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Fic. 2. Pancreaticislets of STZ-treated mice receiving sub-
sequent BMT. A, Hematoxylin-Eosin staining of pancre-
ases on d 35. Pancreases from normoglycemic control mouse
(a and e), hyperglycemic control mouse (b and f), STZ-
treated mouse simply infused with BM cells without preir-
radiation (c and g), and STZ-treated mouse receiving lethal
irradiation and BMT (d and h). a-d, Magnification, x40;
e-h, X100. B, Antiinsulin immunostaining of pancreases.
Pancreases from normoglycemic control mouse (a), hyper-
glycemic control mouse (b), and STZ-treated mouse receiv-
ing BMT (c and d). a—c, Magnification, X40; d, x200. C,
Double immunostaining of pancreas with antiinsulin and
antikeratin/cytokeratin antibodies. Green indicates insu-
lin-positive and red keratin/cytokeratin-positive cells, i.e.
pancreatic ductal epithelium. D, Double immunostaining of
pancreases with antiinsulin and antiglucagon antibodies.
Pancreases from normoglycemic control mouse (a), hyper-
glycemic control mouse (b), and STZ-treated mouse receiv-
ing BMT (c). In C and D, to avoid overlapping staining of
GFP with FITC, BM cells obtained from wild-type
C57BL/6J mice, but not from GFP transgenic mice, were
transplanted. Representative histological findings among
six independent experiments are presented.

islets (Fig. 2A, c and g), islet number and size were both
restored in STZ+BMT mice (Fig. 2A, d and h). Several islet
populations were enlarged as compared with those in nor-
moglycemic controls (Fig. 2A, a and e vs. d and h).

Antiinsulin staining of pancreatic specimens is shown in
Fig. 2B. In hyperglycemic controls, insulin-positive cells were
markedly diminished (Fig. 2B, b) as compared with normo-
glycemic controls (Fig. 2B, a). In contrast, in STZ+BMT mice,
islet numbers were restored and sizes varied with some
being enlarged (Fig. 2B, c). Notably, in the large view (Fig.
2B, d), a major population of insulin-positive cells in
STZ-+BMT mice is located in the vicinity of pancreatic ducts,
which were stained with antikeratin/cytokeratin antibody
(Fig. 2C).

Next, we performed double immunostaining using anti-
bodies against insulin and glucagon. In immunofluorescent
experiments (Figs. 2, Cand D), to avoid overlapping staining
of GFP with fluorescein isothiocyanate (FITC), BM cells ob-
tained from wild-type C57BL/6] mice, but not GFP trans-
genic mice, were transplanted. Compared with islets of nor-
mal and STZ-treated mice (Fig. 2D, a and b), islets in
STZ-+BMT mice exhibited normal architecture with slightly
fewer B-cells surrounded by a-cells (Fig. 2D, c).

To exclude the possibility that irradiation suppresses in-
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flammation in response to STZ and prevents B-cell injury,
STZ-treated mice were exposed to lethal irradiation (10 Gy)
without subsequent BM cell infusion. Lethal irradiation
alone did not lower blood glucose in STZ-treated mice. Pan-
creatic islets were diminished in size, as in hyperglycemic
controls, 9 d after irradiation (mice died 10-14 d after lethal
irradiation without BMT in our experiment; data not shown).
Next, to examine prolonged effects of irradiation, mice were
sublethally irradiated (5 Gy). Sublethal irradiation alone like-
wise did not significantly improve hyperglycemia in Si7-
treated mice (data not shown), suggesting that irradiation does
not exert protective effects against STZ-induced B-cell injury.

To further examine whether these islets in STZ+BMT micc
were regenerated or only protected from STZ injury, BrdU
staining was performed. In islets of normoglycemic (Fig. 3A)
and hyperglycemic (Fig. 3B) controls, there were very few
BrdU-positive cells. In contrast, islets of STZ+BMT mice (10
d after BMT) contained substantial numbers of BrdU-posi-
tive cells in and around islets, and some were detected
among the pancreatic ductal cells (Fig. 3C). In other sections
as well, islets containing BrdU-positive cells were mostly
located near ducts and blood vessels. Most BrdU-positive
cells in islets were insulin positive, whereas those outside the
islets, mostly in the ductal structure, did not express insulin.
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Fic. 3. BrdU-positive proliferating cells in pancreases of STZ-treated
mice receiving subsequent BMT. A-C, Pancreases from normoglyce-
mic control mouse (A), hyperglycemic control mouse (B), and STZ-
treated mice receiving BMT (C) (10 d after BMT). Brown cells are
BrdU positive. D, Double immunostaining of pancreases from STZ-
treated mice receiving BMT (10 d after BMT) with antiinsulin and
anti-BrdU. Brown and red cells are BrdU and insulin positive, re-
spectively.

(Fig. 3D). Given reports that pancreatic stem/progenitor cells
exist among ductal cells (24-26), BMT after STZ treatment
might stimulate the generation of new islets from ductal pro-
genitor cells as well as proliferation of B-cells in this model.
We also quantitatively examined the time courses of islet
numbers, cell number per islet and percentage of BrdU-
positive cells among islet cells after BMT (Table 1). Although
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decreased by STZ, islet number was significantly increased
10 and 15 d -after BMT. The peak islet number was greater
than in normoglycemic control mice by 47%. The islet num-
ber and percentage of BrdU-positive cells among islet cells
were also increased through 10 d after BMT and then fell to
normoglycemic control levels. These findings clearly indicate
that BMT induces -cell regeneration, resulting in pancreatic
islet restoration in this model.

Although no BM-derived insulin-positive cells were detected,
the regenerated islets were surrounded by BM-derived
CD45-positive cells

To investigate whether BM-derived cells transdifferenti-
ated into insulin-producing cells in our model, pancreascs
from STZ+BMT mice on d 35 were immunostained with
antiinsulin antibody, followed by an intensive search for
both insulin- and GFP-positive cells using confocal fluores-
cence microscopy. However, no double-positive cells were
detected (Fig. 4A), suggesting that regenerated p-cells in
STZ+BMT mice are derived from recipient cells. In contrast,
intriguingly, GFP-positive, i.e. BM-derived, cells were lo-
cated around islets (Fig. 4A). In STZ+BM-infused mice, no
GFP-positive cells were detected around islets (data not
shown). Immunostaining with anti-GFP antibody confirmed
that GFP-positive cells exist around islets of STZ+BMT mice
(Fig. 4B, black arrows indicate islets). To identify the lineayc
of BM-derived cells around islets, we used several antibodies
to immunostain lineage markers. GFP-positive cells around
islets were CD45-positive (Fig. 4C, white arrows indicate is-
lets), although these cells were not positively stained with
F4/80, CD68 (macrophage lineage), CD3/CD5 (T cell lin-
eage), or CD20 (B cell lineage) (data not shown), suggesting
immature hematopoietic cells. We additionally examincd
whether these BM-derived cells are positive for an endothe-
lial cell marker, CD31 (PECAM-1). Although a few GFP-
positive cells were positive for CD 31 (Fig. 4D, red arrow),
most BM-derived cells in or around islets were not positively
stained with this endothelial marker. Taken together, these
observations suggest that donor immature hematopoictic
cells, which may be expanded and mobilized to peripheral
blood after BMT, initiate 3-cell regeneration.

Mobilization of BM-derived cells is necessary for the
glucose-lowering effect of BMT after STZ administration

To determine whether BM-derived cell mobilization is
pivotal in this process, we investigated the effects of BMT on

TABLE 1. Islet numbers and BrdU-positive cells per pancreatic islet cells of STZ-treated mice receiving subsequent BMT

Days after Nos. of Nos. of BrdU-positive Nos. of cells in Percentage of BrdU-positive cells
BMT islets cells islets among islet cells

STZ(-) control 940+ 173 33.3 4.5 7174 * 1487 0.51 = 0.08
0 62.0 + 11.9 20.6 = 5.6 4658 *- 1019 0.47 = 0.11

3 48.3 + 2.0 40.7 = 16.2 2974 £ 278 1.41 = 0.51

STZ+BMT (days after BMT) 7 102.7 £ 116 194.3 + 33.4° 6159 * 528 3.10 = 0.31¢
10 138.0 + 22.9° 253.0 + 107.8° 7989 + 756 3.40 = 1.63

15 113.7 * 6.9° 64.7 = 16.3 5223 * 539 1.34 = 0.40

25 82.0 6.4 375604 3953 * 157 0.95 * 0.03

To calculate numbers of islets and cells per islet and the percentage of BrdU-positive cells among islet cells, we microscopically examincd
the whole pancreas in 30-um sections and counted the numbers of islets, islet cells, and BrdU-positive nuclei in islets.

2P < 0.05 vs. d 0 in STZ+BMT group.
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A . insulin GFP

Fic. 4. BM-derived cells in pancreases of STZ-treated mice receiving
subsequent BMT. A, BM-derived cells and insulin-positive cells in
pancreas of STZ-treated mouse receiving BMT from GFP transgenic
mice. Pancreases of STZ-treated mouse receiving subsequent BMT
- from GFP transgenic mice (35 d after the first STZ). Left panel,
Insulin-positive cells; middle panel, GFP-positive, i.e. BM-derived
cells; right panel, merged image of the left and middle panels. B,
BM-derived cells in pancreases of STZ-treated mice receiving BMT
from GFP transgenic mice. Brown cells are GFP positive, i.e. BM-

derived cells, and arrows indicate islets. C, CD45-positive and BM--

derived cells in pancreas of STZ-treated mice receiving BMT from
GFP transgenic mice. Left panel, Inmunostaining with anti-CD45
antibody. Red indicates CD45-positive cells. Middle panel, Green in-
dicates GFP-positive cells. Right panel, Merged image of the left and
middle panels. Yellow indicates GFP and CD45 double-positive cells.
Arrows indicate islets. D, CD31 (PECAM-1)-positive and BM-derived
cells in pancreases of STZ-treated mice receiving BMT from GFP
transgenic mice. Left panel, Inmunostaining with anti-CD31 anti-
body. Red indicates CD31-positive cells. Middle panel, Green indi-
cates GFP-positive cells. Right panel, Merged image of left and middle
panels.

* B-cell regeneration using eNOS-deficient (Nos3™/~) mice as
a model for impaired BM-derived cell mobilization. In
Nos3™/~ mice, mobilizations of hematopoietic stem cells and
endothelial progenitor cells from BM were reportedly im-
paired after myelosuppression. Deficiency in eNOS report-
edly reduces hematopoietic recovery in response to 5-flu-
orouracil treatment due to impaired progenitor cell
mobilization (20). Therefore, we performed similar experi-
ments using Nos3™/~ mice. First, we compared two BMT
groups, i.e. Nos3*/* donors to Nos3*/* recipients (Nos3*/*
to Nos3*/* mice) and Nos3™/~ donors to Nos3™/ ™ recipients
(Nos3™/~ to Nos3™/~ mice).

