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AMPK controls the speed of microtubule-polymerization
and directional cell migration through CLIP-170

phosphorylation
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AMP-activated protein kinase (AMPK) is an energy-sensing
Ser/Thr protein kinase originally shown to be regulated by
AMPY, AMPK is activated by various cellular stresses that
inhibit ATP production or stimulate ATP consumption?, In
addition to its role in metabolism, AMPK has recently been
reported to reshape cells by regulating cell polarity and
division®®. However, the downstream targets of AMPK that
participate in these functions have not been fully identified.
Here, we show that phosphorylation of the microtubule plus
end protein CLIP-170 by AMPK is required for microtubule
dynamics and the regulation of directional cell migration. Both
inhibition of AMPK and expression of a non-phosphorylatable
CLIP-170 mutant resuited in prolonged and enhanced
accumulation of CLIP-170 at microtubule tips, and siower
tubulin polymerization. Furthermore, inhibition of AMPK
impaired microtubule stabilization and perturbed directional
cell migration. All of these phenotypes were rescued by
expression of a phosphomimetic CLIP-170 mutant. Our
results demonstrate, therefore, that AMPK controls basic
cellular functions by regulating microtubule dynamics through
CLIP-170 phosphorylation.

Besides the metabolic activity of AMPK, there is growing evidence that
AMPK and its upstream kinase liver kinase B1 (LKB1) have pivotal roles
in the establishment of cell polarity and cell division™ in Drosophila
melanogaster®® and Caenorhabditis elegans™. In mammalian cells,
AMPK is associated with tight junction assembly, and regulates epi-
thelial polarity®*.

To discover previously unidentified substrates of AMPK, we per-
formed a unique screen using two-step column chromatography com-
bined with an in vitro kinase reaction. Using mouse heart homogenates,

we purified and identified a cytoplasmic linker protein CLIP-170, which
has a relative molecular mass of 170,000 (M‘ 170K} and is a substrate of
AMPK (Supplementary Information, Fig. S1). CLIP-170 is one of the
microtubule plus end proteins originally identified as proteins that bind
endocytic vesicles to microtubules'', CLIP-170 directly binds freshly
polymerized distal ends of growing microtubules and rapidly dissoci-
ates from the older microtubule Jattice’. However, a direct link between
CLIP-170 and physiological control of cell function has not been fully
elucidated. Both recombinant AMPK made by 293T cells and AMPK
purified from rat liver efficiently phosphorylated recombinant CLIP-170
(Fig. 1a). Phospho amino acid analysis revealed that AMPK phosphor-
vlates a Ser residue of CLIP-170 (Fig. 1b). A combination of mass spec-
trometric and multiple mutation analyses of CLIP-170 identified Ser 311
as the only AMPK phosphorylation site. AMPK did not phosphorylate
CLIP-115, a close mammalian homologue of CLIP-170, or Ser 737 of
CLIP-170, demonstrating an AMPK substrate consensus sequence'
(Fig. [c). Recombinant glutathione S-transterase (GST)-fused wild-
type CLIP-170 and a Ser 311-to-Ala mutant {S311A) of CLIP-170 were
produced in Escherichia coli. The wild-type, but not the S311A mutant,
was phosphorylated by AMPK and 0.29 mole of phosphate per mole of
CLIP-170 was incorporated, indicating that Ser 31 1 of CLIP- 170 is phos-
phorylated directly by AMPK (Fig. 1d). Next, we generated an antibody
against Ser 311 -phosphorylated CLIP-170 (p-CLIP-170). The specificity
and sensitivity of this antibody were confirmed by the following obser-
vations: first the p-CLIP-170 antibody exclusively detected p170 as a
single band, even when total cell lysates were assessed; and second, it did
not recognize phosphatase-treated p170 (Fig. 1e). Analyses using this
antibody also demonstrated the specific phosphorylation of CLIP-170 at
Ser 311 by AMPK (Fig. 1f). The amino acid sequence surrounding
Ser 311 matches the consensus sequence of a potential AMPK phos-
phorylation site and is well conserved among various species (Fig, 1g).
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Figure 1 In vitro phosphorylation of CLIP-170 Ser311 by AMPK.

(a) An autoradiographic (AR) image of mammalian recombinant
carboxy-terminally (cFlag) or amino-terminally (nFlag) Flag-tagged
CLIP-170 incubated with either recombinant kinase dead (KD), wild-
type (WT) or endogenous (E) AMPK. (b) Phospho-amina acid analysis of
CLIP-170 phosphorylated by AMPK. Only a Ser residue was phosphorylated
(radioactivity indicated by the red circle). (c) An AR of mammalian
recombinant cFlag-tagged CLIP-170 (WT, $311A and S737A) and
CLIP-115 (WT) incubated with recombinant KD or WT AMPK. AMPK

is indicated by an asterisk. (d) An AR image of GST fusion proteins
representing amino acids 1-331 of CLIP-170 (WT or S311A), or either
the N (1-339) or the C (340-1012) terminus of CLIP-115 incubated
with KD or WT AMPK. (e) Lysate of Vero cells treated with or without
phosphatase (APPase)} was subjected to immunoblot analysis with an

Ser 311 is located between a Gly-rich microtubule-binding domain
(cytoskeleton-associated protein Gly-rich; CAP-Gly) and a coiled-coil
domain (Fig. 1h).

Next, we examined AMPK-induced CLIP-170 phosphorylation in
cultured cells. Compound C, an inhibitor of AMPK, reduced the phos-
phorylation level of CLIP-170 (Fig. 2a), whereas the AMPK activator
AICAR (5-aminoimidazole-4-carboxyamide ribonucleoside) did not
affect CLIP-170 phosphorylation (Supplementary Information, Fig. S2a).
The phosphorylation level of acetyl-CoA carboxylase (ACC), which was
used as a control, reflected the conventional responses of cells to both
Compound C and AICAR. Although Compound C is an inhibitor of
AMPK, it can also inhibit several other kinases'®, Therefore, we used short
interfering RNAs (siRNAs) to specifically deplete AMPK. Depletion of
AMPK with siRNAs specific for either the o, or the a, catalytic subunit
also reduced CLIP-170 phosphorylation (Fig. 2b). These data indicate
that phosphorylation of CLIP-170 at Ser 311 is regulated endogenously
by AMPK. To explore the significance of AMPK-induced CLIP-170 phos-
phorylation, we first immunocytochemically investigated the localization

antibody against the C terminus of CLIP-170 (CLIP-170 C) and a Ser 311
phosphospecific antibody (p-CLIP-170). {f) Immunoblot analysis of the
GST-fused CLIP constructs described above with KD or WT AMPK. These
samples were blotted using a p-CLIP-170 and a non-phosphospecific
antibody against the N terminus of CLIP-170 (CLIP-170 N). CLIP-170 N
also recognized CLIP-115. {g) The optimal AMPK recognition motif. The
consensus sequence of AMPK is identical to the sequence around Ser 311
of CLIP-170. This residue is highly conserved among various species. (h)
Structural model of CLIP-170. Ser 311 is located between the CAP-Gly-2
domain and the coiled-coil region in CLIP-170. Ser 311 is indicated by red
arrowheads. CAP-Gly, cytoskeleton-associated protein Gly-rich; Zn-Fing,
C-terminal zinc knuckle of CLIP-170; EEY/F, C-terminal amino sequence
of CLIP-170; CBB, Coomassie brilliant blue staining. Uncropped images of
blots are shown in Supplementary Information, Fig. S5.

of phosphorylated CLIP-170 in cultured cells. A non-phospho-specific
antibody (CLIP-170 C), as well as a Ser 311 phospho-specific antibody
(p-CLIP-170), stained the plus ends of microtubules (Fig. 2c, d). To dis-
tinguish between the total CLIP-170 population and phosphorylated
CLIP-170, Vero cells stably expressing CLIP-170-EGFP were stained with
these antibodies. The pattern observed with the CLIP-170 C antibody (red
or yellow) completely matched that of CLIP-170-EGFP (Fig. 2e, green),
suggesting that CLIP-170-EGFP mimics the localization of endogenous
CLIP-170. By contrast, p-CLIP-170 staining mostly overlapped with
CLIP-170-EGFP but was located predominantly on the distal side (red
or yellow) of CLIP-170-EGFP (Fig. 2f, green). This result suggests that
phosphorylated CLIP-170 attaches to microtubules at the more distal
end, compared with non-phosphorylated CLIP-170. A marked change
in CLIP-170 localization was observed when these cells were treated with
Compound C: CLIP-170-EGFP accumulated significantly farther along
the length of the microtubules (Fig. 2g, h, green). CLIP-170 C staining
again overlapped with CLIP-170-EGFP (Fig. 2g, red or yellow), whereas
p-CLIP-170 staining was markedly reduced and localized as only a tiny
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Figure 2 CLIP-170 phosphorylated by AMPK localizes to microtubule tips.
(a) Immunoblot analysis of the phosphorylation level of CLIP-170, AMPK,
and ACC in cells treated with C.2% DMSO or Compound C (20 uM).
CLIP-170 C is a non-phosphospecific antibody that recognizes the C
terminus of CLIP-170. (b) Immunoblot analysis of the phosphorylation
level of CLIP-170 and the expression level of AMPKa, and «, in cells
treated with siRNA targeting AMPK«,, o, or both subunits of AMPK.

{c} Immunostained images of Vero cells stained with anti-o-tubulin and
the anti~-CLIP-170 C antibodies. (d) Immunostained images of Vero cells
stained with a-tubulin and p-CLIP-170 antibodies. (e, f) Immunostained

spot within the CLIP-170-EGFP-positive region (Fig. 2h, red or yellow).
Most of the CLIP-170 on microtubules, therefore, was non-phosphor-
ylated, and a small amount of phosphorylated CLIP-170 accumulated at
the distal ends. To examine the precise distribution of CLIP-170 on the
microtubules under AMPK-inhibited conditions, linescan analysis along
the microtubules was performed using double immunocytochemistry
with CLIP-170 C and tubulin antibodies, We separately measured total
CLIP-170 associated with microtubule plus ends, and CLIP-170 associ-
ated with the outermost microtubule tips (within a 0.129-um square box
at the very end of the microtubules). When compared with the DMSO
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images of Vero cells stably expressing CLIP-170-EGFP (GFP image, left)
and treated with DMSO as a control. These cells were stained with a
CLIP-170 C antibody (e, centre) or a p-CLIP-170 antibody {f, centre).

(g, h) Immunostained images of Vero cells stably expressing CLIP-170-
EGFP (GFP image, left) and treated with Compound C. These cells were
stained with a CLIP-170 C antibody (g, centre) or a p-CLIP-170 antibody
(h, centre). The merged images of each panel are shown on the right. The
white boxed regions in the panels are enlarged below each panel. Scale
bars, 10 pm (c~-h, upper rows) and 5 um (c-h, bottom rows). Uncropped
images of blots are shown in Supplementary information, Fig. S5.

control Compound C treatmentincreased the association of CLIP-170 with
microtubules both in the whole tip (6-fold) and at the outer tip (1.7-fold)
(Supplementary Information, Fig. S2b~d). Depletion of both AMPKa, and
o, by siRNA also resulted in accumulation of CLIP-170 on microtubule plus
ends, similarly to inhibition by Compound C (Supplementary Information,
Fig. S2e, ). This characteristic change of CLIP-170 localization prompted us
to examine the role of AMPK in the regulation of microtubule dynamics.
To study how AMPK regulates microtubule dynamics, we examined
the behaviour of CLIP-170 in living cells. First, we tested whether phos-
phorylation levels of CLIP-170 affected polymerization of microtubules.

NATURE CELL BIOLOGY VOLUME 12 | NUMBER 6 | JUNE 2010

585

© 2010 Macmillan Publishers Limited. All rights reserved.

29



LETTERS

by

CLIP-170-EGFP
.pre

CLIP-170-EGFP CLIP-170~-EGFP
post P!

Compound C  ©F

CLIP-170

|11
A

&

GFP

e
1607 ——— CLIP-170 (pre)
T 140 A

/4 ——CLIP-170 (post)
1204

ia
1004

TN
804 |
604 |

“'.
LA
40 f

u) &

e

X, CLIP-170CJ

GFP

Fluorescence intensity (a.

GAPDH | 4

Figure 3 AMPK-phosphorylated CLIP-170 regulates microtubule
dynamics. (a, b) GFP images of Vero cells stably expressing CLIP-170-
EGFP before (pre) and 10 min after {post} treatment with 0.2% DMSO
control (a) or Compound C (20 pM, b). The immunoblot on the left shows
exogenous CLIP-170-EGFP (grey arrowheads) and endogenous CLIP-170
{black arrowhead). (c) Bar graphs showing the speed (left panel) and
length (right pane!) of a single comet before (pre) and 10 min after (post)
Compound C treatment in the same cell. Values are means + s.e.m.;

n shown in parentheses; *P <0.01, compared with pre. (d) Fluorescence
intensity plots of CLIP-170-EGFP of the same cell before {pre, blue) and
10 min after (post, red) Compound C treatment. (e} Expression levels

By live-cell imaging, we observed that stably expressed CLIP-170~-EGEP
accumulated at the distal ends of microtubules and seemed to movelikea
comet from the centrosome to the cell periphery (as shown in sequential
images converted to video, Supplementary Information, Movie 1). The
speed of the CLIP-170 comets coincided with that of microtubule polym-
erization'®*. Consistent with our results in fixed cells (Fig. 2), 10-min
inhibition of AMPK by Compound C in living cells also resulted in
elongated CLIP-170 comets, compared with control DMSO-treated cells
(Fig. 3a-c). Moreover, the speed of the comets was reduced by Compound
C (Fig. 3¢; Supplementary Information, Movie 2). To analyse the CLIP-170
behaviour more precisely, we measured the fluorescence intensity values
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of wild-type (WT), S311A and S311D CLIP-170-EGFP in transiently
transfected Vero cells were comparable, as determined by immunoblotting
using the antibodies indicated on the left. The grey and black arrowheads
indicate GFP-tagged exogenous CLIP-170 and endogenous CLIP-170,
respectively. (f) GFP images of cells transiently expressing WT (left),
S$311A (centre) and $311D (right) CLIP-170-EGFP. (g) GFP images of
the cells transiently expressing WT and S311D CLIP-170~EGFP treated
with control siRNA or siRNA targeting both AMPKa, and «,. White boxed
regions in the panels are enlarged below each panel. Scale bars, 10 pm (a,
b, f, g, upper panels) and 5 pm (a, b, {, g, enlarged images). Uncropped
images of blots are shown in Supplementary information, Fig. S5.

¥

along the CLIP-170-~EGFP tracks over time in the same living cells before
and 10 min after Compound C treatment. This fluorescence intensity
analysis of CLIP-170-EGEP demonstrated that Compound C markedly
increased the peak fluorescence intensity and slowed the dissociation of
CLIP-170 from the older part of the microtubules (Fig. 3d). Using the
same cell line stably expressing CLIP-170-EGFP, depletion of AMPK by
siRNA also reduced the speed of the comets and increased the length
of CLIP-170 comets (Supplementary Information, Fig. S2g~i, Movie 3).
To elucidate the specific role of CLIP-170 Ser 311 phosphorylation by
AMPK, we compared the phenotypes of cells transiently transfected with
wild-type and two Ser 311 mutants of CLIP-170. S311A CLIP-170-EGFP
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Figure 4 Loss of CLIP-170 phosphorylation increases the size of focal adhesions.
{a, b) immunostained images of Vero celis transiently expressing wild-type

(WT; a) and S311A (b} CLIP-170-EGFP (GFP image, left). These cells were
stained with fluorescein-conjugated phalloidin {centre) and a paxillin antibody
(right) to visualize actin microfilaments and focal adhesions, respectively.

