic valve closure,
which is followed by rapid filling and slow filling phases,
where these points moves downward (toward the base).

However, there are some differences among these
transient times from downward to upward or from upward
to downward at the base-side points (d or i). To clearly show
these time differences regardless of the minuteness of the
velocity, by applying the moving short-time Fourier trans-
form to each of the velocity waveforms, simultaneously
measured at all points set along the lines (a~b—c~d-e, g-f,
and a—j—i-h) in Fig. 1(a), the phase of the 40-Hz component
is color-coded, and its temporal change is shown in
Fig. 1(b). Red shows the upward velocity component toward
the probe (point O) in Fig. 1(a), and light blue shows its
reverse propesty. As shown in Fig. 1(b), the onset time of the
upward velocity (contraction) before time of R-wave of the
electrocardiography, Tk, does not coincide at all points (a—j),
but there are some propagating components in the LV.

By expanding the time axis in Figs. 1(b) and 1(d), the
transition properties around Ty are shown in Figs. 2(a) and
2(c), respectively. At the same time, the instantancous

change in length (shortening due to contraction or extension)
is obtained at the points (a, ¢, j) shown in Fig. 2(b). The
white dotted lines in Fig. 2(a) show the onset of the
contraction determined by confirming whether the red
component of velocity is associated with the change in
length from extension to contraction as in Fig. 2(b). The
black dotted lines show the reverse phenomenon.

From 75, the atrial contraction begins and the LV volume
increases, corresponding to the downward velocity (light
green) in Fig. 2(a) 1o show the extension both in the
posterior wall (b-c—d) and the interventricular septum (IVS)
(a—j—i). Then, from the time 80 ms prior to T, the upward
velocity component is generated at the apical side (a), and
then from the time of 50ms prior to Ty, the upward
component propagates from the apex (b) to the base (e)
along the LV posterior wall with a speed of about 9m/s,
where it is accompanied by the transition from extension to
contraction. It then propagates along the IVS from point
(i) to both the apex (a) and the base (h) at a speed of about
3m/s. Just after passage of this component, the contraction
begins at each point. The starting point (a) of the velocity
component accompanying the contraction in Fig. 2(a) would
be close to the terminal of the Purkinje fibers (special
elecirical conducting cells which rapidly transmit an
electrical excitation).”® These velocity and change in length
are too minute to be identified by other methods.

07HA01-3 © 2011 The Japan Society of Applied Physics
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Flg. 3. (Color online) Time sequence of velocity and displacement in the unfolded left ventricular wall made based on the short-axis view. (a) Short-axis
cross-sectional plane on the LV with the papillary muscle level. (b) For onc cardiac cycle, the temporal changes in the phase of the velocity component.
Vertical axis corresponds to the colored line in (2). (c) Displacement waveform at points a—d in (a). (d) Velocity waveform at points a-d.

The first heart sound following the QRS-complex is
traditionally thought to be primarily associated with
mechanical vibrations resulting from the closure of the
mitral value and the opening of the aortic valve.2” As shown
in Fig. 2(a), after Tg, two waves are generated and propagate

from the apex (a) to the base (e) along the LV posterior wall.
During the short pericd of 20 ms from the beginning of the
first heart sound, the contraction property, which begins at
the above onset in Fig. 2(a), is reversed. This “cessation of
the contraction” would correspond to the LV expansion

O07HAD1-4 © 2011 The Japan Socisty of Applied Physics
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Flg. 4, (Color online) Expanded version of Fig. 3 at the beginning of the contraction. (a) Temporal changes in the phase of the velocity component in
Fig. 3(b). (b) Typical waveforms of the change in thickness at point ¢ and change in length at point b. (c) Velocity waveform measured at points a-d.

in the pre-ejection period that is necessary to cause the
mitral valve closure.”® This cessation is terminated by the
beginning of the second component of the above two waves,
and after this cessation, all the points have the upward
velocity components [red in Fig. 2(a)], that is, the contrac-
tion restarts, which constitutes the substantial LV contrac-
tion in the ejection period.

For the same subject, the position and the direction of the
ultrasonic probe are changed so that the velocity and change
in thickness are measured in the parasternal short-axis cross-
sectional plane of the LV, as shown in Fig. 3(a). Figures 3(d)
and 3(b) respectively show the velocity waveforms at four
points (a—b-c~d) in Fig. 3(a) and temporal changes in the
phase of the velocity waveform for one cardiac cycle.
Figure 3(c) shows the displacement waveforms at these
points. Roughly, during the ejection period, the LV
contraction is associated with the downward displacement
(to posterior) at point (a) and upward displacement (to
anterior) at points (b, ¢), while point (d) is almost motionless.

By expanding the time axis in Fig. 3, the mechanical
excitation is shown in Fig. 4 around 7x. From a time 120 ms

prior to T, the response propagates from the IVS (a), to the
posterior wall (b-c—d) with a speed of about 6 m/s in the
counterclockwise direction when viewed from the apical
side. The propagation is unidirectional, that is, the contrac-
tion propagates in one direction (counterclockwise), not in
both directions. The passage of the component [blue in
Fig. 4(a)] is accompanied by thickening (at a and c) or
contraction (at b and d) along the ultrasonic beam; both
correspond to the contraction,

4, Discussion

Previous studies have defined the pre-ejection period®™* as
the interval from the onset of the QRS-complex to the time
of the aortic valve opening. It has been shown that
myocardial acceleration during isovolumic contraction
(IVA), which onset coincides with the initial upstroke of
the LV pressure and the R-wave of the ECG, is clinically
useful to measure LV contractile function that is unaffected
by preload and afterload changes.’®*” The importance of the
present study is not to measure the pre-contraction or the
IVA but to measure the spatial and temporal distribution of
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the onsets of the IVA to show its excitation propagation. The
end of the cessation in Figs. 2(a) and 4(a) corresponds to the
traditionally accepted onset time of the contraction.'*'®
However, the minute contraction propagation occurring
prior to the onset time was found in the present study.
Physiologically, it is well known that the depolarized action
potentials, cyclically generated at the sino-atrial node,
propagate to the Purkinje fibers, which form interweaving
networks on the endocardial surface of both ventricles
and transmit the impulse to the ventricular endocardium.
Their conduction velocity is 2.0-4.0m/s in the normal
human.**™ Around the time of the Q-wave, based on cell-
to-cell connections, the action potential starts to propagate
with a lower speed of 0.3-1.0m/s in humans*® to the entire
wall from the Purkinje fiber-myocyte junctions on the IVS
surface, where the Purkinje fibers are in contact with the
myocardium. In the present study, however, the measured
propagation velocity regarding the minute contraction is
about 9m/s, which is much faster than those electrical
conduction velocities in the previous studies. These dif-
ferences suggest that the measured propagation components
prior to Tk would be “pre-contraction” prior to the full
contraction of the ejection period. Since the physiological
basis of the observed contraction sequence remains unclear,
further mechanistic details will be necessary to better
substantiate these findings.

