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Fig. 4 Fluorescence images of actin filemant structure and phosphorylation of
myosin light chain before and after disruption of microtubules. Cells stained with
rhodamine-labeled phalloidin (A, C) and antibodies against phosphorylated myosin
light chain (B, D). Bar = 30 pm.
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Fig. 5 Changes in traction forces after treatment with Y27632 followed by the
additional treatent with nocodazole (n =5).

chain phosphorylation were then performed and showed that exposure to Y27632
significantly decreased traction forces within 15 min compared to control and the
following treatment with nocodazole exhibited only 40% recovery from the prior
decreased forces (Fig. 5, n = 5).

4. Discussion

Adherent cells exert traction forces to adhere to their extracellular matrix at
focal adhesions and traction forces are closely related to cell physiological
functions. It is thus important to know where traction forces come from and how
intraellular structures such as cytoskeletons are involved in the force generation
system, from the viewpoint of cell biomechanics.
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As shown in Fig. 2, there was a spatial heterogeneity in traction forces.
Traction forces were obviously generated towards the center of the cell, particularly
indicating higher forces at the cell peripheries than at the center of the cells. Thick
stress fibers seemed to be developed towards micropillars showing large deflection
although the direct linkage between stress fibers and micropillars can not be
observed due to probably accumulation of actin fibers around micropillars.
Moreover, a close correlation of topological configuration of actin stress fibers with
localozation of FAT domain was observed. These results definitely indicate that
traction forces may come from intracellular tension exerted by stress fibers. The
average traction forces of the cell was of the order of 10 nN. This value was
consistent with that reported by Balaban et al. ©, although they used fibloblast cells
and area in contact between cells and substrates is different from our study.
Deguchi et al. ' have performed tensile experiments on isolated stress fibers from
smooth muscle cells and estimated that in vivo tension exerted on stress fibers may
be of the order of 10 nN, strongly proving that stress fibers may play a major role in
generation of cellular traction forces.

Tan et al. ® have disrupted actin cytoskeleton with cytochalasin D and found
that the treatment decreased traction forces, apparently indicating the mechanical
contribution of actin cytoskeleton to traction forces. It should be pointed out that
traction forces would be attributable to not only actin filament formation but also
actin contractility. In fact, as shown in Figs. 3 and Table 1, the treatment of
nocodazole disrupted microtubule structure without significant change in actin
structure and incresed traction forces. Taken together, it is speculated that the
increase in traction forces after the disruption of microtubules is mainly not due to
change in structure of stress fibers but possibly due to an increase of contraction
forces generated by stress fibers. In other words, this increase may come from
activation of actomyosin contractility in stress fibers. Kolodney and Elson " have
measured contractile forces of a population of fibroblasts populated in a collagen
lattice after treatment with nocodazole and showed an increase in contractile forces.
They concluded that this increase may be attributable to myosin phosphorylation
leading to actomyosin force generation. In contrast, Wang et al. "> have suggested
that the shape of the cytoskeleton is stabilized predominantly by the tensile stress,
which is called prestress. This tensile stress born by the actomyosin mechanism
may increase cellular traction forces after disruption of microtubules that resist
compression. Furthermore, they showed that microtubules contributed to > 50% of
the prestress in certain cells, with the rest being balanced by the traction forces.
Thus, it has still been unclear whether the increase in traction forces after disruption
of microtubules may mainly not due to structural changes caused by the loss of
microtubules networks but possibly due to an activation of actomyosin interactions.

It is here hypothesized that disruption of microtubules may induce
phosphorylation of myosin light chain, resulting in an increaes in traction forces
through activation of actomyosin contractility in stress fibers. To address this issue,
we assessed whether phosphorylation of myosin light chain in stress fibers could be
induced after disruption of microtubules. The result showed that myosin light chain
phosphorylation was observed after the disruption of microtubles (Fig. 4). By
blocking the signaling pathway, traction forces significantly decreased indicating
that MLC phosphorylation could be inhibited (Fig. 5). Following treatment with
nocodazole showed only 40% recovery. These results suggest that microtubules
disassembly may lead to activation of actomyosin contractility in stress fibers
mainly through ROCK pathway. It is also suggested that the 40% recovery is
mainly due to an apparent increase in traction forces induced by the loss of
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microtubules networks as compression elements. If microtubules contribute to >
50% of the prestress as suggested by Wang et al. "'?, traction forces can increase by
more than 100% after disruption of microtubules. However, neither in Table 1 nor
in Fig. 5, the increases were not quite as high as that. This discrepancy should be
carefully studied in future work. Cytoskeletal networks are an integrated system of
three cytoskeletons such as actin filaments, microtubules, and intermediate
filaments. These three cytoskeletons are believed to be mechanically balanced in
cells, for example as suggested by Ingber ©, and should simultaneously be
biochemically interrelated each other. In this regards, further study would include
mechanical and biochemical contributions of intermediate filaments with
implication of the other two cytoskeletons.

One of the limitations of this study is the lack of temperature control during the
traction force measurements. We believe that since the measurements were
performed within faster than 1 h, the effect of the change in temperature on the
measurements was assumed to be negligible small. In fact, traction forces did not
show a change even after 1 h under the present experimental condition. However,
especially for long-term experiments such as over 1 h, experimental conditions
closer to physiological conditions would be required, for instance, by introducing a
microscope stage incubator to control environmental temperature.

In summary, traction forces in smooth muscle cells were here estimated by
using microfabricated substrates with arrays of micropillars, particularly exploring
how actin stress fibers and microtubules contribute to traction forces. The results
suggest that formation and contractility of actin stress fibers are mainly involved in
cellular traction forces and a contribution of microtubules is not only as a structural
element involved in intracellular force balance but also rather as a modulator of the
actomyosin contractile system. Such an approach utilizing the microfabricated
matrix device would provide further insights to cell mechanics.
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p120-Catenin is known to play important roles in cell-cell adhesion stability by binding to cadherin and
morphological changes of cells by regulating small RhoGTPase activities. Although the expression and
binding states of p120-catenin are thought to dynamically change due to morphological adaptation of
endothelial cells (ECs) to fluid shear stress, these dynamics remain to be explored. In the present study,

Keywor d5 we examined the time course of changes in p120-catenin expression and its binding to vascular endothe-
Endothelial cells lial (VE)-cadherin in ECs exposed to shear stress. Human umbilical vein ECs began to change their mor-
Pl 20—Ca:e.mn phologies at 3-6 h, and became elongated and oriented to the direction of flow at 24 h after exposure to a
VE-cadherin .- v z 5 ; .
Fluid shear stress shear stress of 1.5 Pa. Binding and co-localization of p120-catenin with VE-cadherin at the foci of cell-cell
Pseudopodium adhesions were retained in ECs during exposure to shear stress, indicating that VE-cadherin was stabi-
lized in the plasma membrane. In contrast, cytoplasmic p120-catenin that was dissociated from VE-cad-
herin was transiently increased at 3-6 h after the flow onset. These results suggest that the transient
increase of cytoplasmic p120-catenin may stimulate RhoGTPase activities and act as a switch for the mor-
phological changes in ECs in response to shear stress.
© 2010 Elsevier Inc. All rights reserved.
1. Introduction homophilic interactions of its ectodomain and association of its

Vascular endothelial cells (ECs) are generally known to exhibit
structural and functional adaptations to fluid shear stress arising
from blood flow [1,2]. ECs become elongated and aligned with
the direction of flow concomitant with the reorganization of their
cytoskeletal structure, including actin filaments, after exposure to
fluid shear stress {3,4]. In addition, many EC functions such as
the regulation of barrier permeability between blood and underly-
ing tissues are also affected by shear stress [5]. Because ECs are be-
lieved to significantly contribute to pathophysiological changes of
vessel walls, the mechanisms associated with EC flow adaptation
have been investigated.