(¢, d) Immunostained images of Vero celis transiently expressing WT {c) and
S$311D (d) CLIP-170-EGFP (GFP image, left) treated with siRNA targeting

both AMPKa, and «,. These cells were stained with fluorescein-conjugated
phalloidin {centre} and a paxillin antibody {right). (e, f) Immunostained images
of Vero cells treated with 5 pM paclitaxel {e) or 10 yM nocodazole (f). These

is a non-phosphorylatable mutant, and a Ser 311-to-Asp mutant (311D
CLIP-170-EGFP) is a phosphomimetic mutant. These EGFP fusion pro-
teins were equally expressed in Vero cells (Fig. 3e). S311A CLIP-170-
EGPFP accumulated as comets with longer tails and moved more
slowly than wild-type CLIP-170-EGFP (Fig. 3f centre; Supplementary
Information, Table S1, Movie 4). By contrast, $311D CLIP-170-EGFP
had the same comet length and moved with the same speed as wild-type
CLIP-170-EGFP (Fig. 3, right; Supplementary Information, Table S1,
Movie 5). These findings are consistent with the observation that most of
the endogenous CLIP-170 was phosphorylated by AMPK. Furthermore,
§311D CLIP-170-EGFP rescued the phenotypes caused by siRNA
depletion of AMPK (Fig. 3g Supplementary Information, Tuble S,
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cells were stained with fluorescein-conjugated phatloidin (left) and a paxillin
antibody (right). The white boxed regions in the panels are enlarged below

each panel. Scale bars, 10 pm (a-f, upper row) and 5 pm (a-f, bottom row).

(g) Box and whisker plots of the area stained with a paxillin antibody showing
the 25th percentile (bottom fine of each box), median (middie line of each
box), 75th percentile (top fine of each box), and the 5th and 95th percentiles
(each whisker); n =10 for each group; *P<0.01, compared with WT CLIP-170;
**P <0.01, compared with $311D CLIP-170 treated with AMPK siRNA;

P <0.01, compared with S311A CLIP-170; #£ <0.01, compared with WT
CLIP-170 treated with AMPK siRNA.

Movie 6). Also, in the cells treated with Compound C, transfection of
$311D CLIP-170-EGEP restored comet speed and length. Quantitative
data of comet speed and length in various conditions are summarized in
Supplementary Information, Table S1.

CLIP-170 binds only to the growing phase of microtubules. To fur-
ther examine microtubule dynamics during the shortening phase, Vero
cells stably expressing a-tubulin-EGFP were observed before and 10
min after Compound C treatment. Compound C markedly decreased
the microtubule shortening distance (Supplementary Information,
Fig. §2j, Movie 7). This change in microtubule behaviour may stabi-
lize microtubules. We then observed microtubule stability by stain-
ing them with an antibody against detyrosinated tubulin (Glu tubulin,
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Figure 5 Phosphorylation of CLIP-170 at Ser 311 is essential for cell
polarity and directional cell migration. (a) Phase contrast microscopy
images of Vero cells before (upper panel) and 30 h after (lower panel)
scratch. (b) Phase contrast microscopy images (upper panels) and
immunostained images of Vero cells stained with a y-tubulin antibody lower
panels) after being subjected to a scratch assay. Images were captured 12 h
after incubation. The cells were treated by either repeated administration

of DMSO contro! or Compound C, or transiently transfected with wild-type
(WT) or $311D CLIP-170 and siRNA targeting both AMPKe, and «,. To
assess cel} polarity, the angles (8) between the lines of y-tubulin and the
scratched line at the centre of each nucleus were measured as a marker

for MTOC reorientation (lower panels). (c) Box and whisker plots of angles
(8) with actual data points shown on the left; n=100 per group; *P <0.01,
compared with DMSO; P <0.01, compared with S311D CLIP-170 treated

named for the newly exposed C-terminal glutamate residue). The
amount of stable microtubules was greater in cells transiently express-
ing $311A CLIP-170-EGFP (Supplementary Information, Fig. S3b)

with AMPK siRNA. (d, e) images of Vero cells immunostained with an
a-tubulin (left, green) and a detyrosinated (Gluj tubulin antibody (centre,
red) after being subjected to a scratch assay following repeated treatment
with control DMSO (d) or Compound C (e} for 6 h. DAPI stained nucleus
(blue). The merged images of each panel are shown on the right. Scale bars,
20 um. (f) Time lapse images acquired by differential interference contrast
of celis transiently expressing WT, S311A, and WT or S311D CLIP-170
treated with sIRNA targeting both AMPKx, and &, Images acquired before
(upper line of each panel) and after 12 h (middle line of each panel)

are shown. The bottom-row of each pane! shows the individual paths of
migrating cells over 12 h. Scale bars, 30 pm. (g) Bar graphs showing the
migration speed of the cells from (f); Numbers in the bars indicate n.
Values represent means = s.e.m; **P <0.01, compared with WT CLIP-170.
P <0.01, compared with S311D CLIP-170 treated with AMPK siRNA.

than in cells transientlf expressing wild-type CLIP-170 (Supplementary
Iriformation, Fig, $3a). Cell depleted of AMPK by siRNA (Supplementary
Information, Fig. $3g), or treated with Compound C (Supplementary
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Information, Fig. $3d) also showed the same phenotype as cells
expressing $311A CLIP-170. These phenotypes were rescued by $311D
CLIP-170 (Supplementary Information, Fig. S3f, i). Collectively, these
data suggest that phosphorylation of CLIP-170 at Ser 311 by AMPK
is necessary for proper CLIP-170 dissociation from microtubules, and
that this modification of CLIP-170 is essential for efficient polymeriza-
tion and depolymerization of microtubules. Dynamic modulation of
microtubule polymerization and stability by AMPK-phosphorylated
CLIP-170 might represent a previously unknown mechanism through
which AMPK establishes cell polarity. Therefore, we further examined
the role of CLIP-170 phosphorylation by AMPK during cell polarization
and subsequent cell migration.

During cell migration, microtubules target focal adhesions and
regulate cell-extracellular matrix (ECM) adhesion'®*. Thus, we first
examined whether phosphorylation of CLIP-170 at Ser 311 affects
the size of focal adhesions. Isolated Vero cells transiently expressing
wild-type CLIP-170~EGFP formed an actin meshwork in protruding
lamellipodium. Furthermore, staining focal adhesions with a paxillin
antibody revealed small, scattered spots located predominantly at the
protruding lamellipodium (Fig. 4a). By contrast, expression of $311A
CLIP-170-EGFP caused loss of lamellipodium formation and adhe-
sion maturation, which resulted in significantly enlarged spots (Fig. 4b).
Similar phenotypes were observed when AMPK was depleted by siRNA
(Fig. 4c) or inhibited by Compound C (Supplementary Information,
Fig. $4b). These AMPK depletion phenotypes were almost completely
rescued by the expression of §311D CLIP-170-EGFP (Fig. 4d, g
Supplementary Information, Fig. S4d). Treatment with paclitaxel and
nocodazole (Fig. 4e, ), both of which disturb microtubule dynamics,
resulted in similar phenotypes of abnormal size of focal adhesion as cells
expressing S311A CLIP-170-EGFEP and cells depleted of AMPK. These
data indicate that AMPK-dependent phosphorylation of CLIP-170 reg-
ulates the size of focal adhesions by regulating microtubule dynamics.
The fact that inhibiting AMPK-induced phosphorylation of CLIP-170
altered the size of focal adhesions and lamellipodium formation sug-
gests an important role of the AMPK-CLIP-170 signalling axis in cell
polarity and migration. We examined the effect of AMPK inhibition on
cell polarity using the scratch assay. The leading cells started to polarize
and migrated towards a scratched line, closing the gap in about 30 h
(Fig. 5a). However, repeated treatment with Compound C and depletion
of AMPK by siRNA both inhibited closure of the gap and interfered with
microtubule-organizing centre (MTOC) reorientation in leading cells.
Expression of 311D CLIP-170 rescued AMPK depletion (Fig. 5b, ¢;
Supplementary Information, Fig S4g, h). The first two layers of the lead-
ing cells showed that the stabilized microtubules stained with a detyro-
sinated (anti-Glu) tubulin antibody were clearly polarized towards the
leading edge (Fig. 5d). By contrast, AMPK inhibition by Compound C
increased the amount of stable microtubules, which lost their orienta-
tion towards the leading edge (Fig. 5e). Finally, we tested the effect of
CLIP-170 phosphorylation on free cell migration. Wild-type CLIP-170-
expressing cells migrated with active lamellipodium formation. By
contrast, $311A CLIP-170-expressing cells and wild-type CLIP-170-
expressing cells treated with AMPK siRNA showed diminished migra-
tion and fewer membrane extensions (Fig. 5f). Again, expression of
$311D CLIP-170 rescued the effect of siRNA AMPK knockdown of
(Fig. 5g; Supplementary Information, Movie 8). These data suggest that
AMPK-induced phosphorylation of CLIP-170 is required to establish

LETTERS

front-rear polarity and proper cell migration, presumably through the
regulation of microtubule tip dynamics.

‘We have shown here that CLIP-170 is a strong candidate AMPK sub-
strate that regulates cell polarity through alteration of its dynamics on
the plus ends of microtubules. Recently, abnormal mitotic phenotypes
were observed for both AMPK- and LKB1-null Drosophila, They dem-
onstrated that AMPK phosphorylates myosin regulatory light chain
(MRLC) directly, and a phosphomimetic MRLC transgene rescued the
polarity phenotypes induced by loss of the AMPK pathway®. However,
the transgene did not rescue all phenotypes, suggesting that AMPK sig-
nalling is mediated by additional downstream targets.

The dynamics of CLIP-170 on microtubules were recently and pre-
cisely investigated both in vitro and int vivo'¥, In these reports, CLIP-170
turnover on microtubules was rapid, and the diffusion of CLIP-170 was
rate-limiting for its binding to microtubule plus ends. They also showed
that the ends of growing microtubules contain a surplus of sites to which
CLIP-170 can bind, and the older lattice has a lower affinity for CLIP-170
than the newer, growing ends of the microtubules. These changes in the
affinity of plus end proteins for microtubules may be essential for their
effects on microtubule dynamics.

We could not demonstrate an altered affinity of phosphorylated
CLIP-170 for the microtubule plus end in vitro because of the difficulty
associated with reconstituting the plus end as i vivo. However, we

-speculate, for the following reasons, that non-phosphorylated CLIP-170

increased its affinity to microtubules. First, linescan analysis showed that
depletion of AMPK activity increased the association not only of total
CLIP-170 with the microtubule but also of CLIP-170 at the outer tip.
Second, the fluorescence intensity analysis measured in living cells indi-
cated that non-phosphorylated CLIP-170 increased the peak fluorescence
intensity and slowed its dissociation from the plus end of microtubules.
Third, phosphorylated CLIP-170 localized within the more distal portion
of the total CLIP-170 population. These results support the hypothesis that
the phosphorylation status of CLIP-170 at Ser 311 determines its affinity
for microtubules. Because CLIP-170 turnover on microtubules is rapid,
phosphorylation may be a suitable modification to regulate its affinity for
microtubules. We conclude that phosphorylation of CLIP-170 alters its
affinity for microtubule plus ends and that this phenomenon might con-
tribute to the rapid turnover of CLIP-170, which is necessary for efficient
microtubule polymerization.

The observation that the phosphorylation status of CLIP-170 regu-
lates the growth rate of microtubules has not been reported. The pre-
cise mechanisms remain unclear; however we speculate that Ser 311
phosphorylation is necessary to reduce the affinity of CLIP-170 for the
microtubule lattice and promote the efficient turnover of CLIP-170 at
the plus end, similarly to a microtubule polymerase.

Another intriguing phenotype of AMPK depletion is the marked
enhancement of microtubule stabilization in migrating cells. Moreover,
AMPK depletion impaired the polarized stabilization of microtubules
towards the leading edge. AMPK depletion not only reduced the speed
of polymerization but also decreased the shortening distance of micro-
tubules. Because both phenomena prolong the lifetime of microtubules,
these two changes might cause the ubiquitous enhancement of micro-
tubule stabilization.

Expression of the non-phosphorylatable CLIP-170 S31 1A mutant and
depletion of AMPK disrupted front—rear polarity and reduced cell migra-
tion, The precise mechanisms of this phenotype are unclear, but decreased
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microtubule polymerization and unpolarized microtubule stabilization
might affect the function of microtubules, which are required to establish
cell polarity. We have shown that inhibiting CLIP-170 phosphorylation
resulted in significant enlargement of focal adhesions, as detected with a
paxillin antibody. Enlarged focal adhesions are similar to the phenotype
observed in cells treated with paclitaxel or nocodazole, both of which
disrupt microtubule dynamics. Microtubules bind to paxillin and help
the cell adhesion system to destabilize focal adhesions and promote cell
motility**#. These functions suggest that microtubules play a key part
in cell polarity and migration through interactions with focal adhesion
molecules. Taken together, the results suggest that AMPK promotes the
appropriate formation of focal adhesions, the subsequent establishment of
cell polarity, and directional cell migration through efficient polymeriza-
tion of microtubules, by phosphorylating CLIP-170 at Ser 311.

Under normal cell culture conditions, neither enhanced activation
of AMPK by AICAR nor $311D CLIP-170-EGFP altered microtubule
dynamics, indicating a high basal phosphorylation of CLIP-170. This
might be caused by a high affinity of AMPK for CLIP-170, or colocaliza-
tion of AMPK and CLIP-170.

The results of our broad substrate screening method suggest that
CLIP-170 is one of the most important substrates of AMPK in various
organs. We believe that observing microtubule dynamics is necessary
to evaluate multiple functions of AMPX. Also, similarly to paclitaxel
or nocodazole treatment, strong inhibition of microtubule dynamics
by the CLIP-170 S311A mutant may have clinical implications. The
interaction between AMPK and CLIP-170 might be a therapeutic target
for treatment of conditions such as cancer, tumour angiogenesis and
neointimal hyperplasia. O

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS

Reagents and antibodies. The following reagents were purchased: Compound
C (Calbiochem); AMPK (Upstate); DAPI (Molecular Probes); AICAR (5-ami-
noimidazole-4-carboxyamide ribonucleoside; Cell Signaling) and Geneticin
(Invitrogen). Generation of a CLIP-170 C(1:2,000 dilution for immunoblot; 1:200
dilution for immunostain) and a CLIP-170 N (1:4,000 dilution) antibody was
described previously™. The detyrosinated (Glu) tubulin antibody (1:400 dilution)
was a gift from G. G. Gundersen*’, The remaining antibodies purchased were:
anti-AMPKa, AMPKo,, AMPKa,, phospho-Thr 172 AMPKa, ACC and phospho-
Ser 79 ACC antibodies (each 1:200 dilution; Cell Signaling); anti-paxillin anti-
body (1:200 dilution, Zymed Laboratories); anti-a-tubulin (1:400) and y-tubulin
antibodies (1:500 dilution; Sigma-Aldrich); anti-GFP antibody (1:2,500 dilution;
Chemicon); anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody
(1:5,000 dilution; Chemicon); horseradish peroxidase-coupled sheep anti-rabbit
and anti-mouse IgG (Cappel); and Alexa Fluor 350-, Alexa Fluor 488- and Alexa
Fluor 568-labelled secondary antibodies and Alexa Fluor 555-conjugated phal-
loidin (each 1:300 dilution; Molecular Probes).

Generation of polyclonal antibodies specific for the pS311 of CLIP-170. A
phospho-specific polyclonal antibody to CLIP170 (Ser 311) was generated as
follows. Ser-phosphorylated and non-phosphorylated peptides corresponding
to CLIP170 amino acid sequences $311 (amino acids 305-316, SLKRSP{pS)
ASSLS) were synthesised. Rabbits were immunized 5 times with the keyhole
limpet hemocyanin-phosphopeptide conjugates mixed with Freund’s complete
adjuvant, and bled 7 days after the last immunisation. Phosphopeptide-reactive
antibody was captured by a column containing phosphopeptide-conjugated
sepharose. The antibody was then cluted, and those reactive to sequences other
than phosphoserine were removed using a columnn containing non-phospho-
rylated peptides. Specific reactivity with the targeted phosphoserine sequence
was confirmed by an ELISA in which phosphorylated and non-phosphorylated
peptides were coated.