In the present study, the heart walls were manually
identified before applying the measurement method. For
applying the analysis in the present study to a lot of subjects
and animals, it is essential to develop a reliable method for
the automated identification of the heart wall. ™"

In the present study, the measurement of the velocity
components was restricted to the direction of the ultrasonic
beam. Alternatively, the measurement has been expanded
into the two-dimensional (2D) space recently.”* It is,
however, still difficult to measure the rapid and minute
velocity components in the heart wall by these methods.
For thorough analysis of the propagation of the minute
mechanical-excitation wave-front, the heart wall velocity
distribution should be measured in the 2D space with high
temporal and spatial resolutions.™

With the novel echocardiography in the present study, the
minute-contraction sequences of the myocardium were
confirmed noninvasively. These results show great potential
for thorough understanding of the principles of the cardiac
contraction mechanism, as well as for noninvasive assess-
ment of myocardial tissue damage in early stage of
cardiomyopathy and myocardial infarction since it is known
that myocardial isotonic velocity for the contraction is
decreased in failing hearts.*” The biological implications of
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these observations also remain unclear. In order to elucid
the role of these contractions in the ventricular remodeling,
similar experiments should be performed in infracted hearts.
Moreover, investigation of methods to modulate these
contractions should be performed to determine any potential
therapeutic value with biventricular pacing,
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Cumulative evidence from experimental and clinical studies sug-
gests that adiponectin plays a protective role in the cardiovascular
system {1}, However, surprisingly, several longitudinal studies have
indicated that adiponectin increased with age {2.3], and that a higher
longitudinal increase in adiponectin predicted increased mortality in
older persons {2.3]. Furthermore, several prospective cohort studies
have also indicated that higher baseline levels of adiponectin were re-
lated with increased ail-cause and cardiovascular disease (CVD) mor-
tality, and with the severity of congestive heart failure {4,5], Thus, the
exact role of increased adiponectin production under pathophysio-
logical conditions has not yet been fully identified {4,5].

In order to investigate whether the increase in adiponectin with
age has a beneficial or detrimental effect on CVD, we considered
that investigating how the change in adiponectin is related with the
changes in well-recognized risk factors for CVD among populations
wrth different age or health statuses may be the key. We therefore
d d a 3-year longitudinal study to ir i how the change
in adiponectin is related with the changes in well-recognized risk fac-
tors for CVD among apparently healthy middle-aged adults.

The Oroshisho longitudinal study was composed of a longitudinal
cohort of adult employees working at the Sendai Oroshisho Center, in
Sendai, Northern Japan. A detailed description of the methods has

® Sources of funding: This study was supported by a Grant-in-Aid for “Knowledge Cluster
Initiative" from the Ministry of Education, Culture, Sports, Science and Technology of Japan.
* C ing author at: of ition and Food Hygiene, Schoot of Public
Health, Tianjin Medical University, 22 Qixiangtai Road, Heping District, 300070 Tianjin,
People's Republic of China, Tel.: +B6 22 2354 2761,
E-mail address: nkj0809@gmail.com (K. Niu),

0167-5273/$ - see front matter ® 2012 Elsevier Ireland Ltd. All rights reserved.
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been published elsewhere 6] In 2008, there were 1253 individuals,
who had a received health examination; of these, 1154 individuals
agreed to participate and provided informed consent for their data to
be analyzed. The 3-year follow-up data were analyzed in the longitudinal
study. The Institutional Review Board of the Tohoku University Graduate
School of Medicine approved the study protocol. Participants were ex-
cluded at baseline if they did not have adiponectin or high-sensitive
C-reactive protein (hsCRP) (n=21); if they had a history of CVD (n=
12). Of those invited, 141 subjects did not undergo health examinations
during follow up, and the data from 980 subjects were used.

All statistical analyses were performed using the Statistical Analy-
sis System 9.3 edition {SAS Institute Inc., Cary, NC, USA). Analysis
of covariance (ANCOVA) was used to examine the relationships
between the sex-specific quartiles of the adiponectin change and
the change of the CVD risk factors during the follow-up period, after
adjustment for covariates, All tests were 2-tailed, and p<0.05 was
defined as statistically significant,

Age-adjusted baseline characteristics according to the sex-specific
tertiles of adiponectin change over the 2-year follow up period are
shown in Table 1. Compared to individuals in the lowest and/or middle
category groups, the highest tertiles of adiponectin change had lower
body mass index (BMI) and, triglycerides {TG), with the highest tertile
having higher levels of high-density lipoprotein cholesterol {(HDL),
and adiponectin (p<0.001). A significantly larger percentage of high
PA was observed in the highest category of adiponectin change when
compared to the middle tertile (p<0.01). Other than these results,
no significant differences were observed between the categories of
adiponectin change. Sirnilar baseline characteristics were also observed
in the sex-specific tertiles of adiponectin change at the 1-year follow up
{data not shown).

The adjusted relationships between the tertiles of 2-year changes
in adiponectin and the changing values of cardiovascular disease risk
factors are shown in Table 2, ANCOVA, adjusted for confounding fac-
tors, showed that hsCRP levels significantly decreased more over time
in the highest tertile of adiponectin change than in the lowest catego-
ry. By contrast, HDL levels significantly increased more over time in
the highest and middle tertile of adiponectin change than in the low-
est categories. Similar results were also observed in the sex-specific
tertiles of adiponectin change at the 1-year follow up (data not
shown). Tests for interaction between the categories of adiponectin
change and other confounders in the final models were not statisti-
cally significant,

2 K. Niu et al. / International Journal of Cardiology xxx {2012) xxx-xxx

Table 1

Age-adjusted baseline characteristics of the participants according to tertiles of 2-year changes in adiponectin (n=980).*

Sex-specific tertiles of 2-year changes in adiponectin, n (range, pg/ml) Pvalue®

327 (male, —4.70-0.48;
female, —5.50-0.07)

326 (male, 0.48-1.40;
female, 0.15-1.78)

327 (male, 1.40-8,05;
female, 1.78-9.30)

Age (years) 45.5 (44,4, 46.6)°
BMI (kg/m*) 235 (23.1,238)
SBP (mm Hg) 126.2 (1245, 127.9)
DBP (mm Hg) 78.7 (775, 799)
FBS (mg/dl) 97.2 (85.1,99.3}
TG (mg/dl) 1347 (1254, 144.1)
LDL (mg/dD) 1219 (1185, 125.4)
HDL (mg/dl) 55.5 (54.0, 57.0)
hsCRP (mg/L) 07(03,1.1)
Adiponectin (pg/ml) 7.8(74,82)°
Tertile of total energy intake (%)