ECs line blood vessels as monolayers by the formation of inter-
cellular adherens junctions that are mediated by vascular endothe-
lial cadherin (VE-cadherin), which is one of the cell-cell adhesion
molecules that are selectively expressed by ECs. VE-cadherin medi-
ates intercellular adherens junction formation via Ca**-dependent
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cytoplasmic domain to catenins, such as o- and B-catenins, which
contribute to the anchorage between VE-cadherin and the actin
cytoskeleton. The adherens junction is associated with vascular
permeability and, as a consequence, the pathogenesis of athero-
sclerotic vascular diseases. It has been reported that a mutant
VE-cadherin lacking an adhesive extracellular domain disrupted
EC endothelial barrier function [6]. In addition to the barrier func-
tion, the adherens junction has recently been implicated in the
activation of critical intracellular signaling molecules, such as Akt
kinases and NF-xB (nuclear factor of kappa light chain gene
enhancer in B cells), associated with EC morphological and
functional responses to shear stress [7-9]. Inhibition of adherens
junction constitution resulted in reduced production of a vasocon-
strictor peptide, endothelin [10], and ECs that did not form
intercellular adhesions did not morphologically respond to shear
stimulation [3,11]. Therefore, the integrity of cell-cell adhesions
via VE-cadherin is required for EC physiological functions and
morphological changes during EC adaptations to shear stress.

The functions of VE-cadherin are regulated by its interactions
with catenins. p120-Catenin, a catenin that binds to VE-cadherin
and does not interact with the actin cytoskeleton, has recently
come into focus because of its important role in the integrity of
adherens junction and morphological changes in ECs. Previous
studies showed that depletion of p120-catenin by small interfering



N. Sakamoto et al./Biochemical and Biophysical Research Communications 398 (2010) 426-432 427

RNA resulted in a loss of cadherin expression and adherens
junction [12,13]. Binding of p120-catenin prevented clathrin-
dependent endocytosis of VE-cadherin, indicating that p120-cate-
nin stabilized VE-cadherin in the plasma membrane [14]. In addi-
tion, cytoplasmic p120-catenin that is dissociated from VE-
cadherin acts as a regulator of the activities of RhoGTPases, such
as RhoA, Rac1, and Cdc42, which are involved in cell migration
and morphological changes via the formation of pseudopods and
actin stress fibers [15]. These findings suggest a hypothesis that
p120-catenin binding to VE-cadherin contributes to the stabiliza-
tion of cell-cell adhesions, while p120-catenin that is dissociated
from VE-cadherin contributes to actin reorganization during EC
remodeling in response to fluid shear stress.

However, few studies have investigated the effects of shear
stress on p120-catenin, and the role of p120-catenin in morpholog-
ical responses of ECs to shear stress is poorly understood. To test
this hypothesis, we investigated the expression and association
of p120-catenin with VE-cadherin during the process of morpho-
logical changes induced in ECs by shear stress.

2. Materials and methods
2.1. Cell culture

ECs were harvested from veins of human umbilical cords using
an enzyme digestion method [16]. The cells were cultured in Med-
ium199 (Invitrogen, USA) supplemented with 20% heat-inactivated
fetal bovine serum (JRH Bioscience, USA), 10 U/ml penicillin, 10 pg/
ml streptomycin, and 10 ng/ml human basic fibroblast growth fac-
tor (bFGF, Austral Biologicals, USA) at 37 °C in a humidified incuba-
tor (Thermo Scientific, USA) with 5% CO,. For experiments, ECs
subcultured at passages 3-6 were plated onto glass-based dishes
(635, Asahi Techno Glass, Japan) or cell culture dishes (¢90, Sum-
iron, Japan) coated with 0.1% gelatin.

2.2. Flow exposure experiment

Steady laminar flow was applied at shear stress of 1.5 Pa to con-
fluent ECs using a parallel plate flow chamber system [4]. A peri-
staltic pump (Masterflex, USA) was used to propel the culture
medium from a reservoir through the flow chamber. A second
sealed reservoir was placed between the pump and flow chamber
to eliminate pulsations. The culture medium was maintained at
37 °C and equilibrated with 5% CO, throughout the experiment.

2.3. Fluorescent staining

ECs were fixed with 2% paraformaldehyde in physiological buf-
fered saline (PBS) containing 0.5 mM MgCl, and 1 mM CacCl, for
5 min, washed 2 times with PBS, permeabilized with 0.2% Triton
X-100 for 10 min, and blocked with 25% Block Ace (Dainippon
Pharma, Japan) in PBS for 30 min at room temperature. Cells were
incubated overnight at 4 °C with mouse monoclonal antibodies
directed against VE-cadherin (Santa Cruz Biotechnology, USA) and
p120-catenin (BD Biosciences, USA). Cells were then washed twice
with PBS and incubated with anti-mouse Alexa Fluor 488-conju-
gated antibodies for 1h at room temperature. Subsequently,
EC actin filaments were stained with 2.5 U/ml rhodamine-phalloi-
din (Invitrogen, USA) for 20 min. Fluorescent images of cells were
obtained by confocal laser scanning microscopy (Olympus, Japan).

2.4. Morphological analysis

Fluorescent images were analyzed to determine EC morpholog-
ical parameters using Image] software (National Institutes of
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Health, USA). EC morphology was evaluated on the basis of two
parameters: aspect ratio and angle of cell orientation. The aspect
ratio was defined as the ratio between the minor and major axes
of an ellipse equivalent to the cell shape. The aspect ratio has a
maximum value of 1 for a perfect circle and approaches 0 for
highly elongated shapes. The angle of cell orientation was defined
as the angle of the long axis of the equivalent ellipse with respect
to the direction of flow. The distributions of the orientation angle
are given as circular histograms to illustrate the orientations of
cells relative to the direction of flow.