Plasmids. A set of cDNA fragments encoding rat AMPKa, (NM_019142), full-
length mouse CLIP-170 and amino acids 1-331 of mouse CLIP-170 (BC007191),
as well as full-length mouse CLIP-115 and amino acids 1-339 and 340-1012 of
CLIP-115 (NM_009990) were PCR amplified from rat and mouse heart cDNA
libraries and inserted into pENTR/D-TOPQ vectors (pENTR-WT AMPKa,,
pENTR-WT CLIP-170, pENTR-WT CLIP-170 1-331, pENTR-WT CLIP-115,
pENTR-WT CLIP-115 1-339, and pENTR-WT CLIP-115 340-1012) using
Guateway Technology {Invitrogen). The kinase- dead (KD) AMPKa, (a Thr 172
Ala mutant) was generated by PCR using pENTR-WT AMPKal as a template
and the following primers: 5"-TTTTTAAGAGCTAGCTGTGGCTCGCC-3"
and 5'-GCCACAGCTAGCTCITAAAAATTCAC-3. S311A and S737A
CLIP-170 were also generated by PCR using pENTR-WT CLIP-170 as
a template and the following primer pairs: forward 5'-CGAAGCCC-
TGCTGCCTCCTCCCTCAGCTCCATGAGC-3 and reverse 5 -GGAGGAG-
GCAGCAGGGCTTCGCTTCAGGCTGGCGGGCG-3° and  forward
5'-AAAGCCAATGCCGAAGGTAAACTGGAGCTCGAGACACTTA-3 and
reverse 5'-TTTACCT TCGGCATTGGCTTTCCGAAGCGCATCAAGATCC-3,
respectively (underlined nucleotides indicate mutated sites). To prepare Flag-
* tagged protein, pENTR-WT AMPKa,, pENTR-KD AMPKa,, pENTR-WT
CLIP-170, pENTR-S311A CLIP-170, pENTR-§737A CLIP-170, and pENTR-
WT CLIP-115 were subcloned into pEF-DESTS51/cFlag vectors (vielding
pEF-DESTS1-WT AMPKa, pEF-DEST51-KD AMPKa, pEF-DESTSI-WT
CLIP-170, pEF-DEST51-8311A CLIP-170, pEF-DEST51-8§737A CLIP-170, and
pEE-DEST51-WT CLIP-115, respectively) or a pcDNA3.1/nFlag-DEST vector
(pcDNA3.1-WT CLIP-170) using the Gateway system. To prepare the GST fusion
protein, pENTR-WT CLIP-170 1-331, pENTR-WT CLIP-115 1-339, and pENTR-
WT CLIP-115 340-1012 were subcloned into pDEST15 vectors (pDESTIS-WT
CLIP-170 1-331, pDEST15-WT CLIP-115 1-339, and pDEST15-WT CLIP-115
340-1012, respectively) using the Gateway system. The pEGFP-CLIP-170
constrict was produced as described by Fukata et al.*. Mutant CLIP-170 con-
structs in which Ser 311 was replaced with Ala or Asp were generated by PCR
using pEGFP-CLIP-170 as the template and the following primers: Ala forward
5"-CGCAGCCCTGCTGCCTCTTCCCTCAGCTCCATGAGC-3” and reverse
5"-GGAAGAGGCAGCAGGGCTGCGCTTCAGGCTGGCGGACG-3  and Asp
forward 5°-CGCAGCCCTGATGCCTCTTCCCTCAGCTCCATGAGC-3" and
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reverse 5'-GGAAGAGGCATCAGGGCTGCGCTTCAGGCTGGCGGACG-3”
(underlined nucleotides indicate mutated sites).

Cell culture, plasmid transfection, and siRNAs. The 293T cells were obtained
from the American Type Culture Collection. Preparation of Vero cells and gen-
eration of Vero cells stably expressing CLIP-170-EGFP or tubulin~-EGFP were
performed as described by Fukata et al. ™. All cells were maintained in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% foetal caif
serum (Equitech-Bio) at 37°C in a 5% CO, atmosphere at constant humidity.
Vero cells stably expressing CLIP-170-EGFP were selected in the presence
of geneticin (1.5 mg mi”'). Vero and 293T cells were transfecled with plasmids
using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer’s
protocol. To knock down AMPK, Vero cells were transfected with of siRNAs
(50 nmol 1"} targeting AMPKa, (sense: gaggagagcuauuugauuaTT; antisense:
uaaucaaauageucuccucT T) and AMPKuw, (sense: geuguuugguguagguaaaTT; anti-
sense: uuuaccuacaccaaacageTT) (B-Bridge International) using Lipofectamine
2000, according to the manufacturer’s protocol. As a negative control, siControl
(B-Bridge International) was used. After incubation with siRNAs for 40 h, the
cells were analysed. When we used cells transiently transfected CLIP-170-EGFP
mutant, we screened the cells by the expression level of each CLIP-170-EGFP
protein by measuring the total fluorescence intensity of EGFP throughout the
whole cell with background subtraction. Then we selected the cells expressing
similar amount of CLIP-170~EGFP proteins for assay when we compared the
dynamics of each CLIP-170 transfectant.

Animals, Female C57BL/6] mice (Japan animals, Osaka, Japan) were used in the
study. All procedures conformed to the Guide for the Care and Use of Laboratory
Animals (NIH publication no. 85-23, revised 1996) and were appraved by the
Osaka University Committee for Laboratory Animal Use.

Protein purification. Recombinant Flag-tagged AMPK, CLIP-170, and CLIP-115
proteins were purified as follows: 293T cells transfected with pEF-DEST51/
cFlag plasmid encoding WT or KD AMPKa,, WT, $311A and §737A CLIP-170
and WT CLIP-115 were lysed in lysis buffer A (20 mM MOPS, pH 7.4, 10%
glycerol, 0.15 M NaCl, 1% CHAPS, | mM EDTA, protease inhibitor cocktail
(Nacalai Tesque), 50 mM B-glycerophosphate, 25 mM NaF, and 1 mM Na VO,
and immunoprecipitated with anti-Flag M2 agarose (Sigma) at 4°C for 1 h. The
beads were washed three times with lysis buffer A and eluted with elution buffer
(20 mM Tris-HCl, pH 7.4, 10% glycerol, 0.3 mM NaCl, 0.1% CHAPS, 0.5 mg
mi-1 Flag peptide (Sigma), and 1 mM dithiothreitol (DTT)) at 4°C for 1 h. After
centrifugation, the supernatants were used as recombinant Flag-tagged proteins.
Recombinant CLIP-170-GST and CLIP-115-GST proteins were purified as fol-
lows: BL21-AI chemically competent E. coli (Invitrogen) were transformed with
a DESTI5 plasmid encoding WT CLIP-170 1-331, WT CLIP-115 1-339, or
WT CLIP-115 340-1012, and induced with 0.02% L-arabinose (Sigma) at 20°C
for 12 h. The cells were collected by centrifugation and lysed by sonication in
phosphate-buffered saline (PBS) containing 5 mM EDTA and protease inhibitor
cocktail. After addition of 19 Triton X-100, the cell lysates were agitated at 4°C for
30 min and pulled down with glutathione sepharose 4 Fast Flow (GE Healthcare)
at 4°C for 1.5 h. After being washed three times, the proteins were eluted with
10 mM reduced glutathione and ultrafiltrated in elution buffer using a Nanosep
10K Device (Pall Life Science).

Screening for AMPK substrates. Organs obtained from C57BL/6] animals were
homogenised in lysis buffer B (20 mM MOPS, pH 7.4, 10% glycerol, 0.1% CHAPS,
2mM EDTA, 1 mM DTT, and a protease inhibitor cocktail) using a Polytron
homogeniser (Kinematica). After homogenization, CHAPS was added to a final
concentration of 1%, and the homogenates were incubated at 4°C with agitation
for 15 min, followed by centrifugation at 10,000¢ for 30 min. The supernatant
was filtered and loaded onto a TSK-GEL SuperQ-5PW (7.5x75 mm, TOSOH)
anion-exchange column pre-equilibrated with Column Buffer A, which consists
0f20 mM MOPS (pH 7.4), 10% glycerol, and 2 mM EDTA. After being washed
with column buffer A, the proteins were eluted with a linear gradient of NaCl
(0~1 M over 60 min) ata flow rate of 0.5 ml min™'. The fractions (0.5 ml each) were
collected, and a 50-l aliquot of each fraction was analysed using an in vitro kinase
assay, as described below. These hot samples were prepared in the presence of
0.3% TEA (trifluoroacetic acid), 0.1% OG (n-octyl-3-p-thioglucopyranoside), and
20% acetonitrile and loaded onto a 5Ph-AR-300 (4.6x250 mm, Nacalai Tesque)
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reverse-phase HPLC column pre-equilibrated with column buffer B, which con-
sists of 0.1% TFA and 0.1% OG. After being washed with column buffer B, the
proteins were eluted with a linear gradient of acetonitrile (30-50% over 60 min) at
aflow rate of 0.5 ml min'. Each fraction was analysed by SDS-PAGE and visual-
ized by silver staining and autoradiography. After the purification was scaled up,
the procedures described above were again performed using cold ATP instead of
y-**P ATP. Target cold bands matching the hot bands were excised from the gel
and analysed using MALDI-Qq-TOF MS/MS.

In vitro kinase assay. Fraction samples were preheated at 65°C for 20 min and
incubated with KD or WT AMPK-cFlag in the presence 0£0.2 mM AMP, 0.8 mM
MgCl,, and 5 puCi of y-**P ATP (GE Healthcare Bio-Science) at 30°C for 60 min
and ultrafiltrated in PBS containing 0.1% SDS using a Nanosep 10K Device (Pall
Life Science). Each fraction sample was analysed by SDS-PAGE and visualised by
AR. Recombinant Flag-tagged or GST-fused CLIP proteins were also incubated
with KD or WT AMPK~cFlag, as described above. Each protein was analysed by
SDS~PAGE and either visualized by Coomassie brilliant blue or autoradiogra-
phy, or examined by immunoblotting. For the CLIP-170 phosphorylation assay,
purified GST-CLIP-170 was incubated with PKA or PKC or AMPK purified
from rat liver in the presence of 0.2 mM AMP (AMPK), 10 mM MgCl,, and 5
pCi of y-2P ATP at 30°C for 60 min, analysed by SDS-PAGE and visualised by
autoradiography.

Phosphorylation assay. Phosphorylation assays were carried out at 30°C in a
reaction volume of 10 l containing Tris-HCI (20 mM, pH 7.4), glycerol (10%),
NaCl (0.3 mM), AMP (0.2 mM), MgCl, (0.8 mM), y-*P ATP (10 uC, 1.7 pmol),
AMPK purified from rat liver (0.2 units), and GST-fused CLIP-170 protein. After
60 min, reactions were terminated by the addition of SDS-stop solution, and the
CLIP-170 protein and a known concentration of BSA as a volume control were
analysed by SDS-PAGE followed by Coomassie brilliant blue staining. From the
intensity of each BSA band, the amount of CLIP-170 protein was estimated. With
the autoradfogram asa guide, the *P-labelled CLIP-170 protein was excised from
the gel. Its radioactivity and several known concentrations of y-**P ATP were
measured using a Cerenkov counter. The moles of CLIP-170 protein used in this
assay and mole of **P incorporated into the CLIP-170 protein were estimated
based on a standard curve.

Phospho-amino acid analysis. CLIP-170-cFlag was incubated with AMPK~cFlag’

in the presence of y-**P ATP, as described above. The reaction samples were sepa-
rated by SDS~PAGE, stained with Coomassie brilliant blue, and visualised by AR.
The radiolabelled band was excised from the gel and digested with trypsin. The
hydrolysate was dried and resuspended in 5% TFA and 50% acetonitrile contain-
ing phospho-amino acid standards and then spotted onto thin-layer cellulose
plates. Electrophoresis was performed using pH 1.9 buffer (0.22% formic acid and
7.8% acetic acid) for the first dimension and pH 3.5 buffer (5% acetic acid, 0.5%
pyridine, and 0.5 mM EDTA) for the second dimension, The standards were then
labelled with ninhydrin, and the plates were analysed by autoradiography.

Biochemical analysis. Protein expression levels in Vero cells were investigated as
follows. To inhibit AMPK, cells were serum-starved for 5 h; incubated with 0.2%
DMSO, Compound C (20 M) or AICAR (2 mM) for 10 min; lysed in lysis buffer
A; and agitated at 4°C for 15 min. After centrifugation, the supernatants were
analysed by SDS-PAGE and examined by immunaoblotting. For the phosphatase
treatment, cells were lysed in lysis buffer C (50 mM Tris-HCl, pH 7.5, 0.01%
Brij 35, 0.1 M NaCl, 0.1 mM EGTA, 2 mM DTT, 2 mM MnCl,, protease inhibi-
tor cocktail, 50 mM -glycerophosphate, 25 mM NaF and 1 mM Na,VO,) and
agitated at 4°C for 15 min. After centrifugation, the supernatants were incubated
at 30°C for 30 min in the presence of either 20 units (™ X protein phosphatase
(New England Biolabs) or 0.5 mM EDTA.

Immunocytochemistry and fluorescence imaging. Vero cells and Vero cells sta-
bly or transiently expressing CLIP-170-EGFP were seeded on a collagen-coated
35-mm glass dishes (Asahi Techno Glass Corporation). When we stained cells
with a detyrosinated tubulin antibody, Vero cells were seeded on a polylysine
coated glass dishes to avoid integrin-dependent cell contact. Cells were washed
once with warm PBS and fixed with 100% methanol for 10 min at -20°C, followed
by 1% paraformaldehyde for 5 min at room temperature. Next, the cells were
permeabilized with 0.01% Triton X-100 in PBS for 5 min at room temperature
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and then immunostained with anti-CLIP-170 C, anti-p-CLIP-170, anti-paxillin,
anti-a-tubulin and anti-detyrosinated tubulin antibodies and DAPI for 1 h. For
the staining with Alexa Fluor 555-conjugated phalloidin, cells were fixed with
3% paraformaldehyde at room temperature for 5 min. For secondary reactions,
each species-matched Alexa 350-, 483- or 568-labelled secondary antibody
was used. Fluorescence images of EGFP, Alexa 350, Alexa 488, Alexa 555, and
Alexa 568 were recorded with an Olympus IX-81 inverted fluorescence micro-
scope (Olympus) equipped with a cooled CCD CoolSNAP-HQ camera {Roper
Scientific} using a PLAPQO 60X or 100X (Olympuis) oil immersion objective
lens. All intensity profiles were analysed in MetaMorph 7.1.3.0 software (MDS
Analytical Technologies). Line intensily analysis was performed as described by
Komarova etal.”. Briefly, for the linescan analysis, the intensity profiles along 1
pixel depth line at the microtubule tips were analysed. To estimate the amount
of CLIP-170 bound ecither to the outermost microtubule tips within a box of
four pixels {within a 0.129-pm square box) on a side (outer tip) or to the entire
microtubule tips within a rectangle covering the entire positively stained tip (total
bound), integrated fluorescence intensity at each area was measured for each
channel afer external background of the same area was subtracted. To quantify
the amount of stabilized and total tubulin, the integrated fluorescence intensity
stained with a detyrosinated tubulin antibody or an a-tubulin antibody was meas-
ured throughout whole cell with background subtraction and divided by the cell
area, To measure the paxillin-positive area, lines at every fluorescent border were
detected automatically, and each area enclosed by these lines was calculated using
WinROOF Ver.6.0 (MITANI Corporation).