Peripheral white blood cells (WBCs) were counted after
lethal irradiation and subsequent BM infusion (Fig. 5A). My-
elosuppression after irradiation was profound and recovery
of peripheral WBC counts was markedly delayed in Nos3™/~
to Nos3™/~ mice vs. Nos3*/* to Nos3*7* mice. Thus, eNOS
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deficiency impairs hematopoietic reconstitution after not
only 5-fluorouracil treatment but also BMT. We measurcd
the blood glucose levels after STZ administration followed
by BMT (Fig. 5B). In Nos3*/* to Nos3*/* mice, STZ-induced
hyperglycemia was improved to nearly normoglycemic con-
trol levels 40 d after the first STZ administration, consistent
with the findings shown in Fig. 1C. In contrast, in Nos3™/~
to Nos3™/~ mice, BMT did not improve STZ-induced hy-
perglycemia (Fig. 5B). Thus, eNOS function is essential for
improving hyperglycemia after BMT.

In Nos3™/~ to Nos3™/~ mice, not only mobilization of
BMT-derived progenitor cells but also pancreatic endothelial
function may be impaired due to systemic eNOS deficiency.
Therefore, we performed an additional BMT, i.e. Nos3™/~
donors to Nos3*/* recipients (Nos3™/~ to Nos3*/* mice),
whose eNOS is intact in pancreatic blood vessels. In Nos377~
to Nos3*/* mice, myelosuppression was profound and sub-
sequent recovery of the WBC count was delayed, compared
with Nos3™/™ to Nos3*/* mice, but this delay in recovery was
significantly less severe than that seen in Nos3™/~ recipients
(Fig. SA). In Nos3™/~ to Nos3"/* mice, blood glucose levels
also reached midrange values; the glucose-lowering effects
of BMT did occur but were significantly blunted (Fig. 58).
These findings indicate that the lack of hyperglycemia im-
provement in Nos3™/~ to Nos3™/~ mice is not attributable
solely to the impaired pancreatic endothelial function of re-
cipients. The glucose-lowering effect of BMT inversely cor-
relates with the severity of myelosuppression and delayed
recovery, which apparently reflects impaired mobilization of
BM cells to peripheral blood.

BMT-induced B cell regeneration was impaired in STZ-
treated Nos3™ /'~ mice

To quantify BMT-induced B-cell regeneration in Nos3 '~
to Nos3*/* and Nos3™/~ to Nos3™/~ mice, pancreatic insulin
contents 40 d after STZ (30 d after BMT) were measured (Fig.
5C). Compared with Nos3™/* controls without STZ treat-
ment, STZ-treated Nos3"/" mice had markedly lower pan-
creatic insulin contents. In Nos3*/* to Nos3"/* mice, BMT
partially restored pancreatic insulin contents, consistent with
our findings that plasma insulin levels were partially re-
stored by BMT (Fig. 1D). In contrast, in Nos3™/~ to Nos3™/~
mice, BMT effects on pancreatic insulin contents were very
limited; pancreatic insulin contents were significantly lower
in Nos3~/ to Nos3™/~ mice than in Nos3*/* to Nos3*/" mice
(Fig. 5C).

Next, changes in islet numbers and percentage of BrdU-
positive cells among islet cells in response to BMT were
compared between Nos3*/™ to Nos3*/* mice and Nos3™/~
to Nos3~/~ mice. Whereas islet numbers were increased in
STZ-treated Nos3*/* to Nos3* /" mice during the period 7-15
d after BMT, islet numbers were significantly less in STZ-
treated Nos3™/~ to Nos3™/~ mice (Fig. 5D). In addition,
whereas percentages of BrdU-positive cells among islet cells
were markedly increased in STZ-treated Nos3" /™ to Nos3 "/
mice 7-10 d after BMT, there were si/gnificantly fewer such
cells in STZ-treated Nos3™/~ to Nos3™/~ mice (Fig. 5E). Thesc
results suggest that impaired BM-derived cell mobilization
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Fic. 5. BMT experiments using Nos3*/* and Nos3™'~ mice. A, Time courses of peripheral WBC counts in Nos3*/* and Nos3™'~ mice recciving
BMT. B, STZ-treated Nos3*/* mice receiving BMT from Nos3*/* mice; A, STZ-treated Nos3 ™'~ mice receiving BMT from Nos3™/~ mice; ®,
STZ-treated Nos3*'* mice receiving BMT from Nos3™/~ mice. *, P < 0.05 for A, compared with B group; #, P < 0.05 for ®, compared with 4
group, respectively (n = 5-6 in each group). B, Fasting blood glucose levels of Nos3*/* and Nos3™/~ receiving BMT. O, Normoglycemic control
Nos3*/* mice with neither STZ nor BMT; A, STZ-treated Nos3*'* mice without BMT (hyperglycemic control); B, STZ-treated Nos3'’* mice
receiving BMT from Nos3*/~ mice; &, STZ-treated Nos3 ™/~ mice receiving BMT from Nos3™/~ mice; ®, STZ-treated Nos3*/* mice receiving BMT
from Nos3~'~ mice. *, P < 0.05 for ®, compared with A group; # P < 0.05 for B, compared with @ group, respectively (n = 5-6 in each group).
C, Pancreatic insulin contents. STZ, STZ-treated Nos3*'* mice without BMT; Cont, Nos3*’* or Nos3~’~ mice with neither STZ nor BMT;
STZ+BMT, STZ-treated Nos3*'* mice receiving BMT from Nos3*/* mice and STZ-treated Nos3 ™/~ mice receiving BMT from Nos3™/~ micc.
* P < 0.05 between STZ-treated Nos3*’* mice receiving BMT from Nos3*/* mice and STZ-treated Nos3™~ mice receiving BMT from
Nos3~/~“mice. D, Time courses of islet numbers after BMT. E, Time courses of BrdU-positive cell percentage per islet cells after BMT. In D and
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in Nos3™/~ mice suppresses BMT-induced B-cell regenera-
tion after acute injury.

BM-derived CD45-positve cells around islets are important
for B-cell regeneration-induced by BMT

To examine whether impaired mobilization of BM-derived
cells in Nos3™/~ mice affects hematopoietic cell assembly
around islets and B-cell regeneration, we compared pancre-
ases from Nos3*/* to Nos3*/* and Nos37/~ to Nos3~/~ mice
using antiinsulin and CD45 antibodies (Fig. 5F). In Nos3*/*
to Nos3*/* mice, substantial numbers of CD45-positive cells
were detected in and around the regenerated islets (red arrows
in Fig. 5F, c—e). No such cells were detected around islets in
Nos3™/* or Nos3™/~ mice treated with STZ alone (Fig. 5F, b
and g), suggesting that STZ-induced inflammation alone is
not responsible for recruiting these cells. In pancreases from
Nos3™ /™ to Nos3™/* mice, regenerated islets were located
near pancreatic ducts and blood vessels (white arrows in Fig,
SF, c-e). In contrast, B-cell regeneration was markedly im-
paired in Nos3™/~ to Nos3™/~ mice (Fig. 5F, hj), and far
fewer CD45-positive cells were present in and around islets
in Nos3~/~ to Nos3™/~ than in Nos3*/* to Nos3*/* mice.
These results support the notion that BMT-induced BM-de-
rived cell mobilization is critical for regeneration of recipient
B-cells from stem/progenitor cells in pancreatic ducts.

Discussion

Recently considerable research attention has focused on
pancreatic 3-cell regeneration. In particular, several previous
studies examined the role of BM-derived cells in B-cell re-
generation using BMT (10-18), but no definitive conclusions
have yet been reached. In this study, we clearly demonstrate
that BMT can regenerate recipient $-cells under certain con-
ditions. Our data supported those of a previous report (14)
showing BMT to improve hyperglycemia in STZ-induced
diabetic mice via regeneration of recipient pancreatic S-cells.
Herein we attempted to elucidate the mechanisms whereby
BMT induces B-cell regeneration.

First, we demonstrated that BMT, but not simple BM cell
infusion without preirradiation, promotes p-cell regenera-
tion after STZ-induced injury. What are the differences be-
tween these procedures? BMT involves lethal irradiation and
subsequent BM cell infusion. We confirmed, using FACS
analysis, that recipient BM is essentially replaced with that
of donor mice after BMT. In contrast, mice receiving BM cell
infusion alone without preirradiation showed no BM re-
placement with donor-derived cells. Myelosuppression and
subsequent expansion of donor BM cells take place in BMT.
During this process, donor BM cells home to the BM micro-
environment and progenitor cells mobilize and expand in the
peripheral blood (27). In contrast, simple BM cell infusion
does not induce homing or expansion of donor BM cells.
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Therefore, expansion of immature BM cells, which are rarely
detected in peripheral blood in normal circumstances, is
likely to be important for B-cell regeneration after BMT. We
ruled out the possibility that irradiation suppresses inflam-
mation in response to STZ administration and prevents f-cell
injury. STZ-treated mice were exposed to lethal (10 Gy) and
sublethal (5 Gy) irradiation without subsequent BM cell in-
fusion. Irradiation alone had no effect on hyperglycemia or
B-cell number in STZ-treated mice. Furthermore, in
STZ+BMT mice on d 2 after BMT, islet numbers and cell
numbers per islet were both significantly decreased by STZ
but were restored by d 10. Thus, it is unlikely that irradiation
itself protects B-cells.

Next, we found that a major population of post-BMT islcts
were located near pancreatic ducts and blood vessels. This
observation raises possibilities regarding the origins of post-
BMT islets. In general, multipotent adult stem cells are lo-
cated in somatic tissues, which maintain and regenerate im-
paired tissues (28, 29). However, there is considerable
controversy regarding the existence and location of pancre-
atic tissue stem cells (30, 31). Previous studies have shown
pancreatic stem/progenitor cells in ductal epithelium (24~
26). However, recent reports suggest that p-cells arise only
from self-duplication of preexisting B-cells, i.e. B-cells cannot
be derived from non-B-cell progenitors (32, 33). In this study,
post-BMT islets were located near pancreatic ducts. In ad-
dition, BrdU-positive cells were detected in the vicinity of
pancreatic ducts in STZ+BMT mice. After islet numbers hadl
been decreased by STZ, a rise above normoglycemic contral
levels was seen, indicating new islet formation. In addition,
BM-derived cells accumulated in and around post BMT-
islets. Thus, BM-derived cells are likely to stimulate prolif-
eration and differentiation of pancreatic stem/progenitor
cells in ductal epithelium, resulting in new islet formation.
Given the observation that BrdU-positive cells in islets ¢x-
pressed insulin, these cells must still have been proliferative
after differentiation into pancreatic -cells. However, further
studies, focusing on the origin of newly generated islets, arc
needed to support this speculation. Whereas BM-derived
cells that accumulated around the islets in STZ+BMT mice
were CD45 positive, immunochistochemical studies revealed
that these cells do not express mature T or B lymphocyte or
macrophage markers. Taken together with the finding that
simple BM infusion without preirradiation induced neither
B-cell regeneration nor accumulation of BM-derived cells
(data not shown), we speculate that these immature BM-
derived cells send signals triggering proliferation and dif-
ferentiation of stem/progenitor cells into g-cells. Our next
goal is identification of these signals.