2.5. Extraction of cell proteins

After the flow exposure experiments, ECs were incubated with
100 M Na3NO4 in Medium199 containing 10 ng/ml human bFGF
for 7 min at 37 °C prior to protein extraction. Cells were washed
with ice-cold PBS and lysed in ice-cold Triton/NP-40 lysis buffer
(50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1%
NP-40, 6.5 [U/pl aprotinin, 100 uM phenilmethylsulfonyl fluoride
(PMSF), 5 pg/ml leupeptin, 1 pg/ml pepstatin A, 300 pM NasVOy,
10 mM NaF, pH 7.5) for 5 min. The lysates were centrifuged and
the supernatants were recovered.

2.6. Western blotting

The extracted protein samples were solubilized in sample buffer,
separated by SDS-PAGE (8% polyacrylamide), and transferred to a
PVDF membrane. The membrane was blocked with 5% bovine serum
albumin blocking buffer (20 mM Tris-hydroxymethilaminome-
thane, 137 mM Nacl, 0.1% Tween 20, 0.02% NaN3) for 30 min at room
temperature, incubated with mouse monoclonal antibodies against
VE-cadherin or p120-catenin overnight at 4 °C,and then probed with
horseradish peroxidase-conjugated anti-mouse antibodies for 1 h.
Signals were detected using SuperSignal West Pico chemilumines-
cent substrate (Pierce, USA).

2.7. Immunoprecipitation

The extracted protein samples were incubated on a rotator
overnight at 4 °C with mouse monoclonal antibodies against VE-
cadherin and then for 2 h with protein G-Sepharose. The immuno-
precipitated samples were collected by centrifugation and washed
3 times with IP buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 6.5 IU/ul aprotinin, 100 uM PMSF, 5 pg/ml leu-
peptin, 1 pg/ml pepstatin A, 300 pM Na3zVO,, 10mM NaF, pH
7.5). The washed pellets were resuspended in sample buffer and
boiled for 7 min. The supernatants were analyzed as described
above for Western blotting.

3. Results
3.1. Morphological changes in ECs after exposure to shear stress

The time course of EC cytoskeletal and morphological changes in-
duced by shear stress were examined by immunofluorescent
microscopy and image analysis (Figs. 1 and 2). Under static
conditions, ECs exhibited characteristic cobblestone shapes and
VE-cadherin was continuously expressed at cell-cell junctions, as
reported previously [17] (Fig. 1A-C). After exposure to shear stress
for 3 and 6 h, the dense peripheral bands of actin filaments that were
observed under static conditions became less prominent (Fig. 1D-I).
VE-cadherins accumulated in a striped pattern and were co-local-
ized with actin filament terminals in regions of the cell periphery,
indicating that the cells had developed interconnected pseudopod-
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Fig. 1. Representative fluorescent images of VE-cadherin and actin filaments of ECs cultured statically (A-C) and exposed to a shear stress of 2 Pa for 3 h (D-F), 6 h (G-I), and
24 h (J-L). (A, D, G,]) VE-cadherin. (B, E, H, K) Actin filaments. (D, F, 1, L) Merged images. The direction of flow is left to right. Bar = 20 pm.

like processes [18]. At 24 h, almost all the cells were elongated and
orientated to the direction of flow. VE-cadherins were again
continuously distributed around cell peripheries (Fig. 1]-L).

Fig. 2A shows the EC aspect ratios. Up to 6 h after exposure to
shear stress, the EC aspect ratios were approximately 0.6, which
were comparable to those under static conditions. The aspect ratio
then showed a significant decrease after 24 h of shear stress.

Changes in the distribution of orientation angles are indicated in
Fig. 2B. ECs were randomly oriented prior to exposure to shear
stress, and then began to orient in the direction of flow at 3 h after
flow onset. More than 50% of ECs were aligned with their orienta-
tion angles in the range of +30° to the direction of flow after
exposure to shear stress for 6 h, and 85% cells were orientated in
the range of +30° to the direction of flow at 24 h.
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Fig. 2. Morphological analyses of ECs. (A) Aspect ratios of ECs. Results are expressed
as mean + SD. (B) Angles of cell orientation. Lengths and bar angles indicate relative
frequencies and cell orientation angles, respectively.

3.2. Changes in p120-catenin distribution after exposure to shear
stress

Fig. 3 shows images of double-immunofluorescent staining for
VE-cadherin and p120-catenin of ECs exposed to shear stress.
The continuous localization of p120-catenin was observed at
cell-cell junctions and was co-localized with VE-cadherin under
static conditions. After exposure to shear stress for up to 24 h,
p120-catenin was continuously expressed at intercellular junc-
tions and maintained its co-localization with VE-cadherin.

3.3. Changes in VE-cadherin and p120-catenin expressions after
exposure to shear stress

Western blotting of whole-cell lysates revealed that VE-cadherin
expression by ECs exposed to shear stress did not change compared
to that under static conditions (Fig. 4A). Western blotting performed
for p120-catenin detected 2 bands at 100 and 115 kDa(Fig. 4B).It has

193

429

been reported that many types of cells express multiple isoforms of
p120-catenin that are derived by alternative splicing of a single gene
[19], and each isoform has a domain that interacts with cadherins. In
the present study, the levels of both the higher (115 kDa) and lower
(100 kDa)molecular weight p120-catenin in whole-cell lysates tran-
siently increased at 3 and 6 h after exposure to shear stress. The
expression of p120-catenin then returned to the basal level at 24 h.
In contrast, for ECs exposed to shear stress for up to 24 h, no signifi-
cant change was observed in the level of p120-catenin detected by
immunoprecipitation followed by Western blotting (Fig. 4C). This
indicated that the amount of p120-catenin bound to VE-cadherin
in ECs was unchanged after exposure to shear stress.

4. Discussion

Immunofluorescent microscopy revealed that p120-catenin
maintained its co-localization with VE-cadherin at the peripheries
of ECs during the morphological changes induced by shear stress.
In addition, the amount of p120-catenin bound to VE-cadherin de-
tected by immunoprecipitation did not change after exposure to
shear stress. The EC morphological changes induced by shear stress
are thought to involve, in part, the dissociation of VE-cadherin bind-
ing between neighboring cells. VE-cadherins that are dissociated
from junctions are known to be incorporated into a cytoplasmic pool
by endocytosis or are maintained in the plasma membrane, called a
plasma membrane pool. Because binding of p120-catenin has been
reported to prevent endocytosis of VE-cadherins [14], the results
of the present study indicate that VE-cadherin dissociated from
adherens junctions is continuously present in the plasma membrane
when ECs undergo morphological changes. Ukropec et al. [20] re-
ported a decreased amount of a-catenin that was associated with
VE-cadherin in ECs after exposure to shear stress for 3-6 h, which
suggested a loss of linkage between VE-cadherin and actin filaments.
After dissociating from actin filaments, VE-cadherin-p120-catenin
complexes may freely move within the plasma membrane. In the
present study, a striped pattern of VE-cadherin expression at cell-
cell junctions was observed after exposing cells to shear stress for
3 and 6 h. This phenomenon may have been due to an accumulation
of VE-cadherin-p120-catenin complexes that freely moved in the
membrane.