Time-lapse imaging and tracking. Vero cells and Vero cells stably or transiently
expressing CLIP-170-EGFP were seeded on a collagen-coated 35-mm glass dish at
a density of 4x10'cm ™, starved for 5 b, and stimulated as indicated in the figures.
"The fluorescence images were recorded with an Olympus IX-81 inverted fluores-
cence microscope (Olympus) equipped with a cooled CCD CoolSNAP-HQ camera
{Roper Scientific) using a PLAPO x60 or x100 (Olympus) oil immersion objective
lens controlled by MetaMorph version 7.1.3.0. An EGFP image was obtained every
second through a U-MNIBA2 filter (Olympus), which had 2 470-495 excitation
filter and a 510-550 emission filter. For fluorescence intensity plots of CLIP-170~
EGFP, fluorescent images were acquired as described by Komarova et al . Briefly,
time-lapse series of 30 images were acquired with a 500-msec interval using stream
acquisition mode. CLIP-170 kinetics were analysed on 16-bit depth images after
subtraction of the external background. We measured the fluorescence intensity
values within the line of 1 pixel in width along the CLIP-170~EGFP tracks over
time. We determined the beginning of a comet as the point at which fluorescence
intensity showed a rapid rise and the end of a comet as the point at which fluores-
cence intensity reached baseline. Differential interference contrast (DIC) irnages
were obtained every 10 min. MetaMorph was used to convert a series of time lapse
images to video format and obtain tracking images.

Scratchassay. Vero cells were plated on a collagen-coated dish at a density of 2x10*
cm™and transiently transfected with WT, $3114, or $311D CLIP-170-EGFP using
Lipofectamine 2000. One hour later, sSIRNA was administered using the same pro-
cedure. After 40 h, cells were plated on a collagen-coated 35-mm glass dish at a
density of x10* e, When we stained cells with a detyrosinated tubulin antibody,
Vero cells were seeded on a polylysine coated glass dishes. After 8 h, a scratch line
was made with a p200 pipette tip, and the dishes were washed once with fresh
medium. Repeated observations of the edge of the same scratched lesion were per-
formed. Either 0.2% DMSO (control) or Compound C (20 pM) was administered
every 2 h, and the medium was replaced every 4 h. After 12 h, the cells were fixed
and immunostained with a y-tubulin antibody, as described above. For the cell
polarity analysis, the angles (6) of each cell to the scratched line were measured.
First, we drew line A from the point stained with a y-tubulin antibody to the centre
of the nucleus. Next, we drew line B from the centre of the nucleus to the scratched
line. The angles () between lines A and B were determined. The distance of gap
closure was calculated as the total distance of the gap closed over 12 h. Also, the
aumbers of cells in the first two layers from the edge that were perpendicular with
respect to their migration direction were calculated.

Cell migration assay. Vero cells were prepared as described for the scratch assay.
Cells were plated on a collagen-coated 35-mum glass dish at a density of 5x10°cm™>
After 3 h, DIC images were recorded every 10 min for 12 h with an Olympus IX-81
inverted fluorescence microscope equipped with an ONICS stage top incubator sys-
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tem and an INUG2 temperature and CO, control unit (Tokai Hit). RFP images were
also recorded at the same time to assess whether the siRNA duplex was effectively
delivered into each cell by the co-transfection of control siRNA labelled with Alexa
Fluor 546 (Qiagen) and siRNA targeting for AMPK. To determine cell trajectories,
the centrioles of the cell nuclei were tracked throughout time-lapse movies, and we
made migration tracking images using MetaMorph 7.1.3.0 software, Migration speed
was expressed as the average of each migration speed obtained every 10 min.

Statistical analyses. Box and whisker plots show the entire population. Other
data are expressed as means # s.e.m. The two-tailed Student’s t-test was used to

METHODS

analyse differences between two groups. Differences among multiple groups were
compared by one-way ANOVA, followed by a post hoc comparison using the
Dunnett method with JMP 8.0.1 software (SAS Institute). P <0.01 was considered
statistically significant.

23. Fukata, M. et al. Rac1 and Cdc42 capture microtubules through IQGAP] and CLIP-170.
Cell 109, 873-885 (2002).

24, Palazzo, A, F. et al. Cdc42, dynein, and dynactin regulate MTOC reorientation independ-
ent of Rho-regulated microtubuie stabilization. Curr. 8i0L 11, 1536-1541 (2001),

25. Komarova, Y. et al. EB1 and EB3 control CLIP dissociation from the ends of growing
microtubules. Mol. Biol. Cell 16, 5334-5345 {2005).
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Figure S1 Screening of AMPK substrate in various organs. (a) A graphic chart
of the fractions acquired from homogenised mouse heart using an anion
exchange column with an NaCl concentration gradient (dotted line). The solid
line represents the optical density (OD) of each sample. Further analysis was
performed using fractionated samples, indicated by the red line. (b-d) in

vitro kinase reaction. A wide range of fractionated samples from mouse heart
(b), placenta (c), and liver {d) were incubated with recombinant kinase-dead
{KD) or wild-type (WT) AMPK in the presence of [y-32P] ATP, separated by
SDS-PAGE, and visualised by autoradiography. A 32P-incorporated ~170 kDa
polypeptide {p170) was detected in fractions treated with WT AMPK but not in
fractions treated with KD AMPK (fractions 23 to 27 in b). {e) A graphic chart
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of the fractions containing AMPK-induced 32P-incorporated proteins from
mouse heart using a reverse-phase high-performance liquid chromatography
(HPLC) column with an acetonitrile concentration gradient (dotted line).

The solid biack line represents the optical density (OD) of each sample. The
radioactivity of each refractionated sample was measured using a Cerenkov
counter (blue line). Further analysis was performed using refractionated
samples, indicated by the red line. (f, g) Images obtained by autoradiography
(f) and silver staining (g) of samples that were refractionated by reverse-phase
HPLC. Red brackets denote p170 incorporated 32P by AMPK. (h) Amino acid
sequence of CLIP-170. Sequence analysis by MALDI-Qq-TOF MS/MS revealed
p170 to be CLIP-170. Matching amino acids are shown in red letters.
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Figure S2 (a) Lysates from Vero cells treated with 2 mM of AICAR were
analysed for the phosphorylation of CLIP-170, ACC, and AMPK. (b) Images
of Vero cells that were immunostained with both a CLIP-170 C antibody and
an a-tubulin antibody after DMSO (left) or Compound C (right) treatment.
The scale bars represent 3 pm. (¢) Linescan analysis aiong the staining
area by a CLIP-170 C (green) and a a-tubulin (red) antibody corresponding
to figure {b), which shows the distribution of CLIP-170 treated with DMSO
(left) or Compound C (right). (d) Box and whisker plots of the intensity

of CLIP-170 bound to the whole tip (left) or to its outer part (right) after
treatment with DMSO (blue) or Compound C (red). n=30, *p<0.01 versus
DMSO. (e, f) Immunostained images of Vero cells stably expressing WT
CLIP-170-EGFP (GFP image, each shown in the left) and treated with
control siRNA (e} and siRNA targeting both AMPKal and a2 (f). These celis
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were stained with a p-CLIP-170 antibody {centre). The merged images are
shown on the right. The boxed regions in the panels are enlarged below each
panel. The scale bars represent 10 pm (upper row) and 5 um (lower row).
(g, h) GFP images of Vero cells stably expressing CLIP-170-EGFP treated
with control siRNA (g) or siRNA targeting both AMPKal and a2 (h). The
white boxed regions in the panels are enlarged below each panel. The scale
bars represent 10 yum (g, h upper row) and 5 um (enlarged images of g, h).
(i) Bar graphs showing the speed (left) and length (right) of a single comet
of cells treated with control siRNA or siRNA targeting both AMPKal and
a2. Values are means + s.e.m. n are given in parentheses. *p<0.01 versus
cantrol siRNA. (j) Bar graphs showing the shortening distance measured for
30 microtubules before and after Compound C treatment. Values represent
means = s.e.m. *p<0.01 versus pre.
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Figure 83 Loss of CLIP-170 phosphorylation increases stabilised microtubules.
(a-c) Immunostained images of Vero cells transiently expressing WT (a), S311A
(b) and $311D (c) CLIP-170-EGFP (GFP image, each left, green). These cells
were stained with a detyrosinated (Glu) tubulin antibady {each centre, red)

1o visualise stable microtubules. (d-f) immunostained images of Vero cells
transiently expressing WT (d), S311A (e) and $S311D (f) CLIP-170-EGFP

(GFP image, each left, green) treated with Compound C. These cells were also
stained with a detyrosinated (Glu) tubulin antibody (each centre, red). (g-i)
Immunostained images of Vero cells expressing WT (g), S311A (h) and S311D
(i) CLIP-170-EGFP (GFP image, each left, green) treated with siRNA targeting
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both AMPKal and a2. These cells were also stained with a detyrosinated

(Glu) tubulin antibody (each centre, red). DAP! stained nucleus (blue). Yellow
dotted line indicates border zone of cells and fluorescence intensity in this area
was measured. The scale bars represent 10 um. (j, k) Bar graphs showing the
amount of stabilised microtubules (j, detyrosinated tubulin antibody positive)
and total microtubules (k, a-tubulin antibody positive) in various conditions. Y
axis indicates fluorescence intensity divided by the area size of cells. Values are
means + s.e.m. n=10 for each group. *p<0.01 versus WT CLIP-170. **p<0.01
versus S311D CLIP-170. §p<0.01 versus $311D CLIP-170 with Compound C.
§§p<0.01 versus S311D CLIP-170 with AMPK siRNA.
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Figure S4 Loss of CLIP-170 phosphorylation increases the size of focal
adhesion. (a) Immunostained images of Vero cells transiently expressing
S$311D CLIP-170-EGFP (GFP image, left). These cells were stained with
fluorescein-conjugated phalloidin {centre) and a paxillin antibody {right)

to visualise actin microfilaments and focal adhesions, respectively. (b-d)
Immunostained images of Vero cells transiently expressing WT (b), S311A
(c) and $311D (d) CLIP-170-EGFP (GFP image, left) treated with Compound
C. These cells were also stained with fluorescein-conjugated phalloidin
(centre) and a paxillin antibody (right}. (e} Immunostained images of Vero
cells transiently expressing $311A CLIP-170-EGFP (GFP image, left) treated
with siRNA targeting both AMPKal and «2. These cells were also stained
with fluorescein-conjugated phalloidin (centre) and a paxillin antibody
(right). The white boxed regions in the panels are enlarged below each panel.
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The scale bars represent 10 um (a-e, upper row) and 5 um (a-e, bottom
row). (f) Box and whisker plots of the area stained with a paxillin antibody
showing the 25th percentile (bottom line of each box), median (middie line
of each box), 75th percentile (top line of each box), and the 5th and 95th
percentiles (each whisker). n=10 for each group. *p<0.01 versus S311D
CLIP-170. §p<0.01 versus S311D CLIP-170 with Compound C. (g) Bar
graph showing the distance of the gap closed 12 h after scratch. The cells
were treated by either repeated administration of DMSO or Compound

C, or transfected with WT or S311D CLIP-170 and siRNA targeting

both AMPKaland o2. (h) Bar graphs showing the rate of cells that are
perpendicular with respect to their migration direction in the first two layers
of the leading cells. Values are means + s.e.m. of triplicates. *p<0.01 versus
DMSO0. §p<0.01 versus S311D CLIP-170 with siRNA for AMPK,
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Figure S5 Uncropped versions of the immunoblots shown in the main figures.
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Table S1 Properties of comet dynamics on microtubules in Vero cells transiently expressing different CLIP-170-EGFP constructs treated with various

conditions. Cells were treated with compound C for 10 min or transfected with siRNA targeting both AMPKal and «2. Values are means x s.e.m. *p<0.01
versus WT CLIP-170 before Compound C. **p<0.01 versus $311D CLIP-170 before Compound C. ***p<0.01 versus $311D CLIP-170 after Compound C.

§p<0.01 versus WT CLIP-170 with siRNA for AMPK. §§p<0.01 versus S311D CLIP-170 with siRNA for AMPK. WT, wild type.

treatment

1
1
1
1

CLIP-170

comet speed
(um/sec)

comet length
(um)

Before Compound C

WT

S31MA

S311D

0.48 + 0.01 (n=10)
0.26 £0.02 (n=10) * **

0.54 +0.01 (n=10)

1.80 £ 0.05 (n=132)
3.20 £ 0.11 (n=109) * **

1.56 £ 0.04 (n=99)

After Compound C

S311A

S31MD

0.34 £0.01 (n=10) * ***
0:24 £0.03 (n=10) * ***

0.48 +0.02 (n=10)

3.68 £ 0.09 (n=115) * ***
3.42 £ 0.11 (n=108) * ***

1.62 + 0.05 (n=91)

AMPK siRNA

e e e e e o e e b e e mn o o v ] e - - - - -

S311A

S$311D

0.34 £0.02 (n=10)
0.22+0.02 (n=10) § §§

0.50 £0.01 (n=10)

3.29 £ 0.15 (n=92)
3.32£0.12 (n=87) § §§

1.49 + 0.03 (n=127)
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Supplementary Movie Legends

Movie $1 Time lapse imaging of a cell stably expressing WT CLIP-170-EGFP and treated with DMSO {control). An EGFP image was obtained every second for
1 min at baseline and then 2 min, 10 min, and 20 min after administration of DMSO. The scale bar represents 10 ym.

Movie $2 Time lapse imaging of a cell stably expressing WT CLIP-170-EGFP and treated with Compound C. An EGFP image was obtained every second for 1
min at baseline and then 2 min, 10 min, and 20 min after administration of Compound C. The scale bar represents 10 uym, .
Movie S3 Time lapse imaging of a cell stably expressing WT CLIP-170-EGFP and treated with siRNA targeting both AMPKal and a2. An EGFP image was
obtained every second for 1 min. The scale bar represents 10 pm.

Movie S4 Time lapse imaging of a cell transiently expressing $311A CLIP-170-EGFP. An EGFP image was obtained every second for 1 min. The scale bar
represents 10 pm.

Movie S5 Time lapse imaging of a cell transiently expressing S311D CLIP-170-EGFP. An EGFP image was obtained every second for 1 min. The scale bar
represents 10 pm.

Movie S6 Time lapse imaging of a cell transiently expressing WT (upper half) or S311D (lower half) CLIP-170-EGFP treated with control siRNA (left) or siRNA
targeting both AMPKal and a2 {right). An EGFP image was obtained every second for 1 min. The scale bar represents 10 gm.

Movie S7 Time lapse imaging of a cell stably expressing tubulin-EGFP before {left) and 10 minutes after (right) Compound C treatment. An EGFP image was
obtained every second for 2 min. The scale bar represents 10 ym.