To examine the causal relationship between BM-derived
cell mobilization and BMT-induced B-cell regeneration, we
performed similar experiments using a model of impaired

E, the thick line indicates STZ-treated Nos3*/* mice receiving BMT from Nos3*/* mice, and the dotted line STZ-treated Nos3 ™'~ mice receiving
BMT from Nos3~/~ mice. *, P < 0.05 between STZ-treated Nos3*'* mice receiving BMT from Nos3*'* mice and STZ-treated Nos3™/~ mice
receiving BMT from Nos3™/“mice at the same time points. F, Immunostaining of pancreases with antiinsulin and anti-CD45 antibodics.
Pancreases from normoglycemic control mice (Nos3*/* mouse in a and Nos3™"~ mouse in f), hyperglycemic control mice (Nos3*’* mouse in b
and Nos3™'~ mouse in g), STZ-treated Nos3*/* mice receiving BMT from Nos3*/* mice (7 d after BMT in ¢ and d, 14 d after BMT in e), and
STZ-treated Nos3™/~ mice receiving BMT from Nos3™'~ mice (7 d after BMT in h and i, 14 d after BMT in j). Green indicates insulin-positive,
red CD45-positive cells. Red arrows indicate CD45-positive cells in and around islets and white arrows pancreatic ducts and blood vessels.
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BM-derived cell mobilization. Mechanisms underlying mo-
bilization of hematopoietic and endothelial progenitor cells
from BM after myelosuppression have been studied in detail
(34). After myelosuppression, secreted cytokines/chemo-
kines, such as granulocyte-colony stimulating factor, stromal
cell-derived factor, and vascular endothelial growth factor,
activate matrix metalloproteinase (MMP)-9 in the BM mi-
croenvironment. Activated MMP-9 processes membrane-
bound kit-ligand, releases it as soluble kit-ligand (sKitL),
followed by binding of sKitL to c-kit on the stem cell surface
and stimulation of its mobilization from the BM. Because
nitric oxide from BM is necessary for MMP-9 activation,
sKitL production and the resultant mobilization of BM-de-
rived cells are impaired in Nos3™/~ mice (20). Therefore,
using Nos3™/~ mice, we examined the effects of BMT on
blood glucose levels and glucose B-cell regeneration. We first
confirmed that recovery of the WBC count after BMT was
‘significantly delayed in Nos3™/~ to Nos3™/~ mice, compared
with Nos3*/* to Nos3*/* mice. Judging from the doubling
time of hematopoietic cells, a 1-wk delay in WBC recovery
indicates marked impairment of BM cell mobilization by
approximately 2 orders of magnitude. In Nos3™/~ to Nos3™/~
mice, BMT had virtually no effects on blood glucose levels,
pancreatic insulin contents, islet numbers, or percentage of
BrdU-positive cells among islet cells. In addition, far fewer
CD45-positive cells were detected in and around islets. These
results support the notion that BMT-induced BM-derived
cell mobilization plays a pivotal role in B-cell regeneration
from ductal progenitor cells.

Neovascularization in ischemic regions is also impaired in
Nos3™/~ mice because of decreased mobilization of BM-de-
rived endothelial progenitor cells (20). The microvasculature
is well developed in pancreatic islets (35). Endothelial signals
are reportedly important for islet development (36), insulin
gene expression, and B-cell proliferation (37). In the present
study, a small population of BM-derived cells around re-
generated islets was positively stained with CD3], although
these cells were largely CD31 negative. This observation is
consistent with the results of previous report (14). Therefore,
in addition to hematopoietic progenitor cells, endothelial
progenitor cells mobilized from BM may contribute to 8-cell
regeneration after BMT by promoting islet microvasculature
formation. In addition, BM-derived endothelial progenitor
cells have been shown to contribute to neovascularization in
impaired tissues, including myocardial (38) and hind limb
ischemia (39). Recruitment of these cells reportedly occurs in
response to acute injury of B-cells (19). Taken together with
the finding that, when BMT was performed 30 d after STZ
treatment, hyperglycemia-improving effects were far
smaller, acute STZ injury might trigger migration of imma-
ture BM-derived cells to the injured pancreas.

We do not rule out the importance of eNOS in pancreatic
blood vessels for BMT-induced B-cell regeneration. How-
ever, in Nos3™/~ to Nos3*/* mice, which have decreased BM
eNOS (because of BM replacement with eNOS-deficient
cells) with intact pancreatic eNOS, the blood glucose-low-
ering effects of BMT were significantly blunted, compared
with Nos3*/* to Nos3*/* mice. Thus, glucose-lowering ef-
fects correlated inversely with the severity of myelosuppres-
sion and delayed recovery of the peripheral WBC count,
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suggesting the importance of BM-derived cell mobilization,
rather than eNOS activity in pancreatic blood vessels, in
BMT-induced B-cell regeneration.

In summary, BMT promotes B-cell regeneration after STZ-
induced injury. A series of BMT experiments using Nos3™"
mice demonstrated BM-derived cell mobilization to be es-
sential for BMT-induced B-cell regeneration. Acute injury
with STZ treatment may trigger recruitment of immaturc
BM-derived cells to the injured pancreas. Recruited BM-
derived cells may then stimulate stem/progenitor cells lo-
cated in the recipient pancreas, resulting in islet regeneration.
To our knowledge, this is the first report showing mobili-
zation of BM-derived cells to be involved in p-cell regener-
ation in diabetic animals. From the viewpoint of clinical
application, it is important to study the effects of myelosup-
pression-inducing reagents, such as antitumor drugs, on
pancreatic islet regeneration.
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Am J Physiol Cell Physiol 293: C1576~C1585, 2007. First published
July 5, 2007; doi:10.1152/ajpcell.00570.2006.—Carboxy-terminal
modulator protein (CTMP) was identified as binding to the carboxy
terminus of Akt and inhibiting the phosphorylation and activation of
Akt. In contrast to a previous study, we found CTMP overexpression
to significantly enhance Akt phosphorylation at both Thr3®® and
Ser*”* as well as the kinase activity of Akt, while phosphatidylinositol
3-kinase (PI3-kinase) activity was unaffected. Translocation of Akt to
the membrane fraction was also markedly increased in response to
overexpression of CTMP, with no change in the whole cellular
content of Akt. Furthermore, the phosphorylations of GSK-38 and
Foxol, well-known substrates of Akt, were increased by CTMP
overexpression. On the other hand, suppression of CTMP with small
interfering RNA partially but significantly attenuated this Akt phos-
phorylation. The cellular activities reportedly mediated by Akt acti-
vation were also enhanced by CTMP overexpression. UV-B-induced
apoptosis of HeLa cells was significantly reversed not only by over-
expression of the active mutant of Akt (myr-Akt) but also by that of
CTMP. Increases in glucose transport activity and glycogen synthesis
were also induced by overexpression of either myr-Akt or CTMP in
3T3-L1 adipocytes. Taking these results into consideration, it can be
concluded that CTMP induces translocation of Akt to the membrane
and thereby increases the level of Akt phosphorylation. As a result,
CTMP enhances various cellular activities that are principally medi-
ated by the PI3-kinase/Akt pathway.

phosphatidylinositol 3-kinase

SERINE/THREONINE KINASE Akt has been established as one of the
most important molecules in intracellular signaling cascades of
growth hormones including insulin (9, 13, 22, 26, 44, 51). Its
activation mechanisms have been clarified to some extent in
recent years (1, 7): tyrosine kinase-type growth hormone re-
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ceptors activate phosphatidylinositol 3-kinase (PI3-kinase),
which generates 3-phosphoinositides on the plasma membranc.

Akt is then recruited to the membrane through the binding of

its PH domain and these 3-phosphoinositides (6, 19). When
Akt reaches the membrane, two phosphorylation sites (Thr"®
and Ser*’®) of Akt are phosphorylated by phosphoinositide-
dependent kinase (PDK)-1 (45, 46) and by PDK-2 (18, 28, 38,
39, 50), respectively. Recent reports have indicated that PDK-2
is very likely to be the mammalian target of rapamycin
(mTOR)-Rictor complex (24, 43). Once phosphorylated at both
sites, Akt is fully activated.

Recently, several proteins that modify the Akt activation
state via direct binding to Akt (2, 4, 14, 34, 40) have becen
identified. Among them, carboxy-terminal modulator protein
(CTMP) (23, 34) was reported to bind to the carboxy-terminal
regulatory domain of Akt and to inhibit its activation. In
addition, it was shown that stable CTMP overexpression in
AKTS cells inhibits tumor growth in nude mice. However, Akt
is related not only to cell proliferation but also to antiapoptosis
(12, 29, 35) and glucose metabolic processes such as glycogen
synthesis, gluconeogenesis, glycolysis, and glucose uptake (16,
21, 25, 32, 47, 48, 51). The effects of CTMP on insulin
signaling and on glucose metabolism have not previously been
examined. Therefore, the initial aim of this study was to
determine whether CTMP is a molecule involved in the insulin
sensitivity of glucose metabolic processes, via its effect on Akl
activity.

However, in our study, overexpression of CTMP was dem-
onstrated to obviously enhance Akt phosphorylation regardless
of whether a transient or a stable expression system was uscd.
To our surprise, this is quite the opposite of previously reported
results. When endogenous CTMP was suppressed by small
interfering RNA (siRNA), Akt phosphorylations were reduced.
Moreover, several cellular functions downstream from Akt,
such as antiapoptotic and glucose metabolic processes, were
shown to be enhanced by CTMP. We thus conclude that CTMP
is a positive regulator of Akt.