Middle (range: 1647.2-2095.6 keal/d) 294

High (range: 2097.1-5345.6 keal/d) 312
Tertile of physical activity (%)

Middie (range: 0.55-20.0 Mets hours/week} 385

High (range: >20.0 Mets hours/week) 336
Smoker (%)

Current smoker 431

Ex-smoker 116
Drinking status (%)

Everyday 278

Sometime 45.6

Education (= college, %) 254
Use of medications during the follow up

Anti-hypertensive 13.8

Anti-diabetic 7.0

Lipid-towering 187

462 (45.1,47.3) 457 (45,6, 47.8) 032
237 (234,24.0) 226 (222.23)° 00001
1266 (1249, 128.3) 1253 (1236, 127) 054
793 (78.1, 80.5) 779 (767,79.1) 026
95.4(933,97.5) 947 (9256, 96.7) 023
1266 (1173, 136) 1069 (97,5, 116.2)% 00001
1221 (1187, 1255) 117.4 (1140, 1208) 0.10
538 (523, 55.4) 583 (568, 59.8)" <0.001
7 12(07.16) 013
8.2(78,86) <0.0001
353 201 0.16
279 349 0.18
387 333 031
201 4136 <001
509 a5 0.06
17 132 0.80
276 269 0.84
500 526 o1
249 263 090
141 132 087
80 95 059
221 232 045

* BMI, body mass index SBP, systolic blood pressure; DBP diastolic blood pressure; FBS, fasting blood sugar; TG, triglyceride; LDL, low density lipoprotein cholesterol; HDL,
hsC]

high-density ki SC] igh: C-reactive protein.

® Analysis of covariance or logistic regrevsmn analys)s adjusted for age and sex where appropriate,

© Adjusted least squares mean {95% confidence interval) {all such values),

@ Significantly different from the lowest tertile of change in adiponectin (Bonferroni correction): P<0.05.
® Significantly different from the middle tertile of change in adiponectin {Bonferroni correction): P<0.05.

This longitudinal study has shown that the longitudinal change in
serum adiponectin levels is beneficially related with the changes in sev-
eral CVD risk factors {(HDL and hsCRP). The present results are consis-
tent with several population-based prospective studies of apparently
healthy persons, indicating that elevated adiponectin levels were relat-
ed with a lower risk for CVD |7). But, these resuits are not consistent
‘with an early prospective study, which showed that a higher longitudi-
nal increase in adiponectin predicted increased mortality in older
persons [3]. The study investigated the relationship between the
end levels or long-term change in adiponectin and mortality among
an aclvanced old age population {age =65 years). The results indicated
that adiponectin increased with age, and that higher end levels of
adiponectin (=20 mg/L) predicted increased all-cause mortality.

Interestingly, this study also indicated an important piece of informa-
tion, which is that the relation is significantly inverted in the lower por-
tion of distribution (adiponectin levels<20 mg/L). Compared to that
study, our subjects were younger, and those with an ending adiponectin
level =20 mg/L were fewer (only 9 subjects). Thus, the differences
in end adiponectin levels and age groups may partly explain the
conflicting results. Further study is needed to confirm this finding and
whether an adiponectin level of >20 mg/L is a useful cutoff for an un-
healthy state in different age groups.

As an explanation for this cutoff, Kizer et al. |3}, discussed the possibil-
ity that very high levels, much like longitudinal increases, may precdomi-
nantly signal and/or contribute to greater homeostatic dysregulation
accounting for their adverse prognostic implications. Similarly, a current

Table 2

Adjusted relationships of tertiles of 2-year changes in adiponectin to the changes of cardiovascular disease risk factors during 3 year follow up.*
Two-years follow-up  Sex-specific tertiles of 2-year changes in adiponectin, n (range, ug/ml) P value®
(n=080) 327 (male, —4.70-0.48; female, -350-0.07) _ 326 (male, 0.481.40; female, 0.15-1.78) _ 327 (male, 1.40-8.05; female, 1.76-0.30)
SBP (mm Hg) —081 (=294, L11)* —0.52 (—2.52,1.47) ~1.63 (—3.63,0.36) 044
DBP (mm Hg) 0.5 (~1.05, 2.04) 095 (~0.57, 2.48) 025 (—1.27,1.77) 056
FBS (mg/dl) 4.14(1.6,6.67) 231(~0.18,4.8) 266 (0.17,5.15) 0.20
TG (mg/di) 8.72 (—7.06, 24.49) 13.13 (—2.32,28.59) 8.16 (—7.34, 23.66) 072
LDL (mg/dl) —469 (—8.1, —127) —438 (~7.74, ~1.02) ~634 (=972, —2.96) 0386
HDL {mg/dl) 0.12 {—1.22, 1.46) 1.89 (0.57, 3.21)° 267 (1.35,3.99)" <0.0001
hsCRP (mg/L) 0.83 (0.05, 1.6) 0,13 (~—0.63, 0.89) —0.14 (=091, 0.62)* 0.01

? SBP, syskclxc blood pressure; DBP, diastolic blood pressure; FBS, fasting blood sugar; TG, triglyceride; LDL low density lipoprotein cholesterol; HDL, high-density

hs-CRP, high- itive C-reactive protein.
b Analysis of covariance.

< Ad]usted for age the mlerval changes of body mass index, total energy intake, and physical activity, smoking status, drinking status, educational levels, the use of
wpertensive, anti-diabetic, and lipid-I ing agents during the follow up, baseline value of each factor.

@ Adjusted least squares mean (95% confidence interval) (all such values).

¢ Significantly different from the lowest tertiles of change in adiponectin (Bonferroni correction): P<0.01.
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review also indicates adiponectin resistance as a new risk factor for
CVD according to some basic studies [8), Furthermore, higher adiponectin
reduced the risk of nonfatal CVD, but increased the risk of CVD mortality,
particularly in patients with prevalent CVD in a higher age group
(50~75 y) {7). In this study, the authors hypothesized that adiponectin
protects against metabolic and vascular diseases, but in patients already
afflicted with CVD, adiponectin is compensatively up-regulated and,
therefore, indicates a high mortality risk [7].

Several other prospective studies have also indicated that higher
levels of adiponectin were related with an increased risk of total
and cardiovascular mortality in older persons (9,10], but have not an-
alyzed whether having a cutoff of adiponectin results in a U-shaped
relationship between adiponectin levels and adverse outcomes,
Moreover, epidemiological studies have revealed that high levels of
adiponectin were related with the severity of congestive heart failure
[5}1. However, this review also suggested that increased adiponectin
production in patients with heart failure is a part of compensatory
mechanisms against oxidative stress and inflammation. Increased
adiponectin production might contribute, at least in part, to the met-
abolic and structural remodeling of the failing heart via activation of
AMP-activated protein kinase and induction of cyclooxygenase-2 {5).