Movie S8 Cell migration assay. Time lapse imaging of cells transiently expressing WT CLIP-170 (upper left panel), S311A CLIP-170 (upper right panel), WT
CLIP-170 treated with siRNA targeting both AMPKal and a2 (lower left panel} and $311D CLIP-170 {reated with siRNA targeting both AMPKal and o2
{lower right panel). A DIC image (upper half), and a merged image of DIC and RFP {lower half) were obtained every 10 min for 12 h. An RFP image indicates
effective delivery of siRNA for AMPK into each cell. -
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Sirolimus-Eluting Stent Versus Balloon Angioplasty for
Sirolimus-Eluting Stent Restenosis: Insights From the
j-Cypher Registry

Mitsuru Abe, MD: Takeshi Kimura, MD; Takeshi Morimoto, MD, MPH; Takuya Taniguchi, MD;
Futoshi Yamanaka, MD; Kazuhiro Nakao, MD; Nobuhito Yagi, MD; Nobuaki Kokubu, MD;
Yoichiro Kasahara, MD; Yu Kataoka, MD; Yoritaka Otsuka, MD; Atsushi Kawamura, MD;

Shunichi Miyazaki, MD; Koichi Nakao, MD; Kenji Horiuchi, MD; Akira Ito, MD;
Hiroshi Hoshizaki, MD; Ren Kawaguchi, MD; Manabu Setoguchi, MD; Tsukasa Inada, MD;
Koichi Kishi, MD; Hiroki Sakamoto, MD; Nobuyuki Morioka, MD; Masao Imai, MD; Hiroki Shiomi, MD;
Hiroshi Nonogi, MD; Kazuaki Mitsudo, MD;, for the j-Cypher Registry Investigators

Background—Optimal treatment strategies for restenosis of sirolimus-eluting stents (SES) have not been adequately
addressed yet. ,

Methods and Results—During the 3-year follow-up of 12 824 patients enrolled in the j-Cypher registry, 1456 lesions in 1298
patients underwent target-lesion revascularization (TLR). Excluding 362 lesions undergoing TLR for stent thrombosis or TLR
using treatment modalities other than SES or balloon angioplasty (BA), 1094 lesions with SES-associated restenosis in 990
patients treated with either SES (537 lesions) or BA (557 lesions) constituted the study population for the analysis of recurrent
TLR and stent thrombosis after the first TLR. Excluding 24 patients with both SES- and BA-treated lesions, 966 patients
constituted the analysis set for the mortality outcome. Cumulative incidence of recurrent TLR in the SES-treated restenosis
lesions was significantly lower than that in the BA-treated restenosis lesions (23.8% versus 37.7% at 2 years after the first
TLR; P<<0.0001). Among 33 baseline variables evaluated, only hemodialysis was identified to be the independent risk factor
for recurrent TLR by a multivariable logistic regression analysis. After adjusting for confounders, repeated SES implantation
was associated with a strong treatment effect in preventing recwrrent TLR over BA (odds ratio, 0.44; 95% confidence interval,
0.32 to 0.61; P<<0.0001). The 2-year mortality and stent thrombosis rates between the SES- and the BA-treated groups were
10.4% versus 10.8% (P=0.4) and 0.6% versus 0.6%, respectively.

Conclusions-—Repeated implantation of SES for SES-associated restenosis is more effective in preventing recurrent TLR
than treatment with BA, without evidence of safety concerns. (Circulation. 2010;122:42-51.)

Key Words: restenosis & angioplasty m stents ®& balloon

lthough sirolimus-eluting stents (SES) significantly re- In patients with bare-metal stent restenosis, several pro-

duce the rates of angiographic restenosis and target-
lesion revascularization (TLR),! the widespread use of SES in
complex lesions was reported to be associated with higher
TLR rates in real-world clinical practice.>3

spective multicenter randomized trials demonstrated that the
implantation of SES was superior to balloon angioplasty
(BA),*s implantation of bare-metal stent,% or vascular brachy-
therapy.” Although a few previous small observational studies

compared the use of SES for restenosis of SES with the use
of BA in preventing recurrent TLR,3-/0 there is no report
from either randomized trials or large-scale observational

Editorial see p 5
Clinical Perspective on p 51
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| 19675 lesions

v

{ 17050 lesions treated with SES only

v

l Any TLR population: 1456 lesions {1298 patients) I

(12824 patients) enrolled in the [-Cypher registry |

(12365 patients) |

——)‘ 108 lesions with TLR for stent thrombosis ]
v T

[ TLR for SES-associated restenosis: 1353 lesions (1197 patients) ]

other than SES or BA

87 CABG
51 BMS
100 Other types of DES

1 Rolational atherectomy
1 Aspiration

11 Unidentified

20 Failed procedures

259 lesions with TLR using treatment modalities

8 Combination of SES and other stent types

Figure 1. Patient and lesion flowchart for
the current analysis. BMS indicates
bare-metal stent; CABG, coronary artery
bypass grafting; and DES, drug-eluting
stent.

h 4

Study population (re-treated with SES or BA)
Analysis set for recurrent TLR and ST
1094 lesions (990 patients)
(SES;537 lesions, BA; 5§57 lesions)

24 patients with both SES- and BA-treated lesions
55 lesions(SES; 27, BA; 28)

Analysis set for mortality after first TLR
966 patients
(SES; 475, BA; 491)

studies investigating the efficacy of SES for restenosis
agsociated with SES use.

Although there are potential concerns for increased risk of

death or stent thrombosis (ST) associated with repeated SES
implantation for the treatment of SES restenosis, safety issues of
this treatment strategy have not been adequately addressed yet.

In this report, we compared the incidences of recurrent
TLR, ST, and mortality between the 2 groups of lesions with
SES-associated restenosis treated with either SES or BA by
analyzing the 3-year follow-up data from the large-scale
cohort of the j-Cypher registry.?

Methods
Study Population

The j-Cypher regisury is a physician-initiated prospective multicenter
observational study in Japan enrolling consecutive patients undergo-
ing SES implantation, and the study protocol and main results were
reported previously.® The relevant review boards in all 37 partici-

pating centers (sce online-only Data Supplement) approved the study
protocol. Written informed consent was obtained from all patients.

Follow-up data were obtained until October 2008 from hospital
charts or by contacting patients and/or referring physicians at 30
days. 6 months. 1 year, and yearly thercafter. Data on TLR and the
treatment modalities for TLR were prospectively coliected. Clinical
follow-up was continued after the TLR events.

Among 12824 patients with {9 675 lesions enrolled in the
registry, 17 050 lesions in 12 3635 patients were treated exclusively
with SES. During the 3-year follow-up (median, 829 days; interquar-
tile range (IQR), 498 to 1108 days), 1456 lesions (8.5%) in 1298
patients underwent TLR. Multiple lesions within the same patient
were considered to be independent observations for lesion-specific
analyses. Cumulative incidences of TLR based on lesion estimated
by the Kaplan-Meier method were 5.7% at | year, 8.1% at 2 years,
and 10.0% at 3 years. Excluding 103 lesions with TLR for ST, 1353
lesions underwent TLR for SES-associated restenosis. Excluding
259 lesions with TLR using treatment modalities other than SES or
BA, 1094 lesions with SES-associated restenosis in 990 patients (1
lesion in 899 patients, 2 lesions in 79 patients, 3 lesions in 11
patients, and 4 lesions in I patient) treated either with SES (537
lesions) or BA (557 lesions) constituted the study population for the
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Tabie 1. Baseline Characteristics of Patients Undergoing TLR
by SES or BA for SES-Associated Restenosis
SES BA .
Characteristics (n=475) (n=491) P
Age, ¥ 67.4+10.2 67.7+10.0 0.6
Age =80y 48 (10} 52 (11) 0.8
Male sex 366 (77) 382 (78) 0.8
Body mass index 237%35 23.9x33 0.4
Body mass index =25.0 163 (34) 171 (35) 0.9
Hypertension 361 (76) 373 (76) 1.0
Diabetes meliitus 225 (47) 286 (58) 0.0007
Insuiin therapy 62 (13) 101 (21) 0.002
Current smoking 89(19) 86 (18) 0.6
8GFR <30, without hemodialysis 23 (6) 26 (6) 0.7
Hemodialysis 61 (13) 76 (15) 0.2
Acute coronary syndrome 110 (23) g5 (19) 0.1
STEMI 44 (9) 30 (6) 0.068
Non-STEMI 10(2) 8(2) 0.6
Unstable angina pectoris 56 (12) 57 (12) 0.9
Prior myocardial infarction 135 (28) 149 (30) 0.5
Prior stroke 51 (11) 49 (10) 0.7
Peripheral vascular disease 82(17) 65 (13) 0.08
Prior heart failure 60(13) 57 (12) 0.6

Diseased vessels 0.1

Single-vessel disease 163 (34) 183 (37)
Double-vessel disease 135 (28) 136 (28)
Triple-vessel disease 82 (17) 76 (15)
Unprotected LMCA 36 (8) 53(11)
Prior CABG 59 (12) 43(9)
Ejection fraction (%} 57.4+137  55.5x136  0.051
Ejection fraction =40% 55(12) 57(12) 1.0
Emergent procedure 43(9) 39 (8) 0.5

Ejection fraction in 138 patients (59 in SES and 79 in BA) was missing.
Ejection fraction >40% was imputed in patients with missing values for
gjection fraction. CABG indicates coronary artery bypass grafting, eGFR,
estimated glomerular filtration rate; LMCA, left main coronary artery; and
STEMI, ST-segment elevation myocardial infarction. Values are mean==8D or n (%).

current analysis (Figure 1). The duration of follow-up after the first
TLR was not statistically different between SES-treated (median,
627 days; IQR, 343 10 877 days) and BA-treated lesions (median.
580 days; IQR, 292 10 844 days; P=0.1). Incidences of recurrent
TLR and ST.on lesion basis after the first TLR were compared
between the SES-treated lesions and the BA-treated lesions. Exclud-
ing 24 patients with both SES- and BA-treated lesions, 966 patients
constituted the analysis set for the mortality outcome after first TLR.

Choice of the treatment strategy at the time of TLR was left to the
discretion of the individual operators. Among 557 lesions treated
with BA, “plain old” balloon angioplasty was performed in 471
lesions, and cutting balloon was used in 86 lesions.

Recommended antiplatelet regimen after SES implantation was
aspirin (=81 mg daily) indefinitely and thienopyridine (200 ing of
ticlopidine or 75 mg of clopidogrel daily) for at least 3 months.
Antiplatelet regimen after BA for SES-associated restenosis and
duration of antiplatelet therapy were left to the discretion of each
attending physician.

Outcomes and Definitions
The primary outcome for the current analysis is recurrent TLR after
the first TLR for SES-associated restenosis. TLR was defined as

Table 2. Baseline Lesion and Procedural Characteristics
of Lesions Undergoing TLR by SES or BA for
SES-Associated Restenosis

SES BA
(n=537) (n=557) P

Lesion location 0.003

LAD 223 (42) 200 (36)

LCx 66 (12) 101 (18)

RCA 205 (38) 210 (38)

LMCA 22(4) 37(7)

Saphenous vein graft 19{4) 7{(1)
De novo lesion 388 (72) 359 (64) 0.008

* In-stent restenosis 80 (15) 145 (26) <0.0001

STEMI culprit lesion 22 (4) 15(3) 0.2
Ostial tocation 64 (12) 83(15) 0.1
Chronic total occlusion 57 (11) 81(15) 0.050
Severe calcification 84 (18) 89 (16) 0.8
Bifurcation lesion 121 (23) 143 (26) 0.2

Side branch stenting 34 (6) 58 (10) 0.01
Complex lesion (B2&C) 423 (79) 458 (82) 0.1
Lesion fength =30 mm 125 (23) 169 (30) 0.01
Reference diameter <2.5 mm 166 (31) 170(31) 0.8
Use of intravascular uitrasound 258 (48) 210 (38) 0.0005
Direct stenting 100 {19) 55 (10) <0.0001
Additional dilatation 267 (50) 281(50) 0.8
Maximum inflation pressure, atm  18.2%34 18.5x3.5 0.2
No. of stents used, median {iQR) 1 (1-2) 10-2) 0.0003
Length of stents used, median 28 (18-46) 33{23-51) 0.0003
(IQR), mm
Minimal stent size, median 302530 25(@5-30) 0.001
{IQR), min

Values are mean=SD or n (%) unless otherwise indicated. Maximum
inflation pressure in 4 lesions {2 in SES and 2 in BA) and minimal stent size in
1 lesion (1 in BA) were missing. LAD indicates left anterior descending coronary
artery; LCx, left circumflex coronary arfery; and RCA, right coronary artery.
Other abbreviations as in Table 1.

either percutaneous coronary intervention or coronary artery bypass
grafting surgery due to restenosis or ST of the target lesion that
included the proximal and distal edge segments and the ostium of the
side branches. Retreatment for restenosis in the side branch of a
bifurcation lesion was also included in TLR. There was no distinc-
tion of whether TLR was clinically or angiographically driven.

The secondary outcomes included mortality and ST after the first
TLR. ST was defined as definite ST according to the Academic
Research Consortium definition.!* In comparing the incidences of
recurrent TLR and ST between SES and BA treatment, analyses
were done on a lesion basis. Lesion was defined as the area covered
by single or multiple overlapping stents. When 2 stents were placed
without overlap, these 2 areas were regarded as 2 separate lesions.
When multiple overlapping stents were placed from left main
coronary arfery to left anterior descending coronary artery, these
arcas were regarded as 2 separate lesions despite placement of
overlapping stents. Lesions located within 3 mm from the ostium
were regarded as ostial lesions.

Coronary angiographic parameters such as reference vessel diam-
eter, percent diameter stenosis, and lesion length were assessed in
each participating center either by visual assessment or quantitative
angiographic measurement. A bifurcation lesion was defined as that
involving a side-branch of 2.2 mm in diameter. Lesion complexity
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and angiographic patterns of restenosis were determined by the site
invéstigators according to the American Heart Association/American
College of Cardiology lesion type classification!? and the scheme of
Mehran et al,’? respectively. Angiographic data at first TLR were
collected in 1045 lesions (96%) of 1094 lesions with first TLR.
Qutcome according to angiographic patterns of restenosis was
evaluated in 1022 lesions treated either with SES (508 lesions) or BA
(514 lesions), excluding 23 lesions with retreatment for restenosis in
the side branch of a bifurcation lesion.

Statistical Analysis

Continuous variables are presented with mean=SD or median and
IQR. and categorical variables are expressed as number and percent-
ages. Categorical variables were compared with the ¥ test. Contin-
uous variables were compared with the ¢ test or Wilcoxon rank-sum
test based on the distribution. Incidences of the primary and
secondary outcomes were estimated by the Kaplan-Meier method,
and differences were assessed with the log-rank test.

In an attempt to adjust for the differences in baseline clinical,
angiographic, and procedural characteristics between the SES- and
BA-treated lesions, a multivariable logistic regression model was
constructed using recurrent TLR within 1 year after the first TLR as
dependent variable and 33 baseline factors as well as the treatment
strategy of SES-associated restenosis (SES or BA ftreatment) as
independent variables. Baseline factors used for analysis were those
present at the time of initial entry into the j-Cypher registry, but not
those present at the time of the first TLR. A multivariable logistic
regression model instead of Cox proportional hazard model was
used, because restenosis has been well known to be a time-related
phenomenon, and also the timing of TLR could be highly influenced
by physicians’ and patients’ decision. Actually, proportional hazard
assumption for the variables was not verified. By using a logistic
regression model, we could minimize the influence of the timing of
TLR on the analysis of risk factors for recurrent TLR. Eligible
lesions for Jogistic regression analysis included those lesions with
recurrent TLR events within the first year after the first TLR relative
to those lesions with complete follow-up and without recurrent TLR
events at 1 year after the first TLR. Continuous variables were
dichotomized by clinically meaningful reference values as shown in
Table | and 2. We selected variables with P<<0.05 in the univariate
analyses together with the treatment strategy of SES-associated reste-

Figure 2. Cumulative incidences of
recurrent TLR in SES-associated reste-
nosis lesions treated with SES as com-
pared with those treated with BA.
Abbreviations as in Figure 1.

30

31
37
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238%
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nosis {SES or BA) and included them simultaneously in a multivariable
model. Independent risk factors for recurrent TLR were expressed as
odds ratios (ORs) and their 95% confidence intervals.

All analyses were conducted by physicians (M.A. and T.K.) and a
statistician (T.M.) using ITMP 8 (SAS Institute Inc, Cary, NC), and
reported P values were 2-sided. The study sponsor was not involved
in the study design; in the collection, analysis, and interpretation of
data; writing of the report; or decision to submit the manuscript for

-publication.