Increased expressions of p120-catenin were detected by Wes-
tern blotting of whole-cell lysates from ECs that had been exposed
to shear stress for 3 and 6 h. Because the amount of p120-catenin
bound to VE-cadherin detected by immunoprecipitation did not
change after exposure to shear stress, this result indicated that
shear stress induced an increased amount of cytoplasmic p120-
catenin that was not bound to VE-cadherin in ECs from 3 to 6 h.
Several studies have indicated that cytoplasmic p120-catenin in-
duces activation of RhoGTPases, including Cdc42 and Rac1, which
are regulators of actin cytoskeletal networks at cell peripheries
and lead to the formation of filopodia and lamellipodia. In addition
to cell migration, these pseudopod formations are thought to be in-
volved in the morphological changes of cells. In the present study,
formation of pseudopod-like processes at cell peripheries were ob-
served when cells were exposed to shear stress for 3 and 6h
(Fig. 1D-I), which was followed by significant cell elongation and
their alignment in the direction of flow (Fig. 2). Thus, these mor-
phological changes could be triggered by the increased cytoplasmic
p120-catenin under shear conditions. At 24 h, p120-catenin
expression decreased and returned to a level comparable to that
under static conditions. This may indicate that the activities of
Rac1 and Cdc42 had decreased and that changes in EC morphology
in response to shear stress may have been completed.

Although a part of the observed expression of VE-cadherin was
punctuated, adherens junctions comprising VE-cadherin were
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p120-catenin

Fig. 3. Representative fluorescent images of VE-cadherin and p120-catenin of ECs cultured statically (A-C) and exposed to a shear stress of 2 Pa for 3 h (D-F), 6 h (G-1), and
24 h (J-L). (A, D, G,]) VE-cadherin. (B, E, H, K) p120-catenin. (D, F, 1, L) Merged images. The direction of flow is left to right. Bar = 20 pm.

primarily formed at EC intercellular junctions during morphologi-
cal changes in response to shear stress. This is consistent with the
results of a previous report [17] and indicates that ECs that
morphologically adapt to shear stress strictly maintain their inter-
cellular adhesion integrity. The integrity of adherens junctions via
VE-cadherin influences permeability of the endothelium, and

g

abnormally higher permeability is often observed at inflammatory
sites and regions that are prone to the development of atheroscle-
rotic plaques [21]. The initiation of the formation of intercellular
adhesions via cadherin is thought to be a result of the redistribu-
tion and punctuation of surface-bound cadherin, rather than the
recruitment of cadherin from cytoplasmic pools, and is followed
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Fig. 4. Representative results of Western blotting. (A) VE-cadherin and (B) p120-catenin detected in whole-cell lysates and (C) p120-catenin immunoprecipitated from
whole-cell lysates. The results shown are representative of three independent experiments.

by stabilization with the assembly of additional cadherin and con-
nections with the cytoskeleton [22-24]. Further, because cadherin
that lacks a cytoplasmic tail for binding to p120-catenin cannot
form clusters, p120-catenin is required for VE-cadherin clustering
and stabilizing cell-cell adhesions [25,26]. Taken together, p120-
catenin may maintain the presence of VE-cadherin on the plasma
membrane, which plays an important role in rapid cluster forma-
tion of VE-cadherin at intercellular junctions during flow-induced
morphological changes. This could lead to reducing the increased
endothelial permeability due to the dissociation of VE-cadherin.

In summary, the present study showed that p120-catenin in ECs
maintained its binding and co-localization with VE-cadherin and
contributed to stabilizing adherens junctions during morphological
responses to shear stress. In addition, the expression of cytoplas-
mic p120-catenin increased at 3 and 6 h after exposure to shear
stress. Because cytoplasmic p120-catenin is known to regulate
the activities of RhoGTPases (including CdC42 and Rac1), which
leads to the formation of filopodia and lamellipodia, the increased
cytoplasmic p120-catenin may act as a switch that induces EC
morphological changes in response to flow.
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Gliding microtubules (MTs) on a surface coated with kinesin biomolecular motors have been suggested
for the development of nanoscale transport systems. In order to establish a sorting function for gliding
MTs, events for MTs approaching micro-scale grooves were investigated. MTs longer than the width of
grooves fabricated on a Si substrate bridged the grooves (bridging) and many MTs shorter than the
groove width almost began to bridge, but returned to the surface that they approached from (guiding).
Occurrence probabilities for the events were analyzed with focus on the geometric conditions, such as
length of the MTs, width of the grooves, and the incident angle («) of the MTs approaching the grooves.
The occurrence probability for bridging increased with an increase in the incident angle (16%, a = 0
30°; 51%, a = 30-60°; 75%, « = 60-90°), and the probability for guiding decreased with an increase in
the incident angle (79%, a = 0-30°; 55%, a = 30-60°; 5%, « = 60-90°). The results indicate that an
incident angle of 30-60° is an effective condition for MT sorting, because the bridging and guiding
events can sort MTs that are longer and shorter than the groove widths, respectively. Furthermore, the
occurrence probabilities of both bridging and guiding in a higher concentration of methylcellulose
(0.5%) increased up to approximately 70% at incident angles of 30-60°, indicating good feasibility for
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the development of devices for the sorting of MTs on surfaces with topographical grooves.

1. Introduction

Kinesin motor proteins move along the cytoskeletal networks of
microtubules (MTs) to transport protein-containing vesicles in
cells. Recently, several studies suggested that in vitro MT—kinesin
interactions could potentially be used as a bio-actuator for
nanoscale transport systems."” In such systems, MTs gliding on
a kinesin-coated surface have been suggested as transporters that
carry nanoscale cargos to destinations. To date, there have been
many studies that have reported establishing functions, such as the
loading of cargo onto the MTs,? unidirectional transport of MTs
with topological guides,>* and control of the gliding direction of
MTs with application of external forces.>” In addition to these,
the sorting of transporters is a required function for the transport
of cargo to desired destinations in a system. van den Heuvel et al ®
showed that rhodamine- and fluorescein isothiocyanate (FITC)-
conjugated MTs were sorted into two different reservoirs by
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application of an electric field perpendicular to the gliding
directions of the MTs at the Y-junction of a channel. Although
high sorting efficiency of approximately 70% was reported for
the device, additional devices were required for application of the
electric field and functions such as recognition of colors of the
MTs. To develop simple and compact transport systems, it is more
desirable to fabricate a device that automatically sorts the MTs
without the need for additional devices and functions.

Hess et al' observed that MTs shorter than the width of
a groove, which was topographically fabricated with a photore-
sist layer on a substrate, fell into the groove (falling), whereas
MTs longer than the groove width bridged the groove and
continued movement on the opposite side (bridging). We suggest
that the relationship between the MT length and the groove
width is applicable to the development of a sorting in which MTs
are sorted by the difference in their lengths, without the need for
additional devices.