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “‘advertisemens”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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CTMP ENHANCES AKT SIGNALING

MATERIALS AND METHODS

Antibodies and immunoblotting. Anti-CTMP antibody was raised
by immunizing rabbits with the keyhole limpet hemocyanin-conju-
gated 17 carboxy-terminal amino acids of CTMP and affinity purified
on Affi-Gel-10 (Bio-Rad, Hercules, CA) columns to which the cor-
responding peptide had been coupled. The animal protocol was
approved by the University of Tokyo Ethics Committee for Animal
Experiments and strictly adhered to the guidelines for animal exper-
iments of the University of Tokyo. Anti-Akt antibody was described
previously (37). Anti-phospho-Thr3°® Akt, anti-phospho-Ser*’> Akt,
anti-phospho-Ser® GSK-3, and anti-phospho-Ser*® Foxol were pur-
chased from Cell Signaling Technology (Beverly, MA). Anti-phos-
photyrosine antibody (4G10) was purchased from Upstate Biotech-
nology (Lake Placid, NY). Immunoblotting was carried out with
enhanced chemiluminescence (ECL Detection Kit, Amersham), and
representative blots were obtained by exposing the films. The bands
were quantitatively analyzed with Molecular Imager FX (Bio-Rad)
without exposure of the films.

LacZ (MOl) 0.1
CTMP (MOI) 0
EGF (ng/ml) 0

CTMP

pThr3os

pSeri’?
CTMP mRNA 1 1

A

1.1 4.3 6.6 50 300

Ci1577
DNA constructs, expression vectors, and adenoviruses. Complete
c¢DNA of human CTMP was amplified by PCR from a ¢cDNA library
of HeLa cells with a primer set based on the reported sequence (34).
Amino-terminal FLAG tag was added, also by PCR. All the sequences
were confirmed with a CEQ-2000XL. DNA sequencer (Beckman
Coulter, Tokyo, Japan). To prepare the plasmid expression vector.
c¢DNA was subcloned into pcDNA3.1(—) (Invitrogen, Carlsbad, CA).
To prepare the adenovirus for CTMP expression, the DNA construct
was subcloned into a pAdexCAwt cosmid cassette and transfected
with the parental viral genome into HEK293 cells as described
previously (27). Adenovirus vectors for carboxy-terminally myc-
tagged wild-type (WT) Akt, carboxy-terminally myc-tagged myr-Akt,
and Escherichia coli (3-galactosidase (LacZ) were described previ-
ously (27, 52). Adenoviruses were concentrated and purified by
ultracentrifugation in a CsCl gradient as described previously (33).
Cell culture, adenoviral infection, and serum starvation. COS-1.
HepG2, HeLa, and NIH3T3 cells were cultured in DMEM containing
4.5 g/l glucose, penicillin-streptomycin (Pen/Strep), and 10% fetal

Fig. 1. Effects of transiently overexpressed carboxy-
terminal modulator protein (CTMP) on Akt phosphor-
ylation and activation. A: COS-1 cells were infected

0.1-10] of LacZ or CTMP adenovirus. Phosphoryla-
tions of endogenous Akt at Thr*® or Ser*”* without or
with 50 ng/ml EGF stimulation were assayed by West-
em blotting with phospho-specific antibodies. Repre-
sentative bands from duplicate experiments are shown.

CTMP protein  ND ND ND 3 6 15 45 The multiplicity of CTMP expression at its mRNA
level or protein level was assayed, and is shown at
B pThri0s Pe 0'} pSers’ bottom. 'Ighe protein level is indicated by inequality,
310w I 35 0w because our antibody could not detect endogenous
W CTMP CTMP [not detected (ND)]. LacZ did not influence Akt
B CcTMP _ 3 phosphorylations, regardless of its MOI or EGF stim-
'§ P <0.05 ] 25 ulation. CTMP enhanced these phosphorylations in a
€ 2 ] € “7jp<ont dose-dependent manner in the nonstimulated (basal)
o 8 2 state. CTMP did not suppress Akt phosphorylations
‘\" = 45 even when the cells were stimulated with EGF.
T ¢ T B: HepG2 cells were infected with CTMP or LacZ
0 8 1 (LZ) with adenoviral vectors. Phosphorylations of ¢n-
dogenous Akt at Thr® (leff) or Ser'”* (righi) in HepG?2
0.5 cells without (no stim) or with 100 nM insulin stimu-
0 " ~ " . — L. lation were assayed as in A and quantified in experi-
no stim insulin no stim insulin ments performed in triplicate. Values are mean = SE
C Akt assay P <0.05 fold increase over LacZ without insulin. The enhancing
Akt (HEK293, IP:9E10) [ effect of CTMP on Akt phosphorylation was also
4- 3 vehicle observed in HepG2 cells. C: Akt phosphorylation and
CTMP 35 B CTMP kinase activity were assayed in HEK293 cells.
S 7 P <0.002 HEK293 cells were transfected with the expression
pSert’? Akt I P ——— ,__,__I 3‘::. 31 . vector containing CTMP cDNA and were coexpressed
e o %51 ! with wild-type Akt with adenoviral vectors. Lefi: over-
pSer® GSK-3b[ = s 2 2 4 e)}(‘pres;ionlof CTMfP Az};xd C;TT\G'igi(inguced increg;_cs in
1.5 4 phosphorylations of Akt an -3B. Righr: CTMP-
v:};icTe](l:_ﬁﬁF’Jvlmj %ﬁ'ﬁﬁ;" -:g 14 [—[—} induced increase in Akt kinase activity with or without
| L ) 0.5 4 vanadate stimulation. Values are mean * SE fold
no stim vanadate 0 increase over vehicle without stimulation. ANOVA
no stim vanadate confirmed the significance of the enhancing effect of
CTMP on Akt activity. D: Akt phosphorylation and
D Akt assay_ kinase activity were assayed in COS-1 cells transfected
(Cos-1, IP'9E19) P <0.05 with the expression vector containing CTMP cDNA.
Akt 2.5 - O venicle t Right: overexpression of CTMP and CTMP-induced
- W cT™P increases in phosphorylations of Akt. Left: CTMP-
CTMP O 27 P<005 induced increase in Akt kinase activity with or without
b | vanadate stimulation. Values are mean * SE fold increase
pSert’3 Akt | 9 151 over vehicle without stimulation, ANOVA confirmed the
) L 0 " ; 1 sigpiﬁcanoe of the en]hliax;cing effect of C;I;MP gn Akl}l
- L__J B activity. CTMP or vehicle was coexpressed with wild-
vehicle CTMP vehicle CTMP 8 o5 type Akt with adenioviral vectors. The effect of CTMP on
no stim vanadate Akt phosphorylations was enhanced. IP, immunopre-
no stim vanadate cpiton.
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calf serum (FCS) under a 5% CO, atmosphere at 37°C. Adenoviral
infection and serum starvation were carried out simultaneously for
these cell types 24 h before the following experiments, i.e., the cells
were incubated with adenovirus for 1 h, washed once with serum-free
DMEM containing 0.2% BSA, and then incubated with that serum-
free medium for 24 h. NIH3T3 cells stably transfected with CTMP
constructs (pcDNA) were selected and maintained in DMEM contain-
ing 500 mg/l Geneticin. 3T3-L1 adipocytes were prepared from
3T3-L1 fibroblasts as described previously (41). Four days after the
induction of differentiation, at which time >90% of the 3T3-L1 cells
expressed the adipocyte phenotype, viral infection of these cells was
carried out. Serum starvation of 3T3-L1 adipocytes is described
below.

Plasmid transfection and Akt kinase assay. COS-1 cells or HEK293
cells were maintained in DMEM supplemented with 10% FCS (Life
Technologies) and 50 U/ml Pen/Strep (GIBCO). Transfections were
performed with the calcium phosphate technique (34). To obtain a cell
line stably overexpressing CTMP, selection was carried out with
G-418 after plasmid transfection.

After cells were first serum starved for 12 h in serum-free DMEM,
they were stimulated with 100 puM pervanadate for 10 min at 37°C.
Next, the cells were lysed in lysis buffer [mM: 50 Tris-HCl (pH 17.5),
150 NaCl, 1 EDTA, 1 EGTA, 2.5 sodium pyrophosphate, 1 sodium
orthovanadate, I B-glycerophosphate, and 0.2 PMSF, with 1% Triton
X-100] and centrifuged. The supernatants were then immunoprecipi-
tated with anti-myc antibodies and protein G Sepharose beads. The
immunoprecipitants were washed three times with lysis buffer and
twice with kinase assay buffer [mM: 50 Tris- HCI (pH 7.5), 10 MgCl,,
1 EGTA, and 1 dithiothreitol]. Beads were resuspended in 45 pl of
kinase assay buffer, and reactions were initiated by the addition of 5
pl of an ATP mixture containing 5 .M nonradioactive ATP, 2 uCi of
[y->2PJATP (4,000 Ci/mmol), and 5 LM Crosstide and then incubated
for 30 min at 30°C. The kinase reaction mixture was spotted onto a
P81 filter (Whatman), the filters were washed three times with 0.5%
(wt/vol) orthophosphoric acid, and the radioactivity remaining on the
filters was measured with a BAStation2000 (Fujifilm).

Adenoviral gene transfer and Akt kinase assay. COS-1 cells in
10-cm dishes, 24 h after serum starvation and viral infection [multi-
plicity of infection (MOI) 3], were stimulated without or with 50
ng/ml EGF for 10 min, washed once with ice-cold PBS, and lysed

Fig. 2. Positive effect of CTMP on Foxol and GSK-3p A
phosphorylations in HeLa cells. HeLa cells were in-

fected with adenovirus to overexpress LacZ (LZ) or
CTMP (CT) with wild-type Akt and stimulated without

—— Akt coexp.——

CTMP ENHANCES AKT SIGNALING

with 1 ml/dish of lysis buffer from an Akt kinase assay kit (Cell
Signaling Technology). Insoluble materials were eliminated by cen-
trifugation, and 200 ! of the supernatants was immunoprecipitated
with 10 pl of immobilized Akt monoclonal antibody. Subsequent
steps were carried out according to the manufacturer’s instructions.

RNA silencing of CTMP in HelLa cells. Hel.a cells were seeded
1 X 10* cells/well onto 24-well plates. At 24 h after seeding, siRNAs
were transfected, i.e., 0.25 ug of siRNA of CTMP (target sequence:
AAGCATGAAGAATAAATACAT) or lamin (control siRNA, target
sequence: AACTGGACTTCCAGAAGAACA), 1.5 ul of RNAjFect
transfection reagent (Qiagen, Tokyo, Japan), and DMEM containing
10% FCS (total 100 wl/well) were mixed, incubated for 10 min. and
dropped into each well. At 36 h after transfection, cells were serum
starved. After 12 h of starvation, the cells were stimulated without or
with 1 pM insulin for 15 min and lysed with the lysis buffer from an
RNAqueous kit (Ambion, Austin, TX) or Laemmli buffer.