Results

Baseline Characteristics
Baseline patient, lesion, and procedural characteristics were
significantly different between SES- and BA-treated lesions.
Patients treated with BA were more likely to have diabetes
mellitus, especially diabetes on insulin therapy (Table 1).
Lesions treated with SES were more frequently saphenous
vein graft lesions, de novo lesions, and those treated with use
of intravascular ultrasound and direct stenting. Lesions
treated with BA were more likely to be left circumflex
coronary artery lesions, in-stent restenosis, side branch stent-
ing, and long lesion length (=30 mm). and they were treated
with a greater number and longer stents (Table 2).

Incidence and Risk Factors of Recurrent TLR
Cumulative incidence of recurrent TLR in SES-treated lesions
was significantly lower than that in BA-treated lesions (17.0%
and 23.8% versus 32.4% and 37.7% at | year and 2 years after
the first TLR, respectively; £<0.0001) (Figure 2). Late catch-up
phenomenon was observed in both groups comparing year 1 and
2 at follow-up, and there does not appear to be a significant
difference between both treatment strategies.

Risk factors of recurrent TLR were evaluated by univariate
(Table 3) and multivariate analysis (Table 4). Lesions included
in the analysis for risk factors of recurrent TLR were 231 lesions
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Table 3. Univariate Correlates of Recurrent TLR Within 1 Year
After Treatment of SES-Associated Restenosis

Recurrent TLR
Yes No

Variable (n=231) {n=593) P
SES implantation 7733 325 (55) <0.0001
Age =80y 25(11) 47 (8) 0.2
Male sex 179 (77) 455 (77) 08
Body mass index =25.0 68 (29) 214 (36) 007
Hypertension 175 (76) 448 (76) 1.0
Diabetes mellitus 132 (57) 323 (54) 0.5

Insulin therapy 48 (21) 105 (18) 0.3
Current smoking 35 (15) 111 {19) 0.2
Treatment for hypercholesterolemia 115 (650) 272 (4B) 0.3
eGFR <30, without hemodialysis 15 (6) 24 (4) 0.1
Hemodialysis 46 (20) 67 {11) 0.002
Acute coronary syndrome 53 (23) 124 (21) 0.5
Prior myocardial infarction 56 (24) 160 (27) 0.4
Prior stroke 27(12) 60 (10) 05

Peripheral vascular disease 34 (15) 85 (14) 0.9
Prior heart faiture 39(17) 86 (11) 0.03
Diseased vessels 0.2

Single vesse! disease 75(32) 192 (32)

Double vessel disease 55 (24) 182 (31)

Triple vessel disease 50 (22) 103(17)

Unprotected LMCA 28 (12) 56 (9)

Prior CABG 23 (10) 60 (10)
Ejection fraction <40 29(13) 64 (11) 05
Eme‘rgent procedure 24 (10) 49 (8) 0.3
Lesion location 07

LAD 79(34) 234 (39)

LOx 38(17) 82 (14)

RCA 93 (40) 228 (38)

LMCA 12(5) 34 B)

Saphenous vein graft 73} 132
De novo lesion 142 (61) 412 (69) 0.03
In-stent restenosis 62 (27) 113 (19) 0.02

STEMI culprit lesion 4(2) 25 (4) 0.06
QOstial location 33(14) 79 (13) 0.7
Chronic total ecclusion 28 (12) 72 (12) 1.0
Severe calcification 52 (23} 85(14) 0.006
(
{

Bifurcation lesion 58 (25) 140 (24) 0.7
Side branch stenting 21(9) 48 (8) 0.6
Complex lesion (B2&C) 190 (82) 481 (81) 0.7
Lesion length =30 mm 71(31) 156 (26) 0.2
Reference diameter <2.5 mm 65 (28) 182 (31) 0.5
Use of intravascular ultrasound 86 (37) 275 {46) 0.02

Direct stenting 17{) 83 (14) 0.006
Additional dilatation 111 (48) 308 (52) 03

Values are mean=SD or n {%) uniess otherwise indicated. Abbreviations as
in Tables 1 and 2.

Table 4. Univariate and Multivariable Analysis for the Risk
Factors for Recurrent TLR Within 1 Year After Treatment of
SES-Associated Restenosis

Muitivariate
Univariate
(Odds Ratio Qdds Ratio
Variable (95% Cl) (95% C) P

SES implantation (vs BA)  0.41(0.30-0.56) 0.44 (0.32-0.61) <0.0001

Hemodialysis 1.95(1.29-2.94) 1.6 (1.02-2.53) 0.04
Prior heart failure 1,62 (1.05-2.48)  1.44(0.91-2.26) 0.1
De novo lesion 0.70 (0.51-0.96)  0.80 (0.55~1.51) 0.7

)
1.56 (1.09-2.22)
1.74 (1.18-2.54)

In-stent restenosis
Severe calcification
Use of IVUS

Direct stenting

1.21 (0.69-2.16) 05
1.53 (0.99-2.33) 0.054
0.69 (0.50-0.94) 0.78 (0.56-1.08) 0.1
0.49(0.27-0.82) 0.70(0.38-1.22) 0.2
Cl indicates confidence interval; IVUS, infravascular ultrasound.

with recurrent TLR events within the first year after the first
TLR and 593 lesions that completed l-year follow-up without
recurrent TLR after the first TLR, excluding 270 lesions fol-
lowed up less than | year without TLR. Univariate correlates of
recarrent TLR included hemodialysis, prior heart failure, de
novo lesion, in-stent restenosis, severe calcification, use of
intravascular ultrasound, and direct stenting (Table 3).

Among 33 baseline variables evaluated, only hemodialysis
was identified to be the independent risk factor for recurrent
TLR by a multivariable logistic regression analysis (Table 4).
After adjustment for the differences in baseline characteris-
tics, repeated SES implantation to treat SES-associated reste-
nosis as compared with treatment with BA was significantly
associated with less recurrent TLR (OR, 0.44; 95% confi-
dence interval, 0.32 to 0.61; P<0.0001).

Angiographic Results

Reference vessel diameter in SES-treated lesions was larger
than that in BA-treated lesions. However, percent diameter
stenosis and minimal luminal diameter were similar between
the 2 groups (Table 5).

Relative to angiographic patterns of SES-associated reste-
nosis, focal pattern was more prevalent than nonfocal pattern
(Figure 3). Angiographic patterns of SES-associated resteno-
sis were similarly distributed in the SES-treated lesions and

Table 5. Angiographic Findings at the First TLR

SES BA
{n=508) {n=514) P

Reference diameter, mm 2.95x0.48 2.88+0.45 0.02
Minimal {umen diameter, mm 0.70:+046  0.657x047 03
Percent diameter stenosis 76.4%147  76.8%156 06
Angiographic patterns of restenosis 03

Monofocal 376 (74) 384 (75)

Multifocal 32 (6) 38

Diffuse 46 (9) 54 (11)

Proliferative 20 (4) 10{2)

Occlusive 347 28 (5)

Values are mean=S8D or n (%).
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the BA-treated lesions. Cumulative incidence of recurrent
TLR events for nonfocal restenosis was significantly higher
than that for focal restenosis in the BA-treated lesions, but not
in the SES-treated lesions (Figure 4). Cumulative incidence
of recurrent TLR events for the SES-treated lesions was
significantly lower than that for the BA-treated lesions in
both focal and nonfocal restenosis (Figure 5).

Management of Sirolimus-Eluting Stent Restenosis 47

Restenosis in the side-branch, 23 {2%)

Figure 3. Distribution of angiographic
patterns of SES-associated restenosis.

Mortality and Stent Thrombosis

Incidences of death after first TLR were evaluated among 475
patients treated with only SES and 491 patients treated with only
BA for SES-associated restenosis. The overall mortality rates
were not significantly different between SES- and BA-treated
patients (4.5% and 10.4% versus 6.6% and 10.8% at | year and
2 years after the first TLR, respectively; P=0.4) (Figure 6).
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Figure 4. Cumulative incidences of recurrent TLR according to the patterns of SES-associated restenosis (focal versus nonfocal) in (A)

the BA-treated lesions and (B) the SES-treated lesions.
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Cumulative Incidence of Recurrent TLR
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Figure 5. Cumulative incidences of recurrent TLR according to the modalities of TLR (BA versus SES) in (A) the focal restenosis lesions

and (B) the nonfocal restenosis lesions.

Cumulative incidences of definite ST between SES- and
BA-treated lesions were 0.2% and 0.6% versus (0.6% and 0.6%
at 1 year and 2 years after the first TLR, respectively (Figure 7).

Discussion
The main findings of the present study are that use of repeated
SES implantation to treat SES-associated restenosis as compared
with treatment with BA had a very sttong treatment effect in
preventing recurrent TLR and that repeated SES implantation
was not associated with higher mortality nor increased incidence
of ST as compared with treatment with BA.

Optimal treatment strategy of SES-associated restenosis
has not been adequately defined yet. Because of the profound
antirestenotic efficacy of SES, the studies investigating the
outcome of varjous treatment strategies for SES-associated
restenosis are often hampered by the small number of the
study patients. However, with expanding indication of SES to
more complex lesions, management of restenosis of SES has
emerged as a clinically relevant issue. The very large sample
size and inclusion of many complex patients in the j-Cypher
registry provides an opportunity to evaluate the clinical
outcome of patients after the first TLR for SES-associated
restenosis.

To date, there is no report from either randomized trials or
large-scale observational studies investigating the efficacy of
SES over BA treatment for restenosis of SES. The results

from a few previous small observational studies were not
consistent in terms of efficacy of repeated SES implantation
to prevent recurrent TLR as compared with use of BA 310
Cosgrave et al® identified 250 drug-eluting stent-associated
restenosis in 203 patients and divided these lesions into 2
groups: focal and nonfocal. For focal restenotic lesions, the
incidence of TLR after drug-eluting stent implantation and
BA treatment was 8.6% and 11.4%. respectively, whereas for
nonfocal restenotic lesions, incidence was 22.6% and 24%,
respectively. Kitahara et al? reported that in {01 patients with
102 lesions undergoing TLR for SES-associated restenosis,
recurrent TLR tended to be lower with SES implantation than
with treatment with BA, both in the focal type (12.5% versus
35.5%) and in the nonfocal type (35.3% versus 50.0%),
respectively, during the mean follow-up of 13.0£8.9 months.
Angiographic analysis in the present study demonstrated
consistent reduction in the rate of recurrent TLR by use of
repeated SES implantation in both the focal-type and the
nonfocal type SES-associated restenosis.

Our current analysis revealed a very strong treatment effect
of repeated SES implantation over BA in preventing recurrent
TLR in a large number of patients with adjustment for
differences in baseline characteristics. Until otherwise proven
by adequately sized randomized trials, our current observa-
tion supports the choice of repeated SES implantation for
SES-associated restenosis.
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It is interesting to note that Kim et al'® reported that the
recurrent TLR rate at [ year was 3.3% for the SES group and
8.3% for the BA group. The reported incidences of both
groups were extremely low compared with other studies:
including ours. The discrepancy in the rate of recarrent TLR
might be related to some differences in lesion complexity and
in the pattern of restenosis. Focal restenosis was associated
with lower incidence of target lesion failure compared with
nonfocal restenosis in the case of treatment with bare-metal

730 associated restenosis.

stent!? and SES.3° Previous reports demonstrated that focal
restenosis remained the most common pattern (71.3% to
79.0%) with SES in real-world clinical practice.!*15 Although
we could not fully address the pattern of restenosis in the
current analysis, it is possible that the prevalence of nonfocal
restenosis might increase with increasing complexity of the
original target lesions. Also, it is likely that the routine follow-up
angiography often performed in Japanese clinical practice might
increase the rate of angiographically driven TLR.
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Predicting which patients would be likely to have refrac-
tory restenosis after SES implantation is clinically important
when choosing between percutaneous coronary intervention
and coronary artery bypass grafting surgery in patients with
complex coronary lesions. Hemodialysis was identified as the
only independent risk factor for recurrent TLR other than use
of BA. Other risk factors identified by univariate analysis.
such as severe calcification and in-stent restenosis, did not
emerge as independent risk factors by multivariate analysis,
probably due to the strong influence of the treatment modality
(SES or BA) on the outcome. Future investigation on the risk
factors for refractory restenosis should focus on those patients
undergoing repeated SES implantation for SES-associated
restenosis.

Although SES implantation was demonstrated to be asso-
ciated with better outcome rates as compared with BA in the
treatment of SES-associated restenosis, the incidence of
recurrent TLR after repeated SES implantation (17.0% at 1
year) was far from satisfactory. Outcome of treatment of
drug-eluting stent restenosis might be improved with differ-
ent types of drug-eluting stent. However, a recent report from
a relatively large randomized trial comparing paclitaxel-
eluting versus sirolimus-eluting stents for the treatment of
SES-associated restenosis demonstrated similar rates of re-
current TLR.'¢ Considering the unacceptably high recurrence
rate of SES-associated restenosis, development of some
innovative treatment strategies is obviously needed. Some
randomized, double-blind, multicenter trials demonstrated
that drug-eluting balloon reduced the need for TLR compared
with uncoated-balloon!” and paclitaxel-eluting stent.!’® Al-
though there is little information about drug-eluting balloon
versus SES for SES-associated restenosis, drug-eluting bal-
loon might be a promising alternative.

As for safety concerns, repeated SES implantation inside
the previously placed SES might lead to alterations in drug
release, hypersensitivity to “double-dose™ polymers, and an
inadequate stent expansion at the area of stent overlap. One or
more of these factors might cause unexpected adverse events
such as ST or death. Because of the growing concerns for
potentially higher risk of ST and/or death after SES implan-
tation, we evaluated the incidences of these 2 events after
SES implantation or BA treatment for SES-associated reste-
nosis; however, we did not find any significant differences in
the incidences of death or ST between the 2 groups. Although
the statistical power is obviously insufficient, we did not
find any safety signal with use of SES treatment for
SES-associated restenosis.

Study Limitations

There are several important limitations in this study. First,
selection of treatment strategies for SES-associated restenosis
were not randomized but were left to the discretion of the
individual operators. Baseline characteristics were signifi-
cantly different between SES- and BA-treated lesions. Al-
though adjusted comparison using a multivariable regression
model was conducted, there still might be some unmeasured
confounders. However, treatment effect of repeated SES
implantation in preventing recurrent TLR was very strong,
suggesting the robustness of our observation. Second, TLR

procedures constituting the study population were follow-up
events in the j-Cypher registry. Although we had extensive
data on clinical, lesion, and procedural characteristics at the
time of the index procedures, information other than treat-
ment modalities for TLR and angiographic findings were not
collected at the time of the TLR procedures. Therefore,
analysis of the risk factors for recurrent TLR was conducted
based on baseline characteristics at the time of index proce-
dures. Third, we did not systematically evaluate the reason
why TLR was undertaken. We could not discriminate be-
tween clinically and angiographically driven TLR. Decisions
on whether or not to perform TLR were largely dependent on
the preferences of the patients and the attending physicians. It
is likely that the routine follow-up angiography performed in
many Japanese centers might increase the rate of angio-
graphically driven TLR. Finally, we evaluated many baseline
characteristics as potential risk factors. The issue of multiple
comparison is unavoidable. However, our primary target is
SES versus BA for SES-associated restenosis, and other
factors were used only for adjustment. Therefore, this issue
does not have strong impact on our result.