In this paper, details of the behavior of kinesin-driven MTs
approaching micro-scale grooves fabricated on a chip were
analyzed with focus on the relationship between the lengths of
the MTs and widths of the grooves. As a result, five events were
observed over grooves and their probabilities were analyzed for
the establishment of an MT sorting function. Furthermore,
effective conditions for sorting, including geometric and solution
conditions were investigated.

2. Experimental
Fabrication of microgrooves

A Si wafer (thickness = 200 um, 2 x 2 cm? KN Platz, Osaka,
Japan) was cleaned by ultrasonication in a surface-active agent

This journal is © The Royal Society of Chemistry 2010
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for 10 min and then in methanol for 15 s. After submersion in
Piranha solution (a strongly oxidizing mixture of hydrogen
peroxide (H,O,, 30%) and sulfuric acid (H,SO4 97%) in
a volume ratio of 1 : 2) for 15 min, the wafer was immersed in
a 1:1:6 mixture solution of H,SO,4, H,0,, and ammonium
hydroxide (NH4OH, 29%) for 15 min to remove dust. The wafer
was then rinsed four times in deionized distilled water (ddH,0)
and spin-dried. The wafer was then heat treated on a hot plate at
180 °C for 3 min.

Schematic illustrations of the micro-groove fabrication
process are shown in Fig. 1A. A 450 nm thick layer of electron-
beam-sensitive resist (ZEP520A; methyl styrene chloromethyl
acrylate copolymer in methoxybenzene, Zeon Corporation,
Tokyo, Japan) was spin-coated (5000 rpm for 3 s followed by
4000 rpm for 60 s) onto the substrate, followed by heat treatment
on a hot plate at 180 °C for 3 min. Four different widths (2, 4, 6,
and 10 pm) of line patterns were designed with computer aided
design (CAD) software and were generated on the resist with an
electron-beam lithography system (ELS-3700, Elionix, Tokyo,
Japan) using a dose of 35 mJ/cm? The wafer was developed by
immersion in a developer of n-amyl acetate (ZED-N50, Zeon
Corporation) for 2 min and then immersed in methyl isobutyl
ketone (MIBK, Wako, Osaka, Japan) for | min to stop the
development, followed by rinsing in ddH,O. The wafer was then
dried with nitrogen and heat treated on a hot plate at 110 °C for
3 min.

A deep reactive-ion etching (RIE) Bosch process was used to
create deep grooves with steep sidewalls. The wafer was etched
for 30 min in sulfur hexafluoride (SF¢) for plasma etching and
octafluorocyclobutane (C4Fg) to form a chemically inert

A B
§ Resist l

| 1. Coating resist

| 2.Patterning
|| 3.RI Etching

' 4, Stripping resist

Cr&Au

Fig. 1 Microscale grooves fabricated on an Au-coated Si substrate. (A)
Cross-sectional schematic illustrations of the groove fabrication process.
After line patterns were prepared, reactive ion etching (RIE) was used to
fabricate the grooves with steep sidewalls. Layers of Cr followed by Au
were then deposited to improve the motility properties of gliding MTs on
the substrate. (B) Scanning electron microscope images of the grooves.
One of the edges of a groove in the low-resolution image (top) is enlarged
in the bottom image.

passivation layer. The wafer was then immersed in a positive-
resist stripper of N-methyl-2-pyrrolidone (MS2001, Fujifilm,
Tokyo, Japan) for 15-20 min to remove the resist. The wafer was
washed in Piranha solution for 15 min, and rinsed four times in
ddH,0. After the wafer was spin-dried, a 20 nm adhesion layer of
Cr and a 20 nm thick layer of Au were sequentially deposited on
the Si wafer using sputtering apparatus (CFS-4ES, Shibaura,
Ebina, Japan).

Motility assays

Preparation of kinesin motor proteins and rhodamine-labeled
MTs, and the motility assays were performed according to
a previous report.” All solutions were prepared using a slightly
modified BRB80 buffer (80 mM PIPES, | mM EGTA, 4 mM
MgSO,, pH 6.9). Bovine tubulins containing 20% rhodamine-
labeled tubulins were incubated in the BRB80 buffer including
1 mM guanosine 5'-triphosphate (GTP) at 37 °C for 1 h to
polymerize MTs. Drosophila kinesins'® with biotin carboxyl
carrier protein at the C-terminal'’ were used. A flow cell was
fabricated for observation of the gliding MTs on the kinesin-
coated surface by sandwiching 22 pm thick spacers with
a coverslip (24 x 36 mm?, No.1, Matsunami, Osaka, Japan) and
the prepared substrates with micro-grooves. The flow cell was
sequentially filled with 1 mg/mL of biotinylated bovine serum
albumin (BSA), 1 mg/mL of streptavidin, 38 pg/mL of bio-
tinylated kinesin including 2 mg/mL of BSA, and 1 mM adeno-
sine 5'-(B,y-imino)triphosphate (AMP-PNP) solutions including
MTs, followed by replacement with a motility assay buffer
(1 mM adenosine triphosphate (ATP), 1.5% B-mercaptoethanol,
1.5 mg/mL BSA, 15 uM paclitaxel, 30 mM glucose, 120 pg/mL
glucose oxidase, 30 pg/mL catalase, and 0.2% methylcellulose).
The flow cell was incubated for 2 min between each step. To
examine the methylcellulose dose-dependence of the event
occurrence probabilities for gliding MTs over micro-grooves,
high (0.5%) and low (0.1%) concentrations of methylcellulose
solutions were also tested. The experiments were performed at
a room temperature of 20 °C controlled by air conditioning. The
sliding movements of the MTs were visualized using an inverted
fluorescent microscope (IX-71, Olympus, Tokyo, Japan) equip-
ped with a charge-coupled device (CCD) camera (Cascade 512B,
Nippon Roper, Tokyo, Japan) and time-lapsed images of the
gliding MTs were transferred to a personal computer (PC).
Measurements of the MT extra lengths and incident angles of the
MTs were conducted using image analysis software (Imagel
1.42i, National Institutes of Health, Bethesda, MD, USA).

3. Results and discussion
Confirmation of bridging event of microtubules

Micro-scale grooves were fabricated on a Si substrate using
microelectromechanical systems (MEMS) technology to form
grooves with steep sidewalls with micrometer-scale control of the
groove widths. Scanning electron microscope (SEM) images of
the fabricated grooves are shown in Fig. 1B. The cross-sectional
images show that the shape of the groove edges is a right angle.
The widths of the grooves designed to be 2, 4, 6, and 10 pm were
measured from the SEM images as 2.0, 4.0, 6.1, and 10.1 pum,
respectively, which indicates that the groove widths were well
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controlled. The depths of the grooves were also measured as 21,
23,25, and 27 pm from SEM images for groove widths of 2, 4, 6,
and 10 pm, respectively. In our preliminary experiments, the
adhesion and motility properties of the gliding MTs on Si were
not as good as those on glass coverslips, on which many previous
studies have performed assays of gliding kinesin-driven MTs.'?
Therefore, the substrate was sequentially coated with Cr and Au
layers, as previously reported.'*'* As a result, the adhesion and
motility properties on the Au substrate were confirmed to be
comparable to those on glass coverslips (see ESIY).