In summary, an increase in adiponectin with age may be caused by
2 conditions: ‘pathologic’ and ‘physiclogic’ increase, The ‘pathologic’
increase predicted an increased risk of total and cardiovascular mor-
tality, particularly in older populations or patients with prevalent
CVD, yet 'physiologic’ increase generally reflects greater fitness in
an apparently healthy population. Therefore, analyzing the cause of
increased adiponectin with age is an important step toward under-
standing the role or meaning of increased adiponectin production,
For example, a cross-sectional study indicated a meaningful result
which is that renal function decline is related to increases in plasma
adiponectin levels in older persons (age>65 y), but not in younger
persens (age<65 y), so the decline in renal function with age may
in part contribute to the age-related increase in adiponectin levels
{11}. This relationship may partially explain the intricate relationship
between adiponectin levels and cardiovascular mortality in older
persons. More in-depth studies are needed to explore the exact
mechanism and function of increased adiponectin production under
different pathophysiological conditions and in different age groups.

The present study has two limitations. Firstly, because this is an
observational study, we could not conclude whether increased
adiponectin with age has a causal effect on the change in CVD risk fac-
tors, Secondly, since high molecular weight admonectm, amore phys—
iologically active form, has not been d, we cannot i i

analyze the relationships between these molecules and the change
in CVD risk factors {12].

In conclusion, this study identified that an increase in adiponectin is
beneficially related to the change in risk factors for CVD over a 3-year

follow-up period. These results suggest that increased adiponectin
with age may have a beneficial effect on the prevention of CVD among
an apparently healthy middle-aged population.
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On March 11, 2011, disaster struck the east
coast of Japan (1-7) named of the Great
Tast Japan Earthquake or Sendai Quake (8)
(Wikipedia).

Japan had been expecting a large carthquake [or
a long time. The Sendai Quake involved three epi-
centers at various distances out (o sea. The force
of the magnitude 9.0 quake caused an epormous
tsunami that deluged the cities on the eastern sca-
shore in the Tohoku area (northeast coast of Japan).
In Minamisanrikn City, for example, almost all
buildings were lost after the earthquake and
tsunami struck (Fig. 1).

To add to the disaster, fires broke out after the
earthquake and tsunami. Large portions of the cities
near the eastern seashore were completely lost. In
addition to these disasters, a meltdown occurred at
the Fukushima nuclear power plant. Radioactive
contamination occurred not only throughout Japan
but also all over the world.

Unfortunately, detailed medical data abont the
aftermath of the Sendai Quake are not available
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because all medical records were lost with the hospi-
tal buildings, especially in the tsunami arcas near
the eastern seashore. Detailed information of the
number of dead has not yet been summarized,
even by the Japanese povernment. As many as 20 000
people have been reported lost as a result of this
complex emergency. The medical response following
the earthquake and tsunami in eastern Japan has not
been clearly described. This short report is intended
to provide details of this response.

FIG. 1. Minamisanriku City aiter the tsunami (photo by the
Miyagi Medical Support team).
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MEDICAL RESPONSE TO THE
SENDAI QUAKE

The Tohoku University Hospital is located in
Sendai City in the area that sustained the most
damage from the tsunami and earthquake. Despite
the sadness that flooded the nation alter the disaster,
one consolation was that no fatalities occurred
among patients, doctors, nurses, or other stall at the
University Hospital. The response to the disaster at
this hospital can be examined in four stages.

The first stage involved initial recovery and prepa-
ration for dealing with the aftereffects of the disaster.
First, the safety of all patients and staff members was
secured. Then, medical resources were mobilized
according to the hospital’s triage tag system. Every-
thing in the University Hospital was rearranged to
accommodate disaster victims, All routine surgeries
and medical examinations were postponed, and the
outpatient clinic was closed. When disaster victims
arrived at the University Hospital, they received
green, yellow, red, or black tags, according to the
methodology of the triage tag system. Patients with
green tags were treated in the outpatient clinic,
those with yellow tags went 1o the intensive care unit,
those with red tags went to the operating room,
and those with black tags went to the building of
basic science. Appropriate treatment was delivered in
these various locations.

In the second stage, normal hospital functions were
restored. Planning began for the acceptance of
patients being transferred from damaged hospitals
on the eastern coast. Shortages of all medical
resources had been anticipated, so messages were
sent to all university hospitals in Japan to pather
drugs and food and to prepare disaster medical assis-
tance teams.

FIG. 2. Cardiac catheterization room after the Sendai Quake.

FIG. 3, Shelter afler the tsunami (photo by Miyagi Medical
Support Team).

In the third stage, teams of doctors and nurses,
along with medical resources, food, and drugs, were
sent to the afflicted hospitals. Thousands of medical
support teams were sent to the cities on the eastern
coast affected by the tsunami. The fourth stage, which
involves reconstruction of medical support buildings
in the damaged area, is still ongoing.

THE STATE OF MEDICAL CARE AFYER
THE TSUNAMI

Challenges were many throughout the region. Cre-
ative solutions to various problems had to be sought.
Tor example, in the Miyagi Cardiovascular Respira-
tory Center, clectric power and water supplies were
down. Patients in stable condition were therefore dis-
charged, and emergency patients were treated using
equipment powered by in-house power generation
units,

Despite all the efforts to meet people’s needs,
medical resources were inadequate because of the
magnitude of the disaster. Medical equipment was
damaged and debris was everywhere (Fig.2).
Medical teams visited shelters after the tsunami
(Fig. 3). The Miyagi Medical Support team diagnosed
and treated in a temporary shelter.

An emergency care unit is present at Sendai City
Hospital. Althovgh ambulances had been salvaged
from the disaster area, destroyed roads and fraffic
jams prevented them from transporting patients to
the hospital. Many patients came to Tohoku Rosai
Hospital, located in the city center, on foot. The

Artif Organs, Vol. 36, No. 8, 2012
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volume of patients was large, and the hospital was so
busy that medical staff were unable to return to their
homes.

Miyagi Shakaihoken Hospital is located near the
coast. Many tsunami victims went to that hospital,
but the surgery depariment’s systems were down.
Patients could not be adequately lreated without
functional operating rooms.

Some ol the most severe damage was observed at
Kesennuma City near the seashore. All buildings in
that area were destroyed by the earthquake, tsunami,
and fire; therefore, people were required to go to
refuge centers. Control of hypertension, diabetes,
and many other health disorders was difficult in
these makeshift conditions, and newly developed
electronic doctor's bags were used to control these
conditions.

Furthermore, the Sendai Airport was also com-
pletely destroyed by the tsunami, but it was restored
soon after by the TOMODACH] operation carried
out by the US Army.