Conclusions

Despite these study limitations, we would conclude that
repeated implantation of SES for treatment of SES-associated
restenosis is more effective in preventing recurrent TLR than
treatment with BA, without evidence of safety concerns.
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CLINICAL PERSPECTIVE

Optimal treatment strategies for restenosis of sirolimus-eluting stents (SES) have not been adequately addressed yet. A few
previous small observational studies compared the use of SES for restenosis of SES with the use of balloon angioplasty
(BA) in preventing recurrent target-lesion revascularization (TLR). However, there is no report from either randomized
trials or large-scale observational studies investigating the efficacy of SES for restenosis associated with SES vse. Our
current analysis revealed that cumulative incidence of recurrent TLR in the SES-treated restenosis lesions was significantly
lower than that in the BA-treated restenosis lesions (23.8% versus 37.7% at 2 years after the first TLR; P<<0.0001). Among
33 baseline variables evaluated, only hemodialysis was identified to be the independent risk factor for recurrent TLR by
a multivariable logistic regression analysis. After adjusting for confounders, repeated SES implantation was associated with
a strong treatment effect in preventing recurrent TLR over BA (odds ratio, 0.44; 95% confidence interval, 0.32 to 0.61:
P<0.0001). The 2-year mortality and stent thrombosis rates between the SES- and the BA-treated groups were 10.4%
versus 10.8% (P=0.4) and 0.6% versus 0.6%, respectively. Although other modalities like drug-eluting balloon catheters
might be promising alternatives, our results indicate that repeated implantation of SES for SES-associated restenosis is
more effective in preventing recurrent TLR than treatment with BA, without signals suggesting safety concerns. Until
otherwise proven by adequately sized randomized trials, our current observation supports the choice of repeated SES
implantation for SES-associated restenosis.
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BACKGROUND & AIMS: Body weight (BW) loss and
reduction of blood ghrelin level are commonly observed
after total gastrectomy (TG). A prospective study was
designed to elucidate whether exogenous ghrelin admin-
istration prevents postoperative BW loss by improving
appetite and oral food intake in patients with gastric
cancer after undergoing TG. METHODS: In this ran-
domized phase II study, 21 patients undergoing TG were
assigned to a ghrelin (11 patients) or placebo group (10
patients). They received intravenous infusion of synthetic
human ghrelin (3 ug/kg) or saline twice daily for 10 days
after starting oral food intake following surgery. Changes
in BW, appetite visual analog scale score, food intake
calories, body composition, basal metabolic rate, and
various blood test results were evaluated. RESULTS:
Bxcluding one patient who developed profound dia-
phoresis during ghrelin infusion, 20 patients completed
the study. Food intake and appetite were significantly
higher with ghrelin compared with placebo (average, 13.8
vs 10.4 kcal/kg/day [P = .030] and 5.7 vs 3.9
cm [P = .032], respectively). BW loss was significantly
lower in the ghrelin than in the placebo group {(—1.4% vs
—3.7%; P = .044). Fat mass, lean body mass, and basal
metabolic rate decreased significantly in the placebo
group; however, the reductions in lean body mass and
basal metabolic rate were not significant in the ghrelin
group, although thar of fat mass was significant. CON-
CLUSIONS: Short-term administration of synthetic
ghrelin was safe and successfully lessened postopera-
tive BW loss and improved appetite and food intake
after TG.

Keywords: Ghrelin; Total Gastrectomy; Gastric Cancer;
Body Weight Loss.

B ody weight loss is common and a serious outcome in
patients with gastric cancer who have undergone
total gastrectomy. It correlates well with decline in post-
operative quality of life and is the most reliable indicator
of malnurrition, which impairs immune function, infec-
tion susceprtibility, and survival.’-*> Although various
mechanisms have been considered, such as perturbation
of absorption due to reduced pancreatic excretion,*s de-

crease of gastric acid level,§ reflux esophagitis,” intestinal
floral alteration,® and increased peristalsis and diarrhea,®
reduced food intake'®!! is the most conceivable explana-
tion for body weight loss after total gastrectomy. There-
fore, surgeons dealing with gastric cancers have tried to
increase food intake by producing a gastric substitute,
such as a jejunal pouch, but such procedures have not
always been successful.’? Another study indicated that
the majority of patients with total gastrectomy could eat
food as much as healthy subjects under a regulated pro-
gram.'® Our own experience indicates that some patients
do not show significant body weight loss after total
gastrectomy by resorting to small but frequent meals.
These changes suggest that reduced food intake after
total gastrectomy could not be simply explained by loss
of storage volume due to gastrectomy, but rather reflect
a disturbance of eating activity through an unknown
mechanism.

The 28 -amino acid peptide ghrelin is the endogenous
ligand for the growth hormone (GH) secretagogue recep-
tor la, which stimulates GH release from the pituitary
gland.!* The majority of ghrelin is produced by X/A-like
cells of the oxyntic glands in the stomach, and a smaller
amount is secreted from other organs, such as the intes-
tine, pancreas, kidney, and hypothalamus.'516 Ghrelin
has various physiologic functions in addition to secretion
of GH, such as promoting the appetite signal in the
hypothalamus (in contrast to leptin),’” stimulating gas-
trointestinal activity (such as peristalsis, gastric acid se-
cretion, and pancreatic excretion through the vagal
nerves),'$ and regulation of fat metabolism.!® In addi-
tion, ghrelin mitigates proinflammarory cytokine pro-
duction and attenuates the stress signal.?® Among the
pleiotropic functions of ghrelin, this peptide is the only
gastrointestinal hormone known to stimulate appetite. A
randomized double-blind study of healthy volunteers

Abbreviations used in this paper: ANOVA, analysis of variance; BMR,
body metabolic rate; GH, growth hormone; IGF, insulindike growth
factor.
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showed that ghrelin enhances appetite and increases food
intake.222 Thereafter, several clinical trials of patients
with heart failure,?® pulmonaty disease,?* and cancer ca-
chexia?s concluded that ghrelin successfully improved
the diseases along with increased oral food intake and
body weight. In the field of surgical treatment for obesity,
reduction in ghrelin levels after sleeve gastrectomy is
associated with successful body weight loss and appetite
suppression.26 Taken together, the discovery of ghrelin
allows the proposal of a new concept, body weight regu-
lation by the stomach, which could be applied to various
diseases with malnutrition,

We reported previously that serum ghrelin levels de-
creased to 10% to 20% of the preoperative level immedi-
ately after total gastrectomy?”?® and did not recover
thereafter, accompanied by approximately 20% body
weight loss.!%1227 These findings suggest that loss of
ghrelin could be irivolved in body weight loss observed
after total gastrectomy. The present prospective, random-
ized, placebo-controlled phase II study investigated the
effects of exogenous ghrelin administration on postop-
erative body weight loss by improving appetite and oral
food intake in patients with gastric cancer who had
undergone total gastrectomy. We report here the success-
ful results of the study, and further use of ghrelin for
these patients is discussed.

Patients and Methods
Patients

Twenty-one patients who underwent total gastrec-
tomy at Osaka University Hospital between June 2006
and June 2008 were enrolled in the study. The inclusion
criteria were as follows: (1) adenocarcinoma of the stom-

ach confirmed by histopathologic examination, (2) pre- °

operative clinical staging with less than stage II (Interna-
tional Union Against Cancer TNM stage classification),
(3) curative surgical treatment (RO) (ie, total gastrectomy
with D1 or D2 lymph node dissection), and (4) age
between 20 and 80 years. The exclusion criteria were the
presence of any of the following: (1) cardiopulmonary,
liver, or renal dysfunction; (2) active dual malignancy; (3)
pregnancy; (4) past history of gastrointestinal surgery;
and (5) postoperative complications after total gastrec-
tomy that could affect oral food intake, such as anasto-
motic leakage, pancreatitis, and mechanical ileus. Twenty-
one patients were randomized by sealed envelope and
divided into 2 study groups. The center office generated
the allocation sequence and enrolled and assigned the
patients to the 2 groups, and the random allocation
sequence was concealed until interventions were as-
signed. Eleven patients received repeated administrations
of ghrelin (ghrelin group), and 10 patients received re-
peated administrations of pure saline (placebo group).
The study was approved by the Osaka University Ethics
Commmittee, and all patients gave written informed consent
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before study entry in accordance with the Declaration of
Helsinki. The study was registered at UMIN (htep://www.
umin.acjp; clinical trial no. UMIN000001925).

Preparation of Synthetic Human Ghrelin

Synthetic human ghrelin, which consists of 99.4%
acyl ghrelin and 0.6% des-acyl ghrelin, based on analysis
by high-performance liquid chromatography, was ob-
tained from Peptide Institute Inc (Osaka, Japan). Endo-
toxin examinations and the pyrogen test for ghrelin
solutions were conducted as described previously.?®
Synthetic human ghrelin was dissolved in distilled water
with 3.75% D-mannitol and sterilized by passage through
a filter. Ghrelin solution was stored in 2-mL volumes,
each containing 210 pg. These solutions were stored at
—20°C in sterile vials until preparation of ghrelin for
administration.

End Points and Study Protocol

The ptimary end point of this study was an in-
crease in orally ingested calories following ghrelin admin-
istration. The secondary end points included changes in
body weight, appetite, body composition, basal metabo-
lism, and blood tests. The study design is summarized in
Figure 1A. The patient usually started oral food intake of
rice porridge between postoperative day S and postoper-
ative day 7. All patients were served standard postopera-
tive meals, but they were always allowed to receive extra
food when they desired. In the following 10 days after
starting oral food intake, intravenous drip infusion of
synthetic human ghrelin (3 pg/kg) or placebo was ad-
ministered twice a day (before breakfast and before din-
ner). Ghrelin solution and placebo (pure saline) were
added to a 50-mL saline bottle, which was intravenously
infused over a 30-minure petiod. The same amount of
ghrelin was administered through intravenous infusion
during the 10-day treatment; the dose was calculared
based on the body weight on the day before oral food
intake. During the study period, the same protocol of
intravenous infusion and the same menu of meals were
provided for the 2 groups. The composition of the intra-
venous infusion fluid was 43.0 g glucose, 35 mEq Na, 20
mEq K, 35 mEq Cl, and 20 mEq lactate in 1000 mL. The
protocol of intravenous infusion was 2000 mL/day from
postoperative day 1 to postoperative day 7 and 1000
mL/day from postopetative day 8 to postoperative day
14. The study was performed in a single-blind manner;
patients without knowledge of their treatment assessed
the amount of food intake, appetite, and body weight
every day during the treatment by themselves without
any intervention by the hospital staff. Food intake calo-
ries based on the food weight measured by the patient,
including standard meal and extra foods, were calculated
by dietitians using a calorimeter. Preprandial appetite at
every meal was scored by the visual analog scale (possible
scales, 0-10 cm) recorded in the account sheet by each
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i i i
| 1 %
Food intake
starts VAS (appetite)
st [OTEKE VOIUME ey
Body weight
Blood tests Blood tests
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Basal metabolism

Body composition
Basal metabolism

POD:; postoperative day, VAS; visual analogue scale; IVD; intravenous drip
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v

1:1 Randomization

\4

Ghrefin group (n=11)
10-days ghrelin
administration (n=10) Placebo group (n=10)
Did not accomplish 10-days Allocation 10-days saline
ghrelin administration (n=1) administration (n=10)
Developed profuse
diaphoresis during ghreiin
infusion
Analyzed (n=10) - Analyzed (n=10)
Excluded from Analysis Excluded from
analysis (n=0} analysis (n=0)

Figure 1. Study protocol and flow diagram. .

patient. Body weight was measured with a beam scale to
the nearest 0.1 kg, with patients standing barefoot and in
light clothing.

Body composition was measured by using dual-energy
x-ray absorptiometry (Hologic QDR-2000 instrument;
Hologic Inc, Waltham, MA) to assess changes in lean
body mass, far mass, and bone mineral content before
and after protocol treatment. The whole body was
scanned in the single-beam mode, and the results were
analyzed with body composition software. Basal metab-
olism was measured by using a metabolic analyzer (Med-
Gem metabolic analyzer; HealtheTech, Golden, CO) to
assess changes in basal metabolism before and after treat-
ment. All subjects breathed through the MedGem using
a disposable, scuba-type mouthpiece. During the mea-
surement, oxygen consumption (VO;) and body mera-

bolic rate (BMR) were continuously and electronically
recorded on a personal compuret.

Blood Sampling and Assay

Blood samples were collected from patients be-
fore breakfast after an overnight fast, transferred into
chilled tubes, stored on ice during collection, centri-
fuged, serum separated, and stored at —50°C until
assay. Insulin-like growth factor (IGF)-I levels were
measured by IGF-I IRMA “Daiichi” (TFB, Inc, Tokyo,
Japan). Norepinephrine was measured using high-per-
formance liquid chromatography (Tosoh Co, Tokyo,
Japan). Cortisol and insulin were measured using the
Cortisol Kit “TFB” (TFB, Inc, Tokyo, Japan) and chemi-
luminescent enzyme immunoassay (Fujirebio, Inc, To-
kyo, Japan), respectively. Serum GH and leptin were
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measured using GH Kit “Daiichi” (TFB, Inc, Tokyo,
Japan) and Human Leptin RIA Kit (Linco Research Inc,
St Charles, MO), respectively.

Sample Size Calculation and Statistical

Analysis :

We estimated that the difference in the effect of
ghrelin or placebo on oral food intake calories should be
at least 25% assuming 1200 and 1500 kcal/day in the
placebo and ghrelin groups, respectively, with £200 kcal
for each SD. To analyze the difference in the effects in the
ghrelin and placebo groups using Student ¢ test, the
study group should comprise at least 16 subjects, with a
5% « value and statistical power of 80%. Assuming that
20% of subjects in each group would not complete the
study, the total number of subjects required in this study
was estimated ar 20,

Numerical values are expressed as mean % SD unless
otherwise indicared. Differences in parameters between
the placebo and ghrelin groups were tested by Student ¢
test or Mann-Whitney U test. Changes in parameters
before and after total gastrectomy were tested statistically
by the paired ¢ test or Wilcoxon signed rank test. Changes
in parameters between the 2 groups during the 10 days of
follow-up were tested for significance by repeated-mea-
sures analysis of variance (ANOVA). A P value of <.05
was considered statistically significant. SAS for Windows
software version 9 (SAS Institute, Inc, Cary, NC) was used
to conduct repeated-measures ANOVA, whereas StatView
version 5.0 (SAS Institute, Inc) was used for other tests.

Results
Patient Characteristics

The study flow diagram is summarized in Figure
1B. One of the 11 patients {9.1%) in the ghrelin group
developed profuse diaphoresis during ghrelin infusion,
equivalent to grade 1 by National Cancer Insticute Com-
mon Terminology Criteria for Adverse Events version 3.0.
Accordingly, we decided to stop ghrelin administration
and the patient was excluded from further analysis. The
10-day course of ghrelin administration was well toler-
ated by the remaining 10 patients without any adverse
events, although some reported transient periods of feel-
ing warm and/or peristalsis during ghrelin infusion. Ta-
ble 1 summarizes the clinical background of the 20
patients who completed the study. There was no signif-
icant difference in age, sex, body weight, body mass index,
and clinical stage of gastric cancer between the 2 groups.

Effects gf Ghrelin on Appetite, Food Intake,
and Body Weight Loss

Appetite, oral food intake, and body weight were
recorded by the patients throughout 10 days of ghrelin/
saline administration. During this period, the patients in
the 2 groups received the same amount (ie, volume and
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Table 1. Patient Characteristics

Parameter Ghrelin group Placebo group P value

n 10 10
Age (y) 648+ 104 616+84 48
Sex (male/female) 7/3 4/6 A8
Body weight (kg) 62.2+136 629*115 .89
Body mass index (kg/m? 23.4 x 3.1 245+ 3.8 .36
Procedure {LATG/COTG) 8/2 9/1 .54
Clinical TMN stage

T(T1/T2/7T3/74) 7/1/2/0 8/2/0/0 49

N (NO/N1/N2) 9/1/0 9/1/0 1.00

Stage (I/1i/11/v) 8/2/0/0 10/0/0/0 15

LATG, laparoscopic assisted total gastrectomy; COTG, conventional
open total gastrectomy.

calories) of intravenous infusion. The mean appetite vi-
sual analog scale score was significantly higher in the
ghrelin group than the placebo group during the 10-day
period (Figure 2A; repeated-measures ANOVA, P = ,032).