A motility assay of the gliding MTs was then performed,
according to a previously described technique.® A flow cell was
fabricated with the prepared substrate and a coverslip, and
kinesin motor proteins were then adsorbed onto the flow cell
through a biotinylated BSA and streptavidin structure. By
exchanging the solution in the flow cell with an assay solution
including 1 mM ATP, the MTs began to glide in random direc-
tions along their long axis on the kinesin-coated surface. Some
MTs approached the grooves on the surface (approaching area),
seemed to bridge the grooves as previously reported* (Fig. 2, ESI
movie 1), and then continued their movement on the opposite
surface of the groove (landing area). The fabricated grooves had
depths of more than 20 pm, so that MTs gliding along the surface
in the bottom of the grooves should have disappeared from the
focal plane of the microscope. However, the MTs were observed
to keep gliding over the grooves without disappearing from the
focal plane. This confirmed the phenomena of groove bridging
by the gliding MTs. It was found that the intensity of MTs within
the grooves was less bright than that on the top surface of
landing and approaching areas, even though its focal position
was not changed. The phenomenon may be explained by the
interference of fluorescence emitted from MTs and its reflection
by the bottom of the grooves as reported by Kerssemakers ez al. '

Brdging Guiding

Detaching

Relationship between length of bridging microtubules and groove
width

To evaluate the relationships between the length of an MT (L s7)
and the width of a groove (W), length distributions of MTs
approaching and bridging grooves were measured for 2, 4, 6, and
10 pm groove widths (Fig. 3). For all groove widths, many MTs
that were longer than the groove widths exhibited bridging,
whereas no bridging was observed for MTs shorter than the
groove widths. This clearly indicates that bridging requires
sufficient MT length so that the tips of the MTs can reach
kinesins at the landing area. The result also implies that topo-
graphical grooves can be used to sort MTs longer than the
groove width.

A motility property of kinesin-driven MTs was affected by
kinesin densities as shown in our previous study.’ In that study,
MTs shorter than an estimated interval length between neigh-
boring kinesins were likely to change the gliding direction,
whereas MTs longer than the interval length were not. Since, for
efficient transport systems, MTs are expected to glide in
a straight trajectory, MTs longer than the interval length are
preferred. On the other hand, very long MTs are not good
carriers in terms of reducing the size of devices. Therefore, the
present technique will be applicable to choose the suitable length
of MTs.

Since taxol-stabilized MTs were used in this study, the changes
in MT lengths for our observation were practically negligibly
small (0.8 £ 0.5 pm for 10 min, n = 10). However, when a longer
period of observation time than that in this study is required,
MTs fixed with glutaraldehyde, which more stabilizes MT
polymerization and depolymerization, would be a better option
to keep their length constant. MTs pretreated with glutaralde-
hyde do not lose the activity of kinesin.

Falling

Stopping

Fig. 2 Typical sequential images of gliding MTs approaching grooves. The MTs exhibited five unique events (white arrow heads): bridging, guiding,
detaching, stopping, and falling. Scale bar = 10 um. The groove widths are W = 6 um (bridging), W = 4 um (guiding), W = 10 um (detaching), W = 6 pm

(stopping), and W = 4 um (falling).

This journal is © The Royal Society of Chemistry 2010
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Effect of topological conditions on event probabilities

In addition to bridging, MTs also exhibited the following unique
behaviors: falling, guiding, detaching, and stopping (Fig. 2, ESI
movie 2-51). As reported previously,' some MTs fell into the
grooves (falling). During guiding, the leading tips of the MTs
overhung a groove from the approaching area and then reat-
tached to kinesins on the approaching area. Detaching MTs
detached from the surface over a groove. Stopping was defined as
MTs that were immobile for more than 3 min at the edges of
grooves.

To characterize the probability for each event, the effect of
geometric parameters, such as the incident angle (¢) and extra
length of the MT compared to the groove width (L7 — W), on
the occurrence probability was analyzed. The incident angle
represents the angle from the edge line of a groove, as shown in
Fig. 4A. Fig. 4B shows plots of the extra length against the
incident angle for each MT event. The bridging event occurred
only for MTs with extra lengths larger than zero and at higher
incident angles, and guiding tended to occur for MTs shorter
than the groove width at lower incident angles. Plot distributions
for stopping and detaching were similar and those events often
occurred under conditions where the extra length was almost
zero and the incident angle was high. The probability for all the
events except falling seemed to depend on both the incident angle
and the extra length.

According to these results, the MTs were categorized by their
length, ie., Ly < W, Ly > W, and the probability was re-
plotted for each event with respect to the incident angles (0-30°,
30-60°, and 60-90°) (Fig. 4C and 4D). In the case of Ly < W,
bridging did not occur as previously stated. The probability for
guiding was 79% at o = 0-30° and decreased with the increase in
incident angle (55%, a = 30-60°; 5%, o = 60-90°). For larger

incident angles, the probability for detaching and stopping
increased. The falling event showed no dependency on either the
incident angle or the extra length. In the case of Ly > W,
although the probability of bridging was low for lower incident
angle (16% at & = 0-30°), it tended to increase for larger incident
angle (51% at a = 30-60°) and reached 75% at a = 60-90°. The
guiding event was the most common event for smaller incident
angle (53% at a = 0-30°), and the occurrence probability
decreased with increase of the incident angle (18%, o = 30-60°;
3%, a = 60-90°). The detaching and stopping events were rarely
observed in the case of Ly > W (<10%), regardless of the
incident angle. The probability for falling, in the case of Ly >
W, showed no dependency on either the incident angle or the
extra length, as was the case for Ly < W.

To develop a sorting device for MTs that utilizes MT events
over grooves, the detaching, falling and stopping events would
not be useful, because the motions of MTs showing these events
cannot be controlled on the substrate. In contrast, the bridging
and guiding events would be useful, because these MTs keep
moving on the substrate and in the focal plane. Furthermore, the
probabilities for bridging in the case of Ly, > W and for guiding
exhibited a dependence on the relationship between the MT
length and the groove width, which indicates that MTs can be
sorted by their difference in length. Therefore, we considered that
a favorable condition for the sorting of MTs should satisfy all the
requirements, i.e., high probability for bridging in the case of
Ly > W, for guiding in the case of L < W, and low proba-
bility for other events. The probabilities for both guiding in the
case of Ly < W and for bridging in the case of Ly, > W were
higher at incident angles of 30-60°, as shown in Fig. 4C and 4D.
From these results, it was supposed that control of the incident
angle of gliding MTs to around 30-60° would result in a high
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probability for MT sorting according to their length. The inci-
dent angles of gliding MTs will need to be controlled in the
future, e.g., with a topological guide formed using a photore-
sist.'” Furthermore, to prevent the MTs from crossing back from
landing area to approaching area, rectifier structures should be
equipped to those guides.'® These systems enable separation the
MTs by their length more effectively.