FUKUSHIMA NUCLEAR POWER
PLANT MELTDOWN

The Fukusbima nuclear power plant accident exac-
erbated the already difficult situation in hospitals.
On March 11, a meltdown at the power plant was
reported, and hydrogen explosions followed on
March 12 and 14. Radioactive materials were scat-
tered as a result of these accidents. The plant was
sbut down,

In Japan, discussion is ongoing concerning the
future consequences of the radiation leaks resulting
from the accident at Fukushima (9-12). In the early
1960s, Japan experienced a large amount of stron-
tium, cesium, and plutonium fallout caused by atomic
bomb experiments conducted by several countries,
including the USA, France, the Soviet Union, and
China, Plutonium levels in Japan were estimated to
be 100 000 times higher in the 1960s compared with
recent levels, But the life span of Japanese people is
the longest in advanced countries. No one can show
the risk of radiation fallout in early 1960s. No
increase in cancer incidence was observed in Japan in
the early 1960s. Thus, the true risk of radiation fallout
is also unclear, because double-blind tests of radia-
tion poisoning cannot be performed.

Sendai City is located north of Fukushima. All
roads from Tokyo (south of Fukushima) and other
areas of Japan had been blocked between Fukushima
and Tokyo, because antinuclear power activists
announced a non-scientific propaganda concerning
the risk of radiation material fallovt. Relief supplies

Astif Organs, Vol. 36, No. 8, 2012

could not be transported into the Fukushima area
because of demonstrations by the antinuclear
activists. So, the relief goods could not go north to
Sendai. Many patients did not survive due to a short-
age of drugs and food caused by the propaganda of
the antinuclear activists.

USE OF ARTIFICIAL ORGANS DURING
THE DISASTER

At the time of the disaster, more than 50 patients
were on respirators, whereas 11 were dependent on
hemodialysis (HD) at Tohoku University Hospital.
Emergency power units ensured the safety of these
patients. However, all coastal hospitals had sustained
devastating damage. Therefore, all patients who were
dependent on HD were transported to Tohoku Uni-
versity Hospital. Medical resources were inadequate
to meet their needs, and helicopters transferred these
HD patients to other hospitals. Around 100 HD
patients were transferred to the other hospitals. In
particular, large numbers of 11D patients were trans-
ferred to Hokkaido.

Three patients required the Nipro ventricular
assistance system (VAS) support at Tohoku Univer-
sity Hospital during the Sendai Quake. Because
emergency power started smoothly, no disruption of
VAS treatment occurred.

However, certain lifelines, such as electric power,
water, and gas supplies, had all been shut down in
Sendai City. Therefore, patients requiring rotary
blood pumps were transported to the ambulance
center and subsequently moved to the University
Hospital after the roads became passable. Pneumatic
VAS remained wvseful during the disaster, which was
surprising because they were situated in the hospital
with the emergency power unit.

Paticnt care had to be performed, although medical
resources were limited. For VAS and HD, the pro-
thrombin time and international normalized ratio
must be measured. These parameters had to be
checked in shelters. For example, the Miyagi Medical
Support Team, who visited various shelters, brought
electronic medical equipment. This equipment was a
lifeline for patients taking refuge in shelters, especially
for those requiring life support using artificial organs,

TELEMEDICINE USING THE ELECITRONIC
DOCTOR’S BAG
Medical resources were inadequate to respond to
the disaster. Medical treatment was limited because
all lifelines had been compromised. Doctors and
nurses took it upon themselves to visit people in shel-
ters, travelling destroyed roads on foot to do so.

MEDICAL RESPONSES TO THE SENDAI QUAKE 763

University

Shelter
e

Efectric doctars Bag

FIG. 4. Above: Clinical application of the electronic doctor's bag
in a shelter in Kesennurma Cily. Below: The bag being tested at
Tohoku University.

The electronic doctor’s bag, which was invented at
Tohoku University, was useful in responding to
victims’ needs in these emergency conditions (Fig, 4).

The electronic doctor’s bag was first used in the
shelter in Kesennuma City, one of the most severely
damaped areas, after approval from the ethics com-
mittee of Tohoku University Graduate School of
Medicine. Use of the electronic doctor’s bag facili-
tated evaluation of the condition of patients at the
shelter by doctors located at the University. At the
time of the disaster, the personnel shortage preclud-
ed on-site evalvation. Therefore, telemedicine and
remole medicine were thought to be useful. The elec-
tronic doctor’s bag enabled elecirocardiography,
blood pressure measurement, and vltrasonic diagno-
sis to be performed at the disaster shelters. Using this
newly developed system, medical personnel in the
shelters were also able to confer with doctors at
Tohoku University via Skype. Using this device,
control of anticoagulation, blood sugar levels, and
blood pressure are able to be achieved, thereby
preventing  adverse  cardiovascular  events  from
occurring,

SUMMARY

After the Sendai Quake, all medical resources
were mobilized to respond to the disaster. However,
shortages of everything caused seemingly insur-
mountable problems, especially in areas affected by
the tsunami. Maintenance of lifelines was vital to
patients requiring artificial organs.

Medical equipment preparation and planning are
now under way to enable adequate response to future
large disasters. Discussion is ongoing about the con-

tinued risk of radiation after the Fukushima nuclear
power plant meltdown. In previous reports, no risk
of increased cancer due to exposure to radiation
<100 mSv was reported. In Japan, all radioactive
fallout in every area has been reported daily on the
governmental website since the disaster. Information
about radiation levels is publicly available in Japan.

In conclusion, a detailed statistical analysis of the
disaster is now under way, the results of which will be
reported in the near [uture. The most important thing
during times of disaster is the rapid recovery of
lifelines.
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cations) in CKD model rats, with or without four weeks of treatment with AST-120. By
capillary electrophoresis with mass spectrometry, we identified 6 anions and 17 cations that
were significantly decreased by AST-120 treatment. In contrast, we also identified 2
cations that were significantly increased by AST-120. Among them, 4 anions, apart from
indoxyl sulfate and hippurate, and 19 cations were newly identified in this study.
The plasma levels of N-acetyl-neuraminate, 4-pyridoxate, 4-oxopentanoate, glycine,
y-guanidinobutyrate, N-y-ethylglutamine, allantoin, cytosine, S5-methylcytosine and
imidazole-4-acetate were significantly increased in the CXD model compared with the
sham-operated group, and were significantly decreased by AST-120 treatment. Therefore,
these 10 compounds could be added as uremic compounds that indicate the effect of
AST-120 treatment. This study provides useful information not only for identifying the
indicators of AST-120, but also for clarifying changes in the metabolic profile by AST-120
treatment in the clinical setting.