Total RNA was purified with the RNAqueous kit according to ihe
manufacturer’s instructions. RNA was then reverse transcribed with
Superscript III (Invitrogen). ¢cDNA levels of CTMP and GAPDH
(internal standard) were quantified with LightCycler and DNA Masier
SYBR Green I (Roche Diagnostics, Tokyo, Japan). The primer se-
quences used were TCTGAGGAAGTCATTCTTAAG and CTCAT-
CAACACTCTGAACATT for CTMP and GAAGGTGAAGGTCG-
GAGTC and GAAGATGGTGATGGGATTTC for GAPDH.

Subcellular fractionation. In a 15-cm dish, COS-1 cells (24 h after
virus infection at MOI 3) were washed with PBS and scraped off into
2 ml of HES (mM: 20 HEPES pH 7.4, 1 EDTA, 250 sucrose)
containing protease/phosphatase inhibitors (mM: | PMSF, | or-
thovanadate, 40 B-glycerophosphate, 50 NaF). The cell suspension
was homogenized with 10 strokes of a Teflon homogenizer and
centrifuged at 600 g for 15 min to eliminate the nuclear fraction. The
supernatant was ultracentrifuged at 250,000 g for 90 min, and the
pellet was rinsed once with HES and lysed with 100 pl of lysis buffer
(mM: 50 Tris pH 7.4, 100 NaCl, 10 EDTA, with 10% glycerol and 1%
Nonidet P-40) containing protease/phosphatase inhibitors. The lysate
was then recentrifuged at 15,000 g for 15 min to eliminate the
cytoskeletal fraction. The supernatant was taken as the membrane
fraction.

PI3-kinase activity assay. COS-1 cells in 12-well culture plates. 24 h
after serum starvation and viral infection (MOl 3), were stimulated
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CTMP ENHANCES AKT SIGNALING

without or with 50 ng/ml EGF or 100 nM sodium orthovanadate for 10
min, washed once with ice-cold PBS, and lysed with lysis buffer (PBS
containing 1% Nonidet P-40, 0.35 mg/ml PMSF, and 100 mM sodium
orthovanadate). Insoluble materials were eliminated by centrifugation,
and the superatants were immunoprecipitated with anti-phosphotyrosine
antibodies and protein G Sepharose. The PI3-kinase activity in the
immunoprecipitants was measured as described previously (27).

UV-B irradiation and MTT assay of Hela cells. HeLa cells were
plated onto a 96-well culture plate at a density of 1 X 10 cells/well.
At 24 h after seeding, the cells were infected with adenoviruses at an
MOI of 3 for 1 h. After infection, the cells were washed once with
serum-free DMEM containing 0.2% BSA and incubated in the same
medium for 12 h. The medium was then replaced with PBS, and the
plate was irradiated with UV-B (wavelength = 312 nm, energy = 8
mW/cm?;, DT-20MCP UV illuminator, ATTO, Tokyo, Japan) for 6

A () CTMP1 CTMP2

— *p<0.05
[™p < 0.05"

*p<0.05

fold / control
fold / control

6 — p<0.05"|

CI579

min from the bottom face of the plate. The PBS was then replaced
with 100 ! of serum-free DMEM containing 0.2% BSA, and the cells
were incubated at 37°C. At 8 h after the irradiation, 10 pl of 12 mM
4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) so-
lution in PBS was added to each well, and the 37°C incubation was
continued for 4 h. One hundred microliters of 10 mM HCI containing
10% SDS was added to each well. After vigorous mixing of each well
by pipetting, the plate was incubated at 37°C for 2 h, each well was
pipetted again, and absorbance at 570 nm was measured with a
microplate reader. Each treatment combination (virus and UV irradi-
ation) was examined four times (n = 4).

2-Deoxyglucose uptake assay. 3T3-L1 adipocytes in 24-well cul-
ture plates were infected with adenovirus at an MOI of 100. At 45 h
after infection, the cells were washed once with DMEM containing
0.2% BSA and incubated in that medium for 3 h for serum starvation.

P <0057

Fig. 3. Effects of stably overexpressed
CTMP on Akt and GSK-3 phosphorylations
in NIH3T3 cells. NIH3T3 cells were trans-
fected with the expression vector containing
CTMP c¢DNA and subjected to G-418 selec-
tion. Control cells were transfected with the
expression vector alone, i.e., without CTMP
cDNA. A: 2 representative cell lines (CTMPI
and CTMP2) overexpressing CTMP were iso-
lated (bottom), and the absence of significant
alteration of Akt expression was confirmed

:

() CTMP{ CTMP2 (] CTMP1 CTMP2 ) CTMP1
) ) ) Van. Van, Van, ) )

D vehicle

colony counts / dish

CTMP1 CTMP2

vehicle

o"("'

(top). B and C: Akt (B) and GSK-38 (C)
phosphorylations were examined in the con-
trol and 2 CTMP overexpressing cell lines in
the absence or presence of vanadate stimula-
tion (Van). D and E: soft agar assays demon-
strating transformation of NIH3T3 fibroblasts
by CTMP. For the soft agar assay, NIH3T3
cells stably transfected with CTMP constructs
were trypsinized, suspended in DMEM con-
taining 0.3% agar and 20% fetal calf serum,
and plated onto a bottom layer containing

CTMP2 ) (-)7 CTMP1 CTMP2
) Van, Van. Van,

2 X 10* cells per 3.5-cm dish. Colonies >0.5
mm in diameter were counted after 14 days
(E). Four independent experiments were per-
formed, and similar results were obtained.
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Next, glucose-free incubation was performed for 45 min in Krebs-
Ringer phosphate buffer (8). Cells were then incubated with 0, 1, 10,
or 100 nM insulin for 15 min, and 2-deoxy-p-{*H]glucose uptake
during the subsequent 4 min was measured as described previously
(3). Each treatment combination (virus and insulin) was examined
twice.

Glycogen synthesis assay. 3T3-L1 adipocytes in 24-well culture
plates were infected with adenovirus at an MOI of 100 in DMEM
containing 4.5 g/l glucose and 10% FCS. At 40 h after infection, the
cells were washed once with serum-free DMEM containing 1 g/l
glucose and 0.2% BSA and then incubated with the same medium for
5 h. The cells were then incubated with 200 ul of the same medium
containing 1.5 uCi/ml of p-[U-'“C]glucose (230-370 mCi/mmol) and
stimulated with 0, 0.1, 1, or 100 nM insulin for 3 h. After insulin
stimulation, the cells were washed twice with ice-cold PBS and
incubated with 200 pl of 10 N KOH at 4°C for 3 h. The cells were
then scraped off, collected, and boiled with 2 mg of glycogen for 30
min. The lysate was mixed with 800 w! of ethanol and incubated at
—20°C overnight. Tubes were centrifuged at 15,000 rpm for 20 min,
and the supernatant was discarded. The glycogen pellets were rinsed
once with 80% ethanol, dissolved in 200 pl of water, mixed with 800
pl of ethanol, and incubated again at —20°C overnight. The tubes
were centrifuged, the pellets were dissolved in 200 pl of 0.1 N HCl
and mixed with ACS II (Amersham Biosciences, Piscataway, NJ), and
the incorporated '*C was quantified with a liquid scintillator. Each
treatment combination (virus and insulin) was examined twice.

Statistical analysis. Figures 1-8 show means + SE. To analyze the
" results of the experiments, Student’s unpaired t-test or two-way
ANOVA with replication was used to demonstrate significant differ-
ences. With two-way ANOVA, mainly viral and growth hormone
stimulation factors were assessed.

RESULTS

Transient CTMP overexpression enhanced Akt phosphory-
lation and activation in COS-1, HepG2, HEK293, and Hela
cells under both unstimulated and stimulated conditions. We
created an expression vector as well as an adenovirus to
express amino-terminally FLAG-tagged CTMP in cultured
cells. In our subsequent experiments, COS-1, HelLa, and
HepG2 cells and 3T3-L1 adipocytes were infected with this
virus. We confirmed an ~22-kDa single band in the samples
from these infected cells, using either anti-FLAG antibody or
anti-CTMP antibody (Fig. 1A, top).

To investigate whether CTMP influences the phosphoryla-
tion state of Akt, we infected COS-1 cells with various titers of
CTMP or LacZ (control) virus at an MOI of 3 and evaluated
phosphorylations of Akt at Thr*®® and Ser*’* by immunoblot-
ting with phospho-specific antibodies. As shown in Fig. 14,
CTMP enhanced endogenous Akt phosphorylations at both
sites, in a viral dose-dependent manner, in the basal state, while
control LacZ virus had no effect. The maximal level of Akt
phosphorylation by CTMP overexpression was comparable
with that induced by EGF stimulation. EGF stimulation had a
small additional effect on Akt phosphorylation in CTMP-
overexpressing cells (Fig. 1A, right 2 lanes), suggesting that
high CTMP expression could induce nearly maximal Akt
phosphorylation.

Subsequently, to confirm this phenomenon, we investigated
the effects of CTMP overexpression on Akt phosphorylation
by expressing CTMP in other types of cultured cells such as
HepG2 and HeLa cells and 3T3-L1 adipocytes. In HepG2 cells,
which are insulin-sensitive cells, CTMP produced a similar

CTMP ENHANCES AKT SIGNALING

enhancement of Akt phosphorylation (Fig. 1B). Infection of

HeLa cells produced a similar result (data not shown).

To rule out the possibility that the difference in overexpres-
sion systems between plasmid transfection and adenoviral gene
transfer was responsible for the different results, CTMP was
transiently overexpressed in HEK293 and COS-1 cells (Fig. 1,
C and D, respectively) with an expression plasmid containing
CTMP cDNA and the calcium phosphate method. In HEK?293
cells, CTMP overexpression increased Akt phosphorylation us
shown by immunoblotting with phospho-specific antibodies
under both basal and vanadate-treated conditions (Fig. 1C.
left). The phosphorylation of GSK-33 was also markedly
increased by CTMP overexpression. Indeed, Akt kinase activ-
ity was increased by CTMP overexpression under both basal
and vanadate-treated conditions (Fig. 1C, right). Very similar
effects were also observed in COS-1 cells transfected with the
CTMP expression plasmid (Fig. 1D). These results strongly
suggest that CTMP overexpression increases Akt phosphory-
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Fig. 4. CTMP small interfering RNA (siRNA) in HeLa cells. HeLa cells were
transfected with siRNA of lamin (control) or CTMP, and Akt phosphorylations
were measured 48 h after transfection. A: Akt phosphorylations at Thr'®® and
Ser*” were assayed by Western blotting, and representative bands are shown
at top (Thr*®®, left; Ser*", right). Phosphorylation levels at Thr*® and Ser'?
were quantified in experiments conducted in triplicate, and mean * SE fold
increases over LacZ without insulin are shown at bottom. Akt phosphorylations
at Thr*®® and Ser*™® were significantly decreased by siRNA of CTMP. B: Akt
kinase activities were quantified in experiments conducted in triplicate, and
values are mean * SE fold increases over LacZ without insulin.
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CTMP ENHANCES AKT SIGNALING

lation and activity, irrespective of the transfection method or
cell types.