In the case of Ly < W, the probabilities for detaching and
guiding increased and decreased, respectively, as the incident
angle increased. Clemmens et al.*® reported that when the tips of
MTs swept out from a kinesin-coated surface to a kinesin-free
surface, they fluctuated and then reattached to the kinesin-coated
surface with high probability in the case of smaller incident angle
because the overhanging portion of the MT was easily bent back
to the kinesin-coated surface at smaller incident angles. On the
other hands, they also showed that many MTs detached from the
kinesin-coated surface at larger incident angles. The experimental
condition of no kinesin over the grooves used in this study was
similar to that reported by Clemmens et al., so that the detaching
and guiding MTs observed in this study for smaller and larger
incident angles, respectively, can be considered as basically the
same events that they reported. In the case of Ly > W, as the
incident angle increased, the probability for bridging and guiding
increased and decreased, respectively. The guiding of MTs should
occur by the previously stated mechanism. For MTs approaching
with smaller incident angles, the distances from the tips of the
MTs to the kinesins on the approaching area are shorter than
those on the landing area; therefore, they tend to reattach to the
kinesins on the approaching area. On the other hand, for MTs
approaching with the larger incident angles, it is easier to reattach
to the kinesins on the landing area, resulting in a bridging event.

Ionov et al.** performed sorting of MTs using gradients of
kinesin density on a surface. They changed kinesin density on
a surface with polyethylene glycol (PEG) and showed that
shorter MTs glided less with decreasing kinesin density,
indicating the possibility of the size fractionation of gliding
MTs. Like our study, their work also achieved the fraction-
ation of MTs by their length without any additional devices.
However, their technique, in principle, can not perfectly
fractionate MTs by their length because it potentially includes
longer MTs as well as shorter MTs on the surface with a high
kinesin density. In contrast, in the present technique, MTs
shorter than the groove width can be collected with the
topographical guides as previously reported.® Furthermore,
the present technique is more simple in fabrication compared
to the one of Ionov et al.

The sorting technique in this study is applicable to other
filament-type transporters such as the actin-myosin system,
but there are some differences between MTs and actin fila-
ments to be concerned with. One of the major differences is
rigidity of filaments. Flexural rigidity of taxol-stabilized MTs
was reported to be 2.2 x 1072 N m? whereas that of actin
filaments was 7.3 x 1072 N m2.2! Since the flexural rigidity of
actin filaments was lower than that of MTs, probabilities for
events might be changed for actin transporters even in the
same topographical conditions such as incident angle, groove
width, and filament length. We thought that probability for
guiding should be higher for an actin-myosin system than
a kinesin-MT system, because softer actin filaments should
easily be bent compared to MTs. Therefore, the optimum
incident angle for sorting actin filaments by their length may
be larger than that for MTs.
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Effect of methylcellulose on event probability

The results suggest that the probabilities of the events are
dependent on the thermal fluctuation of the MT tip. There-
fore, the effects of various concentrations of methylcellulose,
which is known to change the amplitude of thermal fluctua-
tion,” on the probabilities of the events were investigated.
Fig. 5 shows the probabilities of the events with respect to
methylcellulose concentrations in the case of 30-60° incident
angles, which is probably the suitable range of incident angle
for MT sorting, based on the present results (Fig. 4).
Although the stopping and falling events did not occur in the
0.1% methylcellulose solution, the probability for detaching
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Lyr> Wonly in the case of incident angle a = 30-60°, for which sorting
of MTs by utilizing bridging and guiding events was considered to be
effective.
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was significantly increased for both Ly < W (83%) and Ly
> W (48%) conditions. The probabilities for guiding with L7
< W and bridging for Ly > W increased as the methylcel-
lulose concentration increased, and probabilities of approxi-
mately 70% were finally achieved in 0.5% methylcellulose
solution (69% for guiding with Lyr < W, and 71% for
bridging with Ly > W). It should also be noted that the
probability for detaching was low in the 0.5% methylcellulose
solution. These results suggest that the probabilities of events
can be regulated by changes in the concentration of the
methylcellulose solution, which would result in the effective
sorting of MTs.

The increase in the probability for bridging in a higher
concentration of methylcellulose supports the hypothesis that the
thermal fluctuation of MTs is a key factor for the probability of
event occurrence. A higher concentration of methylcellulose
suppresses Brownian motion, especially in the direction
perpendicular to the MTs,? so that a decrease in the magnitude
of MT bending results in an increase of attachments of the MT
tips to the kinesins on the landing area. Thereby, the probability
for bridging may be increased.

Detaching often occurred under conditions where the extra
length (Ljr — W) was almost zero, indicating no contact
between MTs and kinesins anymore. Our result also showed that
the probability for detaching decreased in higher methylcellulose
solutions. Since higher concentrations of methylcellulose have an
effect to reduce fluctuations of filaments,? it is thought that MTs
in higher methylcellulose solutions were kept near the surface
and easily captured by kinesins. Taking together, it suggests that
the decrease in interactions between kinesins and MTs caused the
high probability for detaching.

It is unclear what physical conditions caused stopping and
falling. The probability for stopping slightly increased with
increasing methylcellulose concentration. We suppose that
resistance to the driving force of kinesin acting MTs may increase
under high methylcellulose condition. It was reported that an
addition of methylcellulose caused an increase in viscosity of
solutions®* and high viscosity increased drag forces to MTs.?
The increase in the stopping event may be explained by this
finding. Falling seems to depend on neither the incident angle,
the extra length, nor concentration of methylcellulose. Further
investigations will be required for understanding the mechanisms
of those events.

By regulating the methylcellulose concentration, the proba-
bilities for bridging and guiding increased up to approximately
70%. This sorting efficiency is comparable to the result that van
den Heuvel et al® achieved under application of an electric
field. Furthermore, the sorting of MTs was successfully ach-
ieved using only topographical grooves and without the need
for any other devices such as for application of electric field or
functions such as the detection of MTs. This technique enables
the miniaturization of the sorting device; therefore, it has
advantages for the development of nanoscale transport systems.
Although many studies that have utilized topographical chan-
nels to control the sliding direction have been reported,®* we
have shown the feasibility of employing channels for the sorting
of MTs. The principle of this sorting device will be a significant
contribution to the development of nanoscale transport
systems.
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Conclusions