Keywords: AST-120; uremic toxin; CE-MS

Abstract: The oral adsorbent AST-120 is composed of spherical carbon particles and has
an adsorption ability for certain small-molecular-weight compounds that accumulate in
patients with chronic kidney disease (CKD). So far, very few compounds are known to be
adsorbed by AST-120 in wivo. To examine the effect of AST-120 in vivo, we
comprehensively evaluated the plasma concentrations of 146 compounds (61 anions and 85

1. Introduction

Chronic kidney disease (CKD) is a global health problem that carries a substantial risk for
cardiovascular morbidity and death [1,2]. With the progression of CKD, various uremic toxins
accumulate, subsequently causing renal damage and hypertension [3-5]. Because most uremic toxins
are excreted into the urine, once uremic toxins accumulate in CKD patients, eliminating them is very
difficult because of reduced renal function. So far, the only established therapy to eliminate uremic
toxins in CKD patients is AST-120 [6,7]. AST-120 is an oral adsorbent that consists of spherical carbon
particles and adsorbs uremic toxins and/or their precursors in the intestines. 1t is reported that AST-120
inhibits the progression of not only CKD but also cardiovascular diseases [6]. One of the best-known
uremic toxins whose plasma level is decreased by AST-120 treatment is indoxyl sulfate [8]. AST-120
decreases the plasma level of indoxyl sulfate by adsorbing the precursor of indoxyl sulfate, i.e., the
indole, resulting in the reduction of indoxyl sulfate production in the liver. In addition to indoxyl
sulfate, some compounds whose plasma levels are decreased by AST-120 treatment have been
reported, such as hippurate, phenyl sulfate, 4-ethylphenyl sulfate, p-cresyl sulfate [9] and advanced
glycation end products [10]. However, the target compounds of AST-120 have not been fully elucidated.

To clarify the compounds whose plasma concentrations are changed by AST-120 treatment,
we comprehensively quantified and analyzed the plasma levels of over 500 compounds in
5/6 nephrectomized (5/6Nx) rats with or without AST-120 treatment using capillary electrophoresis
with mass spectrometry (CE-MS).

2. Materials and Methods
2.1. Materials

Oral adsorbent AST-120 (Kremezin®) was kindly provided by Kureha Corporation (Tokyo, Japan).
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2.2. Animals and Treatment

Wistar rats were obtained from Charles River (Kanagawa, Japan). At the age of nine weeks,
5/6 nephrectomy or sham operation was performed as previously reported [11]. Ten weeks after the
operation, systolic blood pressure (SBP), body weight (BW), plasma creatinine (Cr) and creatinine
clearance (Cer) were measured, and then S/6Nx rats were randomized into two groups, a control group
(n = 13) and the AST-120 group (n = 12). The AST-120 group was fed powder chow (CE-2, CLEA
Japan, Inc., Tokyo, Japan) containing 8% (w/w) AST-120 for four weeks, whereas the sham-operated
(n = 3) and control (» = 13) groups were fed powder chow alone. After four weeks of treatment, SBP,
BW, Cr and Ccr were measured again, the rats were then sacrificed and the plasma was subjected to
CE-MS analysis. This animal experiment was approved by the Center for Laboratory Animal
Research, Tohoku University.

2.3. Blood Pressure and Biochemical Measurement

Systolic blood pressure was measured by the tail cuff method (MK-2000, Muromachi Kikai, Tokyo,
Japan) in a conscious state. Plasma creatinine was measured with iSTAT (Abbott Point of Care Inc.,
Princeton, NJ). Urinary crealinine was enzymatically measured (SRL Inc., Tokyo, Japan).

2.4. CE-MS Measurement for Metabolome Analysis

A comprehensive and quantitative analysis of charged metabolites by CE-MS was performed [12-14].
Plasma (50 pl) was immediately plunged into methanol (450 pl) containing internal standards
(20 uM each of methionine sulfone (Wako, Osaka Japan) for cations, MES (Dojindo, Kumamoto,
Japan) and CSA (D-Camphol-10-sulfonic acid, Wako). Then, de-ionized water (200 pL) and
chloroform (500 pL) were added, and the mixture was thoroughly mixed. The solution was centrifuged
at 4600x g for 5 min at 4 °C, and the upper aqueous layer was centrifugally filtered through a
Millipore 5000 Da cutoff filter (Millipore, Billerica, MA) to remove proteins. The filtrate was
Iyophilized and dissolved in 25 pL of Milli-Q water containing reference compounds (200 M each of
3-aminopyrrolidine (Sigma Aldrich, St. Louis, MO) and trimesate (Wako) prior to capillary
electrophoresis with electrospray ionization time-of-flight mass spectrometry (CE-TOFMS) analysis.
All CE-TOFMS experiments were performed using the Agilent CE capillary electrophoresis system
(Agilent Technologies, Waldbronn, Germany), the Agilent G3250AA LC/MSD TOF system (Agilent
Technologies, Palo Alto, CA), the Agilent 1100 series binary HPLC pump, the G1603A Agilent CE-MS
adapter, and the G1607A Agilent CE-ESI-MS sprayer kit. For data acquisition, we used G2201AA
Agilent ChemStation software for CE and the Analyst QS for Agilent TOFMS software [14].

Cationic metabolites were separated in a fused silica capillary (50 pmi.d. x 100 cm) filled with 1 M
formic acid as the electrolyte [15]. A sample solution was injected at 50 mbar for 3 s (3 nL) and 30 kV
of voltage was applied. The capillary temperature and the sample tray were set at 20 °C and below
5 °C, respectively. Methanol water (50% v/v) containing 0.1 pM Hexakis (2,2-difluorothoxy)
phosphazene was delivered as the sheath liquid at 10 pL/min. ESI-TOFMS was operated in the
positive fon mode, and the capillary voltage was set at 4 kV. A flow rate of heated dry nitrogen gas
(heater temperature 300 °C) was maintained at 10 psig. In TOFMS, the fragmentor, skimmer and Oct
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RFV voltages were set at 75, 50, and 125 V, respectively. Automatic recalibration of each acquired
spectrum was performed using reference masses of reference standards; (["°C isotopic ion of protonated
methanol dimer (2MeOH + H)J", m/z 66.0632) and ([Hexakis (2,2-difluorothoxy)phosphazene + HJ",
nijz 622.0290). Exact mass data were acquired at a rate of 1.5 spectra/s over a 50-1000 m/z range.

As the reference [16], anionic metabolites were separated in a COSMO(+), chemically coated with
a cationic polymer, capillary (50 pm i.d. x 100 cm) (Nacalai Tesque, Kyoto, Japan) filled with 50 mM
ammonium acetate solution (pH 8.5) as the electrolyte [17]. A sample solution was injected at 50 mbar
for 30 s (30 nL) and =30 kV of voltage was applied. A platinum electrospray ionization spray ncedle
was replaced with the original Agilent stainless steel needle [16]. A S mM ammonium acetate in 50% (v/v)
methanol-water containing 0.1 pM Hexakis (2,2-difluorothoxy) phosphazene was delivered as the
sheath liquid at 10 pL/min. ESI-TOFMS was operated in the negative ion mode, and the capillary
voltage was set at 3.5 kV. In TOFMS, the fragmentor, skimmer and Oct RFV voltages were set at 100,
50, and 200 V, respectively. Automatic recalibration of each acquired spectrum was performed using
reference masses of reference standards; (['*C isotopic ion of deprotonated acetic acid dimer
(2CH;COOH-H)] ", m/z120.0384) and ([Hexakis(2,2-difluorothoxy)phosphazene + deprotonated acetic
acid(CH;COOH-H)]", m/z 680.0355). Other conditions were as the same as in cationic metabolite analysis.