Food intake calories (kcal/kg/day) during the 10-day pe-
riod were significantly higher in the ghrelin group than in
the placebo group (Figure 2B; repeated-measures ANOVA,
P = .030). Food intake gradually increased at an eatlier
period of food intake and was then unchanged thereafter;
both groups showed a similar difference throughout the
10-day period. The mean intake calorie over the 10-day
period was 13.8 and 10.4 kcal/kg/day for the ghrelin and
placebo groups, and ghrelin administration accounted for
about 32.7% of the increase.

Body weight loss was calculated in reference to the first
day of oral food intake. During this period, body weight
gradually decreased in both groups, although the loss
was more evident in the placebo group. At the end of the
intravenous drip protocol (Day 10), body weight loss was
—~3.7% for the placebo group but only —1.4% for the
ghrelin group. For the 10-day period, body weight loss of
the ghrelin group was less than that of the placebo group
(Figure 2C; repeated-measures ANOVA, P = .044),

Effects of Ghrelin on Body Composition and
Basal Metabolism

Consistent with the body weight changes, both
lean body mass and fat mass decreased gradually during
the study period. The mean change in far mass was
—8.8% (14,100 = 5400 to 12,900 * 5200 g) and —7.6%
(19,000 = 8400 to 17,700 * 8300 g) for the ghrelin and
placebo groups, respectively. The reduction was statisti-
cally significant for each group (Figure 34; P < .001). The
mean change in lean body mass in the placebo group was
—7.8% (41,800 % 6500 to 38,500 * 5700 g), which was
also significant (Figure 3B; P < .001); however, the
change in the ghrelin group was only —2.9% (44,600 +
10,500 to 43,200 % 9600 g, Figure 3B; P = .076). Figure
3C shows the BMR values before and after total gastrec-
tomy. BMR decreased significantly after total gastrec-
tomy in the placebo group (21.8 £ 4.0 to 194 * 34

03



e
g =
Z
5o
-]
_

1316 ADACH! ET AL

A —e— Ghrelin
10 1 Appetite -~ Placebo
9-
8
7 4
0 9]
<L 51
> 4.
3 -
2.
1 -
0 - ~N 2] < n «©w ~ < [} 2
T &§ ¥ ¥ B &8 ¥ B T »
o] [ o o] o s} a Qo Q g
B 26 - Food intake calories
P=.030

0 ™ N 2] < w0 o] ~ <« 2] o
2

¥F & &§ &§ 8 & ® ® B =

6 0o a o & a o o o &

80 A o o < w «©« B~ © [=2] o
=)

§F & &% § 8 F ¥ ¥ ¥ =

& o o o 0 o o a o &

Figure 2. Serial changes in appetite, food intake, and body weight
during the 10-day study in the ghrelin and placebo groups. Data are
expressed as the mean + 8D of visual analog scale scores of (A)
preprandial appetite at every meal, {B) dally total food intake calories per
body weight (kcal/kg/day), and (C} percent body weight relative to the
first day of oral intake in the ghrelin and placebo groups. The visual
analog scale score throughout the study period, which was evaluated
by repeated-measures ANOVA, was significantly higher in the ghrelin
group than in the placebo group (6.7 vs 3.9 cm; P = ,032). Likewise,
food intake calories were significantly higher in the ghrelin group than in
the placebo group {average, 13.8 vs 10.4 kcal/kg/day; repeated-mea-
sures ANOVA, P = .030). Body weight loss in the ghrelin group was
significantly Jower than in the placebo group {(—1.4% vs —3.7%, repeat-
ed-measures ANOVA, P = .044).

keal/kg; P = .023). In contrast, the reduction in BMR in
the ghrelin group was smaller, and the difference between
before and after treatment was not significant (22.6 * 6.1
to 21.4 * 6.0 keal/kg; P = .20).

7~

GASTROENTEROLOGY Vol, 138, No. 4

Blood Tests and Hormone Assays

Finally, we compared the results of certain blood
tests that reflect the nutritional status and hormones
(hemoglobin, total protein, albumin, total cholesterol,
triglyceride, leptin, GH, cortisol, norepinephrine, insulin,
and IGF-I) both before and after the 10-day period (Table
2). In the eatly recovery phase, the parameters associated
with nutrition did not change in the placebo group but
significantly improved in the ghrelin group. Leptin levels
decreased significantly in both groups after total gastrec-
romy, consistent with the reduction in fat mass. On the
other hand, there was no significant change in GH, cor-
tisol, norepinephrine, insulin, and IGF-I levels after treat-
ment in both groups.

Discussion

Body weight loss is a common finding in patients
who undergo gastrectomy for gastric cancer, which not

A Ghrelin group Placebo group
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Figure 3. Body composition and basal metabolic rate before and after

the study in the ghrelin and placebo groups. (4) Fat mass and (B) lean-

body mass measured by dual-energy x-ray absorptiometry and (C)
basal metabolic rate were determined before and after the 10-day
study. Changes for each patient (open circles) and the whole group
(closed circles, +SD) are shown for the ghrelin and placebo groups. The
reductions in all 3 parameters were statistically significant in the placebo
group by Student ¢ test (fat mass, 19,000 + 840010 17,700 + 8300 g
[P < .001]; lean body mass, 41,800 % 6500 to 38,500 £ 5700 g [P <
.001}; BMR, 21.4 £ 8,010 19.4 = 3.4 keal/kg [P = .028)). In the ghrelin
group, the reduction of fat mass was significant while that of lean body
mass and BMR was less than in the placebo group and not statistically
significant (fat mass, 14,100 = 5400 to 12,800 = 5200 g [P < .001};
lean body mass, 44,600 + 10,500 to 43,200 + 9600 g [P = .076);
BMR, 22.6 = 6.1 t0 21.4 * 6.0 kecal/kg [P = .20)).
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Table 2. Results of Laboratory Tests

Ghrelin group Placebo group

Hemoglobin (g/dl)

Before 122+ 08 12,7+ 24

After 118+ 4.1 117+ 1.4
Total protein (g/dL)

Before 57 £ 0.3 6.0 07

After 6.6 + 0.48 6.4 + 0.3
Albumin (g/dL)

Before 3.1+0.2 34x08

After 3.5 *0.4° 35202
Total cholestero! {mg/dL)

Before 148 = 43 176 + 26

After 174 + 372 164 = 32
Triglyceride (mg/dl) .

Before 82+ 47 77+29

After 113 = 322 99 + 44
Leptin (ng/mL) :

Before 31*+1.4 7.9+6.7

After 1.2 = 0.4 4,1+ 4,00
GH (ng/mL)

Before 08715 0.62+0.8

After 0.55 = 0.7 1.65+ 2.7
Cortisol (pg/dL)

Before 18.6 = 4.8 168+ 4.6

After 17.0x 4.0 17.8+86.7
Norepinephrine (pg/mL)

Before 314 =132 294 =171

After 366 x 122 269 = 158
Insulin {/U/mL)

Before 6.1x3.5 10.3+55

After 54125 6.5+6.0
IGF-l (ng/mL)

Before 108 = 33 92 = 36

After 85+ 53 76 = 37

ap < 05, bp < .01 (paired t test; before vs after).

only associates with various pathologic conditions but
also affects patients’ social activity. Therefore, postoper-
ative body weight loss needs to be investigated thor-
oughly, especially in Japan, where early gastric cancer
accounts for more than 50% of the total incidence of
gastric cancer,3® and the S-year survival rate of early
gastric cancer is more than 90%.3% Previous studies re-
ported that body weight loss after total gastrectomy
was approximately 15% to 20% of the preoperative
weight.1%12.27 Because the incidence of gastric cancer is
associated with low body weight in not only Japan and
Asian countries but also in the Western world, the esti-
mated average body mass index after rotal gastrectomy is
expected to be 18 to 20 kg/m?, which is lower than the
ideal body mass index. The correlation between low body
weight and long-term survival rate has not been analyzed
thoroughly even in healthy individuals. A large cohort
study of healthy Japanese subjects surveyed over 10 years
concluded that a body mass index less than 19 kg/m? was
associated with high mortality risk at an odds ratio of
2.26 due to various diseases, including infectious, cardio-
vascular, and malignant diseases.® Although there are no
concrete data for patients who undergo gastrectomy,

73

EFFECTS OF GHRELIN AFTER TOTAL GASTRECTOMY 1347

these patients could be ar risk for a higher mortality rate
due to low body weight. Based on this background, the
major purpose of this study was to minimize postopera-
tive body weight loss by ghrelin administration through
up-regulation of GH secretion and appetite.

At the end of the 10-day srudy period, ghrelin reduced
more than half of postoperative body weight loss from
—3.7% in the placebo group to —1.4% in the ghrelin
group. Although this is a limited result in the early
postoperative period, which is associated with the most
profound body weight loss, to the best of our knowledge,
ghrelin administration is the most effective procedure
among various studies that were designed for the same
purpose, 232

After numerous experimental studies, clinical applica-
tion of ghrelin commenced in healthy volunteers and
then extended to patients with heart failure,?® pulmonary
disease,2* and cancer cachexia.25 The results of these
studies confirmed the safety of ghrelin administration. In
our study, the patients in the 2 groups showed no dif
ferences in postoperative complications (eg, infections,
delayed wound healing, thromboembolism) and length
of hospital stay. However, 1 of the 11 patients developed
diaphoresis, corresponding to National Cancer Institute
Common Terminology Criteria for Adverse Events grade
L. Although we stopped ghrelin administration following
the study protocol, this symptom was consistently re-
ported in previous trials although it was tolerated by
patients.2>-2529 The overall positive effects of ghrelin
such as body weight gain and increase in food intake
calories were observed consistently in all clinical trials,
including the present study.?!-25 In addition, improve-
ment of disease-specific status has been reported, includ-
ing patients with chronic heart failure?® and those with
chronic obstructive pulmonary disease.?*

To our knowledge, the present study is the first clinical
trial in the field of gastroentérological surgery. Moreover,
the present study differs in 2 aspects from previous
studies.?3-25 The first difference relared to the study sub-
jects; the subjects enrolled in previous clinical studies
were cachexic emaciated patients in whom the level of
circulating ghrelin was predicted to rise. It has been
considered that the efficacy of exogenous ghrelin is lim-
ited because of down-regulation by high endogenous
ghrelin. In contrast, in the present study, in which circu-
lating ghrelin levels were extremely low due to total
gastrectomy, we replaced the low levels of endogenous
ghrelin with an exogenous one; therefore, it seems more
physiologically relared to study the effect of ghrelin ad-
ministration. Another point is that complete vagotomy
at the esophagogastric junction was performed during
total gastrectomy in our patients. Because the vagus
nerve mediates both efferent and afferent ghrelin sig-
nals,?*-3% it was suspected that exogenous ghrelin would
not adequately interact in the hypothalamus. In animal
experiments, vagoromy or chemical blockade of the vagal
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signal abolished the effects of intravenously adminis-
trated ghrelin 3¢ In vagotomized patients, ghrelin admin-
istration did not increase food intake.3? However, other
studies reported that ghrelin administered intraperitone-
ally successfully stimulated food intake after vagotomy in
rats3® and that ghrelin administration in vagotomized
patients enhanced GH secretion.® These animal experi-
ments and clinical studies indicate that the effects of
ghrelin administration are still controversial, at least in
vagotomized patients. In the present study, intravenous
administration of exogenous ghrelin successfully stimu-
lated food intake and appetite immediately after total
gastrectomy. Our results suggest that the administered
ghrelin crossed the blood-brain barrier to the central
nervous system, probably increasing the appetite signal
through not only the vagal pathway but also the circu-
lation. The relationship between ghrelin and vagotomy
remains poorly defined, and further studies should be
performed in the futare.

BMR accounts for between 60% and 70% of the total
energy expenditure in adults.*® Furthermore, the fat-
free mass is considered the best single predictor of
energy expenditure, and 53% to 88% of the variation in
BMRis accounted for by fat-free mass.*! In the placebo
group, the BMR decreased significantly after total gas-
trectomy, whereas it did not change in the ghrelin
group. This result was consistent with the significant
decrease in lean body mass, which was limited to the
placebo group. In animal experiments, ghrelin en-
hances abdominal fat storage in white adipose tissue in
rats,!® whereas clinical studies, including the present
study, have shown that ghrelin increases lean body
mass relative to fat mass.2324 Differences in species and
patient status may influence the effect of ghrelin ad-
ministration on fat metabolism. Preservation of lean
body mass against the postoperative catabolic metab-
olism might be caused by ghrelin-stimulated GH se-
cretion from the pituitary gland. However, serum GH
levels were stable in the 2 groups, probably due to the
rapid turnover of GH. This phenomenon was already
reported in a previous phase I study.?® Baseline leptin
levels tended to be lower in the ghrelin group, probably
because this group included more men, who generally
have lower leptin levels than women.*243 Leptin levels
significantly decreased in parallel with the decrease in
fat mass in both the ghrelin and placebo groups.

The influence of cancer proliferation is another issue
of safety in ghrelin studies. Several in vitro studies
reported the expression of ghrelin receptor in cancer
cells and that ghrelin weakly enhanced their prolifer-
ation, for example, in prostate** and pancreatic*® can-
cer cells. However, another study reported that ghrelin
inhibited proliferation and increased apoptosis in a
lung cancer cell line.%6 In a preliminary experiment in
our laboratory using various gastric cancer cell lines,
all cells examined were negative for ghrelin receptor
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and showed no growth response to exogenous ghrelin
(unpublished observation, March 2005). In clinical
studies of cancer cachexic patients, no adverse events
concerning tumor growth stimulation have been re-
ported.2s With respect to the present clinical trial, this
argument was partly evaded because patients who met
the inclusion criteria accounted for more than 90%
curability by surgery alone3! and ghrelin was adminis-
tered for only 10 days. However, care should be taken
when administering ghrelin over longer periods.

Although we successfully demonstrated a short-term
effect of ghrelin administration on food intake, appetite,
body weight, and other parameters, its long-term effect
and benefit still need to be evaluated before clinical
application. Because ghrelin secretion does not recover
even several years after total gastrectomy, long-term ad-
ministration of ghrelin is probably required to maintain
the short-term effects. For this purpose, ghrelin poses a
practical problem in that it is an unstable short-acting
peptide and needs to be administered intravenously. An
easier administration route, such as subcuraneous injec-
tion and inhalation, should be investigated to allow out-
patient and home use. GH secretagogues, which were
discovered before ghrelin, are orally available and perhaps
could be used as ghrelin substitutes. For example, RC-
1291 is orally available, well tolerated, and effective in
promoting body weight gain, as demonstrated in a phase
I study in healthy volunteers.#” Another issue worth fur-
ther investigation is the clinical benefits of ghrelin ther-
apy, because it is argued thar increases in appetite and
body weight are not sufficient reasons for medication.
Thus, further studies are needed ro evaluate other aspects
of ghrelin administration, such as reduction of total
medical cost and hospital admission, improvement of
social activity and quality of life, and postoperative sur-
vival. For example, postoperativé body weight loss is most
progressive and rehabilitation is most important in the
first 3 months after surgery. It is possible that ghrelin
administration for at least 3 months would improve
postoperative recovery.

In conclusion, this prospective randomized study in a
limited number of patients provides convincing data for
the beneficial effects of ghrelin on body weight and
dietary activity after total gastrectomy. Although there
are some issues to be resolved before clinical application,
including drug delivery system, duration of administra-
tion, and adequate assessment of clinical benefits, sur-
geons dealing with gastric cancers and other gastro-
esophageal diseases should be encouraged by the
availability of ghrelin. Because surgery is essentially not
physiologic and highly invasive for the body but the most
reliable therapeutic option to cure cancer, it is our obli-
gation to invent novel procedures to minimize its side
effects.
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