CTMP expression induced phosphorylations of Foxol and
GSK-3B in HeLa cells. In the following experiments, we
investigated the effects of CTMP on signals downstream from
Akt. First, we examined phosphorylations of well-known Akt
substrates, Foxol(5, 31) and GSK-3B (11, 49), using their
respective phospho-specific antibodies. Insulin induced both
Foxol and GSK-38 phosphorylation in HelLa cells overex-
pressing Akt (Fig. 2, lane 3). Co-overexpression of CTMP
enhanced the phosphorylation of both Foxol and GSK-38 in
the basal state, compared with that of LacZ (Fig. 2, lane 2),
although no significant difference was observed in the presence
of insulin stimulation.

Stable overexpression of CTMP enhances phosphorylations
of Akt and GSK-3f3 in NIH3T3 cells. To exclude the possibility
that the difference between stable and transient overexpres-
sions is responsible for the different results, CTMP was stably
overexpressed in NIH3T3 cells by expression plasmid trans-
fection followed by G-418 selection. As shown in Fig. 34, two
cell lines overexpressing CTMP (CTMP1 showing higher
expression level than CTMP2) were prepared, and the expres-
sion level of Akt was confirmed to be urichanged. While basal
Akt phosphorylation was not significantly altered in either
CTMP-overexpressing cell line (Fig. 3B, left 3 lanes), Akt
phosphorylation in response to vanadate stimulation was mark-
edly enhanced in the CTMP-overexpressing cells (Fig. 3B,
right 3 lanes). The phosphorylation of GSK-38 was also
demonstrated to be significantly increased by stable CTMP

A

C1581
overexpression under both unstimulated and vanadate-stimu-
lated conditions (Fig. 3C). These results indicate that stable
overexpression of CTMP increases Akt activity under vana-
date-stimulated conditions.

SIRNA of CTMP inhibited Akt phosphorylation. Next, we
suppressed endogenous CTMP expression with siRNA to ex-
amine its physiological functions. The mRNA level of CTMP
was determined by real-time PCR and standardized with that of
GAPDH. siRNA decreased CTMP transcription to approxi-
mately one-fifth of that in HeLa cells transfected with lamin
siRNA [lamin 1.00 = 0.27, CTMP 0.21 * 0.01 (arbitrary
units); P = 0.002], although inhibition of CTMP protein
expression could not be examined because the CTMP antibody
was not sufficiently sensitive to detect endogenous CTMP
protein in HeLa cells. Under these conditions, phosphoryla-
tions of Akt were partially but significantly suppressed at both
Thr**® and Ser*” sites by CTMP siRNA to a greater extent
than by lamin siRNA, as shown in Fig. 44, rop. Akt kinase
activity was also slightly but significantly suppressed by treat-
ment with CTMP siRNA (Fig. 4B).

CTMP enhanced membrane localization of Akt without uf-
fecting PI3-kinase activity. To elucidate the mechanism under-
lying the positive effect of CTMP on Akt activation, wc
prepared the membrane fraction of COS-1 cells overexpressing
CTMP or control LacZ by adenoviral gene transfer at an MOI
of 3. As shown in Fig. 5A, left, immunoblotting revealed that
overexpression of CTMP markedly increased the amount of
Akt in the membrane fraction in the basal state and also slightly
but significantly increased that in the EGF-stimulated state.

P <0.01

Fig. 5. Mechanisms of CTMP effect on AkL
A: COS-1 membrane fraction was purified with
ultracentrifugation and then electrophoresed and
immunoblotted (IB) with anti-Akt antibody. CTMP
markedly increased membrane-localized Akt, espc-
cially in the basal state. The calculated ratio of
membrane Akt to total Akt is shown at righs. The
experiment was done in triplicate. The graph shows
means * SE, and 1 band representative of the 3 is
presented. B: COS-1 cells were stimulated without
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EGF or with 50 ng/m| EGF or 100 nM orthovanadate, and
anti-phosphotyrosine-immunoprecipitated phosphati-
dylinositol 3-kinase (PI3-kinase) activity in the cell
lysate was assayed. The graph shows the fold in-
crease = SE over LacZ without stimulation on a
logarithmic scale. CT, CTMP. Each experimem
was done 3 times, and 1 spot representative of the
3 is shown at fop. PI3-kinase activity was un-
changed by CTMP expression, regardless of stim-
ulation. C: COS-1 expressing LacZ or CTMP (CT)
were stimulated without or with EGF for 10 min
and then incubated without or with 20 nM LY-
294002 (LY) for 2 min. Akt phosphorylations at
Thr**® were quantified in experiments conducted in
triplicate, and representative bands are shown
top. The graph shows mean * SE fold increases

% .

LY Ly

over LacZ without insulin, The enhancing effect of

CTMP on Akt phosphorylations was reversed
within 2 min of LY-294002 incubation.
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The ratio of membrane Akt to total Akt was calculated and is
shown in Fig. 5A, righs.

To exclude the possibility that the effects of CTMP on Akt
are mediated by PI3-kinase activation that is upstream from
Akt, we assayed the PI3-kinase activity of anti-phospho-
tyrosine immunoprecipitants from LacZ- or CTMP-expressing
COS-1 cells. As shown in Fig. 5B, PI3-kinase activity did not
differ between samples from LacZ-expressing cells and those
expressing CTMP.

However, it was shown that treatment with LY-294002
obviously atienuated the Akt phosphorylation induced by ei-
ther CTMP overexpression or EGF stimulation within 2 min
(Fig. 5C). Thus it is likely that CTMP does enhance Akt
phosphorylation, but at least basal level PI3-kinase activity is
necessary.

CTMP expression with Akt rescued Hela cells from UV-B
irradiation-induced apoptosis. One of the well-known func-
tions of Akt is antiapoptosis. Therefore, we investigated
whether CTMP overexpression produces an antiapoptotic ef-
fect on cultured cells. HeLa cells, 12 h after adenoviral infec-
tion, were irradiated with UV-B. Cellular viability after irra-
diation was assayed with the MTT assay. As shown in Fig. 6,
expression of CTMP alone tended to increase cellular viability
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comparison p value
Lz CTMP 0.0002
Lz WT-Akt NS
Lz WT-Akt + CTMP <0.0001
LZ myrAkt 0.0002
CTMP WT-Akt + CTMP 0.0002
WT-Akt  WT-Akt + CTMP <0.0001
myrAkt myrAkt + CTMP 0.0514

Fig. 6. 4,5-Dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) as-
say of UV-B-irradiated HeLa cells. HeLa cells in 96-well culture plates were
infected with adenovirus in 6 combinations: LacZ (LZ), CTMP, wild-type
(WT) Akt, both WT Akt and CTMP, myr-Akt, and both myr-Akt and CTMP.
The MOI was 10 for each virus. At 12 h after infection cells were irradiated
with UV-B, and 8 h after irradiation MTT was added. MTT uptake was
assayed by absorption at 570 nm. Some of the r-test results are shown in the
table (bottom).
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Fig. 7. 2-Deoxyglucose uptake assay in 3T3-LI adipocytes. 3T3-L1 adipo-
cytes were infected with adenovirus in 6 combinations, as described in Fig. 5.
at an MOI of 100 for each virus. The phosphorylations of Akt and GSK-3{
were investigated for each of these combinations and are shown at 7op. The
blot is representative of 4 independent experiments, and the CTMP-induced
increase in Akt phosphorylation was observed when WT-Akt was comparcd
with WT-Akt + CTMP. A CTMP-induced increase in GSK-3f phosphoryla-
tion was observed in the comparison between LacZ and CTMP. No such
significant differences were seen under the insulin-stimulated conditions (data
not shown). 2-deoxy-p-[*H]glucose uptakes with 0, 1, 10, and 100 nM insulin
stimulation for 15 min were assayed twice each and are presented graphically
at bottom. Repeated-measures 2-way ANOVA was conducted 10 detect the
significance of differences in glucose uptake between pairs of viral conditions,
and several of the results are shown in the table (middle).

compared with LacZ, but the difference was not significant.
When Akt was coexpressed, CTMP showed a marked and
significant antiapoptotic effect. myr-Akt, a well-known consti-
tutively active type of Akt, also showed an apparent antiapop-
totic effect.

CTMP expression in 3T3-L1 adipocytes modestly enhanced
glucose uptake. Akt activation is known to induce glucosc
uptake of adipocytes via translocation of GLUT4 to the plasma
membrane. We investigated the effect of CTMP overexpres-
sion on the glucose transport activity of 3T3-L! adipocy!es
(Fig. 7). The CTMP overexpression level in 3T3-L1 adipocytes
is much lower, even with the adenoviral transfer system, than
in other cell lines such as COS-1 or HepG2. Thus slightly
increased Akt phosphorylation was observed only in the WT
Akt-overexpressing cells in the basal state. Similarly, slightly
increased GSK-3p phosphorylation was observed only in LacZ
cells under basal conditions. While myr-Akt induced a fivefold
increase in glucose uptake in the absence of insulin stimulation
(30), CTMP overexpression induced a relatively mild (1.2-fold
over that of LacZ) but significant increase in uptake. Insulin
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dose-dependently increased glucose uptake. Comparison of
both CTMP and WT Akt overexpression with Akt overexpres-
sion alone, in response to stimulation with each of the indicated
concentrations of insulin, showed the additional augmenting
effect of CTMP on glucose uptake to be significant, although
also of a modest degree (20% increase). This observation
suggests that the effects of CTMP and Akt on glucose uptake
are additive and more significant than that of the LacZ control.