2.5. Statistics

The data were expressed as means + SD. Samples below the detection limit were assigned the value
of the detection limit and subjected to statistical analysis. However, compounds whose levels were
below the detection limit in all samples were excluded for this analysis.

Analysis of variance (ANOVA) was performed with the Benjamini-Hochberg multiple testing
correction for the false discovery rate at 0.05. Tukey’s procedure for multiple comparisons was applied
as post hoc test. P < 0.05 was considered to be significant.

3. Results
3.1. Biological Profiles and CE-MS Analysis

There were no significant differences in the total amounts of food intake (data not shown), SBP,
BW, Cr and Ccr between the control and AST-120 groups throughout the experiment (Table 1). An
AST-120 rat died of uremia at three weeks. SBP and Cr were significantly lower and Cer was
significantly higher in the sham-operated group than in both the control and AST-120 groups at four
weeks of treatment.

Using CE-MS analysis, 220 anionic and 300 cationic compounds whose molecular weights ranged
from 71.1 to 784.2 m/z were analyzed and quantified. Among them, 146 compounds (61 anions and
85 cations) were detected (Supplementary Tables S1 and S2). The other compounds (159 anions and
215 cations) were below the detection limit in all samples and were excluded for the analysis.
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Table 1. Parameters before and four weeks after administration of AST-120 to chronic
kidney disease (CKD) rats. ** p <0.01 vs. control at four weeks.

Sham (¢ = 3) Control (1 = 13) AST-120 (n=11)
4 weeks 0 week 4 weeks 0 week 4 weeks
BW (g) 493 + 15 45222 490+ 19 462417 486 + 43
SBP (mmHpg) 124 £ 7 ** 173£20 177+21 169 £23 169 £24
Cr (mg/dL) 0.60 % 0.10 ** 1.03+0.12 1,06 % 0.26 1.04 £0.18 0.98 +0.26
Cer (mL/min) 2.09:+£0.20 ** 1.06 £ 0.26 1.29+ 038 1.11 £0.28 14304

3.2. Anions

As shown in Figures 1 and 2, the plasma concentrations of six anionic compounds,
4-oxopentanoate,  hippurate,  N-acetylneuraminate,  4-pyridoxate, indoxyl sulfate and
o-hydroxybenzoate, were significantly decreased in the AST-120 group compared to those of the
control (A + B group in Figure 1). Four compounds, 4-oxopentanoate, N-acetylneuraminate,
4-pyridoxate and o-hydroxybenzoate, were newly indentified as compounds that were significantly
decreased by AST-120 treatment. The plasma levels of 4-oxopentanoate, hippurate,
N-acetylneuraminate and 4-pyridoxate were significantly increased in the control compared with the
sham-operated group and significantly decreased by the AST-120 treatment (B group in Figure 1).

Figure 1. Venn diagram of 61 anionic and 85 cationic compounds evaluated in this study.
(A) indoxyl sulfate and o-hydroxybezoate. (B) 4-oxopentanoate, hippurate,
N-acetylneuraminate and 4-pyridoxate. (C) anthranilate, glycerophosphorylcholine,
nicotinamide, glutamine, asparagine, dihydrouracil, glutamate, creatine, y-butyrobetaine
and l-methylnicotinamide. (D) glycine, y-guanidinobutyrate, N-y-ethylglutamine,
allantoin, cytosine, S5-methylcytosine and imidazole-4-acetate. (E) Trimethylamine
N-oxide. (F) Tryptophan. Groups B and D may represent uremic compounds that indicate
the effects of AST-120.
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Figure 2. The six anionic compounds that were significantly decreased by AST-120
treatment compared to control.
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3.3. Cations

As shown in Figures 1 and 3A, the plasma concentrations of 17 cationic compounds, glycine,
y-guanidinobutyrate, N-y-ethylglutamine, allantoin, cytosine, 5-methylcytosine, imidazole-4-acetate,
anthranilate, glycerophosphorylcholine, nicotinamide, glutamine, asparagine, dihydrouracil, glutamate,
creatine, y-butyrobetaine and 1-methylnicotinamide, were significantly decreased in the AST-120
group compared with those in the control (C + D group in Figure 1). All of them are newly identified
as compounds that were significantly decreased by AST-120 treatment. The plasma levels of glycine,
y-guanidinobutyrate, N-y-ethylglutamine, allantoin, cytosine, 5-methylcytosine and imidazole-4-acetate
were significantly increased in the control group compared with the sham-operated group and
significantly decreased by AST-120 treatment (D group in Figure 1).

On the other hand, as shown in Figure 3B, the plasma concentrations of tryptophan and
trimethylamine N-oxide were significantly increased in the AST-120 group compared to those in the
control group (E + F group in Figure 1). Both of them are newly identified as compounds that were
significantly increased by AST-120 treatment. The plasma tryptophan concentration was significantly
decreased by 5/6Nx and increased to the level of the sham-operated group by AST-120 treatment
(F group in Figure 1).



GLI

Toxins 2012, 4

1315

Figure 3. The 19 cationic compounds that were significantly decreased or increased by
AST-120 treatment compared to control. (A) Compounds that were significantly decreased
by AST-120. (B) Compounds that were significantly increased by AST-120.
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4. Discussion

In this study, using the CE-MS method [11-14,18], we comprehensively analyzed over 500
compounds and quantified 146 compounds (Supplementary Tables S1 and $2). We identified
25 compounds (6 anions and 19 cations) whose plasma concentrations were significantly changed by
AST-120 treatment in 5/6Nx rats (the results are summarized in Figure 1 and Table 2). Among them,
the plasma levels of 11 compounds were significantly increased in the 5/6Nx rats compared with the
sham-operated rats, suggesting that they were uremic compounds whose plasma concentrations were
significantly decreased by AST-120 treatment (B and D groups in Figure 1). It has been reported that
4-oxopentanoate, hippurate, allantoin and cytosine also accumulate in CKD patients [13,19,20],
suggesting that these four compounds may be common uremic compounds for both rats and human.
On the other hand, among the compounds whose plasma concentrations were not changed by
5/6 nephrectomy in this experiment, some have been reported to be accumulated in 5/6Nx rats or CKD
patients (Table 2). For example, although it is well known that indoxyl sulfate accumulates in both
5/6Nx rats and CKD patients [8,19], there was no significant difference in the plasma indoxy! sulfate
concentration between the sham-operated and control groups in this study. Probably, this was because
of the small number (7 = 3) of sham-operated rats. Other than indoxyl sulfate, asparagine, creatine and
v-butyrobetaine have been reported to be accumulated in CKD patients [13,19]. Therefore, these
compounds might be included among the uremic compounds that are indicators of the effects of
AST-120. On the other hand, N-acetylneuraminate, 4-pyridoxate, N-y-ethylglutamine, 5-methylcytosine
and imidazole-4-acetate were not detected in CKD patients in our previous study [13]. Therefore, they
may not be uremic compounds in humans. In addition to these, o-hydroxybenzoate, anthranilate,
nicotinamide and dihydrouracil were not detected in CKD patients. These discrepancies between
5/6Nx rats and CKD patients may reflect differences in their metabolic profiles. Further studies are
needed to clarify the differences in the uremic compounds and the effect of AST-120 between rats
and human.