The behavior of kinesin-driven MTs over microscale grooves
fabricated on a chip was characterized by five different events;
bridging, guiding, detaching, stopping, and falling. The proba-
bilities for these events were dependent on parameters such as the
incident angle, the relationship between the MT length and
groove width, and the concentration of methylcellulose solution.
The probabilities for bridging and guiding attained approxi-
mately 70% in 0.5% methylcellulose for MTs shorter and longer
than the groove width, respectively, which verified the feasibility
of this technique for the development of a sorting device.
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Abstract Aging is associated with decreased skeletal
muscle function. Increased levels of advanced glycation
end products (AGEs) in skeletal muscle tissue are observed
with advancing age and in diabetes. Although serum AGE
level is negatively associated with grip strength in elderly
people, it is unknown whether this association is present in
adult males. To determine the relationship between AGE
accumulation in tissue and muscle strength and power
among Japanese adult men. Skin autofluorescence (AF) (a
noninvasive method for measuring tissue AGEs), grip
strength (n = 232), and leg extension power (n = 138)
were measured in Japanese adult men [median (interquar-
tile range) age, 46.0 (37.0, 56.0) years]. After adjustment
for potential confounders, the adjusted means [95% confi-
dence interval (CI)] for grip strength across the tertiles of
skin AF were 44.5 (43.2, 45.9) kg for the lowest tertile,
42.0 (40.6, 43.3) kg for the middle tertile, and 41.7 (40.3,
43.1) kg for the highest tertile (P for trend < 0.01).
Moreover, the adjusted geometric means (95% CI) of leg
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extension power across the tertiles of skin AF were 17.8
(16.6, 19.1) W/kg for the lowest tertile, 17.5 (16.4, 18.7)
W/kg for the middle tertile, and 16.0 (14.9, 17.1) W/kg for
the highest tertile (P for trend = 0.04). Among Japanese
adult men, participants with higher skin AF had lower
muscle strength and power, indicating a relationship
between AGE accumulation and muscle strength and
power. A long-term prospective study is required to clarify
the causality.

Keywords Advanced glycation end products - Leg
extension power - Grip strength - Carbonyl stress -
Oxidative stress

Introduction

Ageing involves systemic accumulation of advanced gly-
cation end products (AGEs), a diverse class of compounds
resulting from glycation process under the strong influence
of oxidative or carbonyl stress (Schleicher et al. 1997). In
diabetic patients, increased accumulation of AGEs is
observed (Schleicher et al. 1997; Singh et al. 2001). A
common consequence of AGE accumulation is covalent
cross-linking of AGEs to proteins, which leads to increased
stiffness of protein matrix, impeding function and
increasing resistance to removal of cross-linked proteins by
proteolysis in various tissues and organs leading to
impaired organ functions (Singh et al. 2001). Diabetic
patients with end-stage renal disease had twice the con-
centrations of AGE in tissues compared with diabetic
patients without renal disease (Makita et al. 1991).
Accumulation of AGE in the skeletal muscle tissue in
elderly persons is suggested as one of the causes of
decreased muscle force production (Haus et al. 2007).
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Diabetic status accelerates AGE accumulation in skeletal
muscle tissue in rats (Snow et al. 2006; Snow and
Thompson 2009). In cross sectional studies, the levels of
blood N*-carboxymethyl-lysine (CML), a major AGE in
vivo, were negatively associated with muscle function in
groups of elderly population (Dalal et al. 2009; Semba
et al. 2010). Since AGE gradually accumulates along the
course of aging even without diabetes, it is possible that the
level of AGE accumulation may be inversely associated
with muscle strength and power.

Using a simple autofluorescent measurement of AGE
levels in the skin, we examined the association between
AGE accumulation and muscle strength and power in a
population of Japanese adult men.

Methods
Study participants

The study participants consisted of adult men, who had
been enrolled in a prospective study of the risk factors for
lifestyle-related illnesses or health status among adult
employees in Japan. Participants received annual health
examination including anthropometric measurements,
hematological examinations and additional assessment
including muscle strength and power measurement in year
2009. The details of this study have been described else-
where (Guo et al. 2010).

The sample selection process is described in Fig. 1. In
2009, 1,263 participants were enrolled in the annual
examinations for lifestyle-related illnesses and health sta-
tus. Of those enrolled, 1,215 participants agreed to join the
survey, providing their informed consent for data analysis
(response rate, 96.2%). Because the number of female
subjects was relatively small (n = 282), females were
excluded from the analyses. Those who underwent skin AF
measurement were randomly selected (n = 518). 272 par-
ticipants who had lower skin reflection (<10%) were also
excluded (details described in the skin autofluorescence
section below). As a result of these exclusions, the numbers
of subjects included in the analyses for the relationship
between skin AF and grip strength (analysis 1) and leg
extension power (analysis II) were 232 and 138, respec-
tively. The protocol of this study was approved by the
Institutional Review Board of the Tohoku University
Graduate School of Medicine.

Skin autofluorescence (AF)
Skin AGE accumulation was assessed based on skin AF

using an autofluorescence reader (AGE Reader; Diagnop-
tics, Groningen, The Netherlands) as described previously
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Subjects who participated in health examinations in 2009
(n=1,841; male, 1318; female, 523)

Subjects who underwent B health examinations (not
including blood examinations) were excluded
(n=578)

Subjects who underwent lifestyle-related illnesses and A
health examinations (including blood examinations)
(n =1,263; male, 973, female, 290)

study were exciuded (n = 48)

I\_" Subjects who did not give informed consent to this

Subjects who gave informed consent for this study and
who underwent added physical function, lifestyle,
depressive status, and blood assessments
(n = 1,215; male, 933; female, 282)

I~——»{ Females excluded (n = 262) |

I——»[AGEs data not available(n = 415) |

N R Subjects who had under 10% skin reflection
| were excluded (n = 272)

MI Grip strength data not available (n = 7)]

\*’f Otherdata not available (n = 7) |
v
I Subjects included in analysis | ‘

(n=232)
L—Pl Leg extension power data not available (n = 94) |
v
Subjects included in analysis !l
(n=138)

Fig. 1 Flow chart of the sample selection process

(Meerwaldt et al. 2004). The AGE Reader consists of a
tabletop box equipped with an excitation light source. Each
measurement took approximately 30 s to complete by an
independent observer. Excitation light in the wavelength
range of 300-420 nm is projected onto the skin surface
through a 1-cm® hole. The intensity of light emitted from the
skin at wavelengths between 420 and 600 nm is measured
with a spectrometer via a glass fiber. Skin AF is calculated
by dividing the mean value of the emitted light intensity per
nm between 420 and 600 nm by the mean value of the
excitation light intensity per nm between 300 and 420 nm;
the result is expressed in arbitrary units (AU) and multiplied
by 100 for easier evaluation. Skin AF has been validated to
correspond to specific AGEs measured in human skin biopsy
samples in several patient groups and healthy controls
(Meerwaldt et al. 2004, 2005). The intra-assay coefficient of
variation for repeated AF reader measurement on the same
day was 5.0% (Meerwaldt et al. 2004).

All autofluorescence measurements were performed at
room temperature on the volar side of the lower right arm,
approximately 10-15 cm below the elbow fold, with the
participants in a seated position. Care was taken to perform
the measurement at a normal skin site, without visible
vessels, scars, lichenification, or other skin abnormalities.
The arm of each subject was covered with a black cloth in
order to avoid any influence of external light during the
measurement. Since skin pigmentation influences auto-
fluorescence measurement, in particular when skin reflec-
tion is below 10%, autofluorescence values were not used
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