CTMP expression in 3T3-L1 adipocytes enhanced glycogen
synthesis. Since Akt is also known to enhance glycogenesis via
inhibition of GSK-3p, the effect of CTMP on glycogenesis in
3T3-L1 adipocytes was investigated (Fig. 8). With insulin
stimulation, glycogen synthesis increased in a dose-dependent
manner in control LacZ-infected cells. Since the effect of
CTMP plus Akt was observed to differ between low-dose and
high-dose insulin conditions, statistical analyses were per-
formed separately for the low- and high-dose groups. CTMP
expression significantly enhanced glycogen synthesis. The
magnitude of this enhancement was high when cells were
stimulated with low concentrations of insulin (0.1 and 1 nM).
However, the synergistic effect of CTMP and WT Akt over-
expressions on glycogen synthesis was observed only in the
nonstimulated state. On the other hand, constitutively active
Akt (myr-Akt) markedly increased glycogen synthesis in the
basal state. However, when stimulated with a high concentra-
tion of insulin (100 nM), myr-Akt expression suppressed
glycogen synthesis. This finding suggests that when the Akt
signaling pathway is highly stimulated for a long period, some
negative feedback suppression(s) is exerted on the glycogen

357 D Lz

3o Ectmp
WT-Akt
257 WT-Akt + CTMP
20 myrAkt

B myrAkt + CTMP

fold increase
(ratio to LZ, insulin=0)
a
1

comparison | pvalue
Lz CTMP 0.0001
Lz WT-Akt 0.0027
CTMP  WT-Akt + CTMP [ins=0, 0.1} NS
CTMP  WT-Akt + CTMP [ins=1, 100] 0.0003
WT-Akt  WT-Akt + CTMP [ins=0, 0.1] 0.0395
WT-Akt  WT-Akt + CTMP [ins=1, 100) 0.0123
myrAkt myrAkt + CTMP NS

Fig. 8. Glycogen assay in 3T3-L1 adipocytes. 3T3-L1 adipocytes were in-
fected with adenovirus in 6 combinations, as described in Fig. 5, at an MOI of
100 for each virus. [U-'*Clglucose incorporations into glycogen with 3 h of 0,
0.1, 1, or 100 nM insulin stimulation were each assayed twice. Repeated-
measured 2-way ANOVA was conducted to detect the significance of differ-
ences between pairs of viral conditions, and several of the results are shown in
the table. The comparison between CTMP and WT-Akt + CTMP, and that
between WT-Akt and WT-Akt + CTMP, showed the effects of interactions.
Therefore, data obtained with the lower (0, 0.1 nM) and higher (1, 100 nM)
doses of insulin were analyzed separately for these 2 cases.
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synthetic pathway (insulin desensitization). Comparing
3T3-L1 adipocytes expressing solely WT Akt and those coex-
pressing WT Akt and CTMP, glycogen synthesis was higher in
the latter when the cells were unstimulated or stimulated with
a low concentration of insulin (0 or 0.1 nM). In contrast,
glycogen synthesis was higher in the former when cells were
stimulated with higher concentrations of insulin (1 and 100
nM). This is attributable to the same desensitization mecha-
nism.

DISCUSSION

Akt is activated by 3-phosphoinositides and PDKs, but there
exist several proteins that bind to Akt and modulate its activa-
tion state (2, 4, 14, 34, 40). CTMP was reportedly shown to
bind to the carboxy terminus of Akt and to inhibit its phos-
phorylation and activation. However, our repeated carcful
experiments demonstrated that CTMP enhanced the phosphor-
ylation and activation of Akt and its downstream signal path-
ways, regardless of whether a transient or a stable expression
system was used. Furthermore, siRNA-mediated suppression
of CTMP inhibited Akt phosphorylation. However, this sup-
pression was minimal, possibly suggesting that the presence of
a substantial basal level of Akt is required for CTMP to be
functional in HeLa cells. These findings are quite contrary to
those of a previous report (34), but this discrepancy is not
attributable to differences in the cell line or the method used for
transfection, because we utilized various cell lines and ob-
tained essentially the same results. Thus we cannot explain the
different conclusions.

CTMP is reportedly located mainly on the plasma mem-
brane. Indeed, we found that overexpression of CTMP mark-
edly enhances membrane localization of Akt. From this find-
ing, we speculate that the mechanism underlying the enhancing
effect of CTMP on Akt phosphorylation involves translocation
of Akt to the plasma membrane. It is well established that, with
targeting to the membrane, Akt conformational change occurs
such that Thr3®® and Ser*’3 are presented to the outside of the
Akt molecule and phosphorylated by PDKs (36).

In the aforementioned previous report, the authors suggested
that CTMP on the plasma membrane binds to Akt in the basal
state and that CTMP binding to Akt does not completely block
Akt phosphorylation in the stimulated state, but rather makes it
more difficult. After phosphorylation is achieved, Akt would
presumably disassociate from CTMP. However, this theory is
somewhat difficult to understand, because it is unclear how
CTMP suppresses Akt activation in the stimulated state, de-
spite dissociating from Akt in that state.

Our interpretations appear to be more reasonable and arc
easier to understand: Akt is located mainly in the cytosol in the
basal state, and CTMP, which is always on the plasma mem-
brane, recruits Akt from the cytosol to the plasma membrane,
leading to the phosphorylation of Thr’® and Ser*”* of Akt by
PDKs. Indeed, CTMP-induced membrane translocation of Akt
was observed in the presence of wortmannin. We also con-
firmed that CTMP does not influence PI3-kinase activity,
suggesting that the effects of CTMP on Akt are direct. How-
ever, the PI3-kinase inhibitor LY-294002 dephosphorylates
CTMP-induced Akt phosphorylation. This finding indicates
that CTMP-induced Akt phosphorylation is maintained by
basal PI3-kinase activity and/or basal concentrations of 3-phos-
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phoinositides. In addition, as shown in Fig. 5, the total amount
of Akt may be slightly increased. We speculate that CTMP
induces translocation of Akt to the membrane, and that mem-
brane-bound Akt thereby becomes susceptible to phosphoryla-
tion by upstream kinases such as PDK-1, which requires
PI3-kinase activation, and phosphorylation of Thr3%® and
Ser*” by PDKs. It is also likely that CTMP increases the
stability of Akt, possibly because of the increased amount
of Akt.

To evaluate whether CTMP influences the antiapoptotic
function of Akt, we combined UV-B irradiation (20) and MTT
assay (15) in HeLa cells. The result showed clearly that CTMP
enhances antiapoptosis, especially with Akt coexpression. In
the previous report, the authors showed stable expression of
CTMP in AKT8 tumor cells to inhibit tumor growth. Their
experiment was designed to observe tumor growth, which is a
more integrated cellular process than a specific antiapoptotic
function. Moreover, AKT8 cells highly express constitutively
active Akt, and the apoptotic signal in these cells may differ
from that in physiological cells. On the other hand, our exper-
iment induced relatively short-term CTMP expression in HeLa
cells, in which Akt signaling would be nearer to physiological
conditions. Therefore, we believe that our results reflect the
physiological function of CTMP, at least as regards the antiapop-
totic effect.

Akt reportedly plays critical roles in insulin-induced glucose
metabolism, i.e., glycogen synthesis and glucose uptake. As for
glycogen synthesis, Akt has been established as directly phos-
phorylating and inactivating GSK-3B, which results in activa-
tion of glycogen synthase. As for glucose uptake, constitutively
active Akt reportedly induces GLUT4 translocation, thereby
increasing glucose uptake. Our experiments revealed that
CTMP enhances both of these pathways, indicating that CTMP
may function as an insulin-sensitizing molecule for glucose
metabolism, possibly in relation to insulin sensitivity. In the
glycogen synthesis assay, expression of myr-Akt, or coexpres-
sion of CTMP and Akt, induced insulin desensitization. This
phenomenon may be attributable to glycogen synthesis not
being regulated solely by the insulin/AkUGSK-3B/glycogen
synthase pathway but also by the insulin/protein phosphatase-1
pathway (10, 42), which may be suppressed by chronic Akt
activation. At a minimum, the desensitization occurred in
response to both myr-Akt expression and Akt-CTMP coexpres-
sion, which is consistent with our finding that CTMP strongly
activates coexpressed Akt. On the other hand, the effects of
CTMP on insulin-induced glucose uptake were modest, al-
though statistically significant. From this finding, we speculate
that CTMP leads to Akt activation mainly on the plasma
membrane, while for efficient GLUT4 translocation activation
of Akt in other intracellular compartments may be critical.

Recently, we (2) and another group (17) have identified a
novel 200-kDa protein that binds to the carboxy terminus of
Akt and markedly enhances Akt phosphorylation. This protein
was termed Akt phosphorylation enhancer (APE), or Girdin.
We have the impression that APE/Girdin exerts more potent
activity, markedly increasing Akt phosphorylation, although
exact comparison is difficult. Taking into consideration that
both APE/Girdin and CTMP bind to the carboxy terminus of
Akt, the mechanisms underlying the increases in Akt phos-
phorylation may be similar. We speculate that their binding to
the carboxy terminus of Akt would induce conformational

CTMP ENHANCES AKT SIGNALING

changes in Akt, thereby possibly making Akt more easily
accessible to PDK-1 and PDK-2. Interestingly, APE/Girdin
binds to actin, and CTMP is located at the plasma membrane.
Thus both APE/Girdin and CTMP enhance Akt activity by
modifying the conformation of the Akt carboxy terminus, but
the former may function by interacting with the actin network
and the latter at the plasma membrane. Further work is neces-
sary to elucidate the similarities and differences in thesc
proteins.

In summary, our experimental findings on CTMP overex-
pression and suppression in various cell systems allow us to
draw the conclusion that CTMP enhances Akt phosphorylation
and activation. The mechanism appears to involve membrane-
localized CTMP recruiting Akt from the cytosol to the plasma
membrane. CTMP-induced Akt activation results in phosphor-
ylation of Akt substrates. It also activates multiple downstream
Akt pathways, including antiapoptotic, glycogen synthetic, and
glucose uptake processes. Therefore, CTMP may be involved
in cellular antiapoptotic mechanisms and insulin sensitivity.
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Social isolation is associated with increased risks of mortality
and morbidity. In this study, we show that chronic individual
housing accelerated body weight gain and adiposity in KK
mice but not C57BL6J mice, and fully developed diabetes in
KKAY mice. Individually housed KK and KKAY mice increased
body weight gain over the initial 2 wk without increased daily
average food consumption compared with group-housed an-
imals. The individually housed KK and KKAY mice then grad-
ually increased food consumption for the next 1 wk. The
chronic social isolation-induced obesity (SIO) was associated
with hyperleptinemia and lower plasma corticosterone and
active ghrelin levels but not hyperinsulinemia. Elevated
plasma leptin in the SIO suppressed expression of 5-HT2C
receptor in white adipose tissue. The SIO was also associated
with decreased expression of f3-adrenergic receptors in
white adipose tissue and hypothalamic leptin receptor, which

might be secondary to the enhanced adiposity. Interestingly,
social isolation acutely reduced food consumption and body
weight gain compared with group-housed obese db/db mice
with leptin receptor deficiency. Social isolation-induced hy-
perglycemia in KKAY mice was associated with increased cx-
pression of hepatic gluconeogenetic genes independent of in-
sulin. These findings suggest that social isolation promotcs
obesity due to primary decreased energy expenditure and
secondary increased food consumption, which are indepen-
dent of the disturbed leptin signaling, in KK mice, and devel-
ops into insulin-independent diabetes associated with in-
creased expression of hepatic gluconeogenetic genes in KKA™
mice. Thus, social isolation can be included in the environ-
mental factors that contribute to the development of obesity
and type 2 diabetes. (Endocrinology 148: 4658-4666, 2007)

OCIAL ISOLATION OR lack of social support is asso-
ciated with increased risks for mortality (1, 2) and neg-
ative health outcomes, including heart disease, hypertension,
stroke, and arthritis (3-7). Excess body weight during midlife
is also associated with an increased risk factor of mortality
and the negative health outcomes (8). However, interesting
aspects of the relationship between social isolation and de-
velopment of obesity remain to be resolved. Although indi-
vidually housed Swiss CD-1 mice and Wistar rats do not
grow as fast as group-housed ones (9-11), animal models of
social isolation-induced obesity (SIO) and type 2 diabetes
have yet to be identified.