The plasma levels of creatine, y-butyrobetaine and 1-methylnicotinamide were significantly lower
in the AST-120 group than in the sham-operated group, which suggests that AST-120 may cause a
shortage of these compounds. Among them, 1-methylnicotinamide is known as the major metabolite of
nicotinamide. Because the plasma level of nicotinamice was also decreased by AST-120, the decrease
of l-methylnicotinamide may be caused by the decrease of nicotinamide. 1t has been reported that
1-methylnicotinamide and nicotinamide exert anti-inflammatory effects in vivo [21], and it has been
also reported that 1~-methylnicotinamide has anti-thrombotic activity [22] and anti-diabetic effects [23].
Therefore, the decreases of both compounds may have a bad influence on the immune system,
cardiovascular system or glucose metabolism in rats. However, nicotinamide was not detected in
human serum in our previous study [13]. This may be a result of differences in the profile of
nicotinamide metabolism or distribution in the body between rats and human. Further studies are
needed to clarify the effect of AST-120 on such compounds in human.

Although AST-120 is an adsorbent, it is unknown whether these compounds are directly adsorbed
by AST-120. It is well known that the plasma indoxyl sulfate concentration is decreased by AST-120
treatment because, not indoxyl sulfate itself, but its precursor indole is adsorbed by AST-120 in the
intestines. Plasma hippurate concentration is also decreased by AST-120 through adsorbing its
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precursor benzoic acid [9]. By the same mechanism as indoxyl sulfate and hippurate, the plasma
concentration of one metabolite can be decreased if AST-120 adsorbs its precursor and prevents it from
being absorbed into the body. In addition, theoretically, compounds that undergo enterohepatic
circulation could be adsorbed directly by AST-120. However, so far, little is known about the
metabolism and dynamics of the compounds identified in our present study. Therefore the
mechanisny(s) by which plasma levels of these compounds were lowered by AST-120 still remains
largely unknown.

On the other hand, the plasma levels of tryptophan and trimethylamine N-oxide were increased by
AST-120 treatment. These increases cannot be explained by the adsorbing effect of AST-120. It has
been reported that the plasma tryptophan level is decreased in CKD patients and 5/6Nx rats [13,24].
Because Cr and Cer did not differ between the control and AST-120 groups, it is suggested that
AST-120 recovered the decline of the plasma tryptophan level in the CKD model by unknown
mechanism(s) unrelated to renal function. In contrast to tryptophan, it has previously been reported
that trimethylamine N-oxide accumulates in CKD patients [25]. AST-120 further increased the plasma
level of trimethylamine N-oxide in 5/6Nx rats. Recently it has been reported that trimethylamine
N-oxide is formed from dietary phosphatidylcholine through gut-flora-dependent metabolism and
promotes atherosclerosis [26]. Therefore the increased level of trimethylamine N-oxide may be an
adverse effect of AST-120 treatment. In addition, AST-120 may have change the gut-flora composition
by its adsorption mechanism in 5/6Nx rats. Further study is needed to clarify the effect of AST-120 on
plasma trimethylamine N-oxide level in CKD patients.

Previously, Kikuchi ef al. reported that indoxy! sulfate, hippurate, phenyl sulfate, 4-ethylphenyl
sulfate and p-cresyl sulfate were identified as the indicators of the effect of AST-120 in 5/6Nx rats by
liquid chromatography/tandem mass spectrometry [9]. Although there were differences in the
administration period (three days in Kikuchi ef al.’s and four weeks in ours), our experimental model
was similar to that of Kikuchi ef al. As same as the result of Kikuchi et al., we also identified indoxyl
sulfate and hippurate as the indicators of the effect of AST-120. However, the other compounds, i.e.,
phenyl sulfate, 4-ethylphenyl sulfate and p-cresyl sulfate, were not included in the measurement list in
our CE-MS method. Therefore, it is unknown whether the same results were obtained for these
compounds in our experimental model. The results of Kikuchi ef a/., and ours were summarized in Table 2.
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Table 2. Changes in plasma concentration of the identified compounds in 5/6Nx rats or CKD patients. N.S. indicates that the compound

concentration was not significantly changed in renal failure rats or human. Not Detected indicates that the compound concentration in plasma

was lower than the detection limit of CE-MS. NA indicates that the compound was not assessed in this experiment.

Reported in human
by Toyohara T. et al.

References

Others

Reported by Kikuchi ez al. [9]

In this experiment

Anionic compounds

[13]

1 in CKD patients

1 by 5/6Nx, | by AST-120

4-Oxopentanoate

[19]

1 in CKD patients 1 in uremia

1 by 5/6Nx, | by AST-120 1 by 5/6Nx, | by AST-120

Hippurate

Not Detected

1 by 5/6Nx, | by AST-120

N-Acetylneuraminate

Not Detected

1 by 5/6Nx, | by AST-120

4-Pyridoxate

(8,19]

1 in uremia

1 in CKD patients

N.S. by 5/6Nx, | by AST-120 1 by 5/6Nx, | by AST-120

Indoxyl sulfate

Not Detected

NS. by 5/6Nx, | by AST-120

o-Hydroxybenzoate

NA

NA 1 by 5/6Nx, | by AST-120

Phenyl sulfate

NA

NA 1 by 5/6Nx, | by AST-120

4-Ethylphenyl sulfate

NA

NA 1 by 5/6Nx, | by AST-120

p-Cresyl sulfate

Reported in human

References

Others

by Toyohara T. ef al.

Repoted by Kikuchi ez al. [9]

In this experiment

Cationic compounds

[13]

N.S.

1 by 5/6Nx, | by AST-120

Gly

[19]

1 in uremia

N.S.

1 by 5/6Nx, | by AST-120

g-Guanidinobutyrate

Not Detected

1 by 5/6Nx, | by AST-120

N-g-Ethylglutamine

20]

1 in CKD patients

1 in CKD patients

1 by 5/6Nx, | by AST-120

Allantoin