The KK mice have long been included in the group of
animals that become obese and develop diabetes, as have the
AY mice. The AY yellow mice are known to become obese, and
when bred with the KK mice, the development of diabetes is
more pronounced. To determine the effects of social isolation
on the development of obesity and type 2 diabetes, we ex-
amined the effects of individual and group housing on body
weight, adipose tissues, plasma hormone levels, and expres-
sion of genes involved in the regulation of energy homeosta-
sis in C57BL6]J, KK, and KKAY mice.
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Abbreviations: 83-AR, B3-Adrenergic receptor; BAT, brown adipose
tissue; CNS, central nervous system; Fbp, fructose bisphosphatase;
Gé6Pase, glucose-6-phosphatase; MC, melanocortin; PEPCK, pyruvate
carboxykinase; SIO, social isolation-induced obesity; SOCS-3, suppres-
sor of cytokine signaling 3; UCP, uncoupling protein.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

Materials and Methods
General procedures

Four-week-old male C57BL6] mice, KK, and KKAY mice and 8-wk-old
db/db mice were purchased from Japan CLEA (T okyo, Japan). After the
arrival of the animals, all mice were group-housed and acclimated to the
colony for 1 wk before the experiment. Before the experiment, they were
all housed (three to four mice per cage) with free access to water and chow
pellets in a light (12 h on/12 h off; lights off at 2000 h)- and temperature
(20-22 C)~controlled environment. One week later, animals were random! y
transferred to individually housed conditions. Mice were housed in groups
of three to four per cage (21.5 X 32 X 14 em) or individually for 3 wk
preceding decapitation. Their body weights were measured every 7 d in the
morning for 3 wk. The average amounts of daily food consumption per
week were evaluated in 5- to 8-wk-old animals.

Administration of drugs

Four-week-old C57BL6J mice were individually housed in standard
mouse cages with free access to food and water for 1 wk before testing.
Mice were injected ip with saline or leptin (5 mg/kg). They were not fed
chow pellets. Sixty minutes later, the animals were decapitated and the
epididymal white adipose tissue was removed for RNA extraction. The
experiment was performed between 1000-1200 h. The dose of leptin (5
mg/kg) was selected based on the evidence that leptin induced hypo-
phagia and decreases in body weights in 5-HT2C receptor mutant and
wild-type mice (12).

Blood chemistries

Plasma ghrelin and adiponectin levels were measured by ELISA
using an active ghrelin ELISA kit and des-acyl ghrelin ELISA kit (Mit-
subishi Kagaku latron Inc., Tokyo, Japan) and mouse adiponectin ELISA
kit (Ootsuka Inc., Tokyo, Japan). For the ELISA of active ghrelin, 1 N
hydrogen chloride was added to the samples at a final concentration of
0.1 N immediately after plasma separation. Plasma leptin, insulin, and
corticosterone levels were measured using mouse leptin (Linco, St.
Louis, MO), rat insulin (Linco), and rat corticosterone (ICN Biomedicals,
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Costa Mesa, CA) RIA kits, respectively. Blood glucose levels were mea-
sured using glucose strips (blood glucose monitoring system; FreeStyle;
KISSEI, Tokyo, Japan).

The animal studies were conducted under protocols in accordance
with the institutional guidelines for animal experiments at Tohoku Uni-
versity Graduate School of Medicine.

Real-time quantitative RT-PCR

Total RNA was extracted from the epididymal white adipose tissue,
brown adipose tissue (BAT), and soleus skeletal muscle by the acid-
isolated guanidium thiocyanate-phenol-chloroform method and was
isolated from mouse liver and hypothalamic tissue using the RNeasy
Midi kit (Qiagen, Hilden, Germany) according to the manufacturer’s
directions. cDNA synthesis was performed using a Super Script III
First-Strand Synthesis System for RT-PCR Kit (Invitrogen, Rockville,
MD) using 1 pg total RNA. cDNA synthesized from total RNA was
evaluated in a real-time PCR quantitative system (Light Cycler Quick
System 350S; Roche Diagnostics, Mannheim, Germany). The primers
used are listed in Table 1.

The relative amount of mRNA was calculated using B-actin mRNA
as the invariant control. The data are shown as the fold change of the
mean value of the control group, which received saline.

Data are presented as the mean values * sem (n = 5-8). Comparisons
between the two groups were performed using two-tailed unpaired
Student’s ¢ test. Comparisons among more than two groups were done
by ANOVA using Bonferroni’s test. The presence of a linear correlation
was assessed using a parametric (Pearson’s) correlation test. A P value
of less than 0.05 was considered statistically significant.

TABLE 1. The primers used for real-time RT-PCR

Gene Primer Sequence
LepR Sense CTGAATTTCCAAAAGCCTGA
Antisense AAGCTGTATCGACACTGATTTC
MC4R Sense GAGGTGTTTGTGACTCTGGG
Antisense GAACATGTGGACATAGAGAG
5-HT2CR Sense CTGAGGGACGAAAGCAAAG
Antisense CACATAGCCAATCCAAACAAAC
5-HT1BR Sense TGCCTGCTGGTTTCACAT
Antisense GCGCACTTAAAGCGTATCA
S0OCS-3 Sense GCGGGCACCTTTCTTATCC
Antisense TCCCCGACTGGGTCTTGAC
B3-AR Sense ATGGCTCCGTGGCCTCAC
Antisense CCCAACGGCCAGTGGCCAGTCAGCG
UCP-1 Sense GACAGTACCCAAGCGTACCAA
Antisense CATGATGACGTTCCAGGACC
UCP-2 Sense GTTCCTCTGTCTCGTCTTGC
Antisense GGCCTTGAAACCAACCA
UCP-3 Sense GTTGCTGGAGTCTCACCTGT
Antisense TCTTCAGCATACAGTGCAGA
PPAR« Sense CGGGTAACCTCGAAGTCTGA
Antisense CTAACCTTGGGCCACACCT
PPARy Sense CTGCTCAAGTATGGTGTCCATGAG
Antisense GAGGAACTCCCTGGTCATGAATC
PPARS Sense GCTGCTGCAGAAGATGGCA
Antisense CACTGCATCATCTGGGCATG
G6Pase Sense TGCAAGGGAGAACTCAGCAA
Antisense GGACCAAGGAAGCCACAATG
Fbpl Sense TCTGCACCGCGATCAAAG
Antisense GTTGAGCCAGCGATACCATAGAG
Fbp2 Sense AGAAAGACCACGGAGGACGA
Antisense CCCGCAGCCACGATGT
PEPCK Sense AGCGGATATGGTGGGAAC
Antisense GGTCTCCACTCCTTCTTC
B-actin Sense TTGTAACCAACTGGGACGATATGG
Antisense GATCTTGATCTTCATGGTGCTAGG
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Results

Changes in body weight and adipose tissue weight in
individually and group-housed C57BL6J mice and KK mice

There were no significant differences in body weight
change between individually housed and group-housed
C57BL6J mice for 3 wk in 6- to 8-wk-old animals (Fig. 1A),
whereas the increases in body weight were significantly
greater in individually housed KK mice than those in group-
housed ones after 6 wk of age (Fig. 1B). Epididymal white
adipose tissue and BAT weight significantly increased in
8-wk-old individually housed KK mice compared with
group-housed ones, whereas there were no differences be-
tween individually housed and group-housed C57BL6] mice
(Fig. 1, C and D). These findings indicate that chronic social
isolation accelerates body weight gain and adiposity in KK
mice but not C57BL6] mice.

Plasma chemistries in individually housed and group-
housed KK mice

To determine the characteristics of obesity induced by
chronic social isolation, we examined blood chemistries in
individually housed and group-housed 8-wk-old C57BL6]
and KK mice. Plasma leptin levels were significantly elevated
in individually housed 8-wk-old KK mice compared with
group-housed ones (15.5 = 1.1 vs. 6.01 * 0.55 ng/ml, P <
0.05). There were no significant differences in plasma insulin
levels between the individually housed and group-housed
8-wk-old KK mice (5.34 = 0.94 vs. 3.90 = 0.62 ng/ml). Plasma
corticosterone and active ghrelin, but not des-acyl ghrelin,
levels were significantly decreased in the individually
housed 8-wk-old KK mice compared with group-housed
ones (corticosterone, 23.9 = 2.7 vs. 56.3 * 11.9 ng/ml, P =
0.05; active ghrelin, 8.72 = 0.94 vs. 14.88 = 1.37 fmol/ml, P <
0.05; and des-acyl ghrelin, 258 *+ 21.0 vs. 288 = 30.17 fmol/
ml). There were no significant differences in the plasma
adiponectin or blood glucose levels between the individually
housed and group-housed 8-wk-old KK mice (adiponectin,
7.12 £ 0.29 v5. 7.62 = 0.59 ug/ml; glucose, 156 + 9 vs. 160 *
5mg/dl). These hormonal and metabolic alterations induced
by social isolation in KK mice were not found in C57BL6)
mice (data not shown). These findings suggest that chronic
SI0 is not due to hyperinsulinemia or hypercorticosteron-
emia, and is not associated with decreases in plasma adi-
ponectin or des-acyl ghrelin levels.

Altered expression of genes involved in energy homeostusis
and daily food consumption of individually housed and
group-housed KK mice

To further determine the characteristics of chronic SIO
associated with hyperleptinemia in the individually housed
and group-housed 8-wk-old KK mice (Fig. 2A), we examined
the expression of hypothalamic leptin receptor (Ob-Rb;
LepR), melanocortin (MC)-4 receptor, and 5-HT2C receptor,
which are involved in the central regulation of feeding be-
havior and energy homeostasis (13). Hypothalamic LepR
mRNA levels were significantly decreased in the individu-
ally housed 8-wk-old KK mice compared with group-housed
mice (24% decrease), although there were no significant dif-
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