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RECA1-positive cells on day 21 was increased in the CD31"/
CD146~ SP cell transplantation group compared with that in
the PBS group (Fig. 3D), indicating that the transplanted cells
also promote angiogenesis after ischemia. In the CD317/
CD146~ SP cell transplantation group (Fig. 3H), there was a
decrease in cleaved caspase-3-positive cells, suggesting that
the transplanted cells have an anti-apoptotic function.

Expression of neurotrophic factors

The expression of several neurotrophic factors VEGF,
GDNF, NGF, and BDNF was detected with in situ hybrid-

FIG. 4. Analysis of expression of VEGF
(A), GDNF (B), BDNF (C), and NGF (D)
(green: A-D) of Dil-labeled transplanted
CD317/CD146~ SP cells (red) by in situ
hybridization in the peri-infarct area.
Real-time reverse transcription—poly-
merase chain reaction analysis of porcine
VEGF (pVEGF) using porcine-specific
primers (E). Expression of porcine VEGF
and porcine-specific and rat-specific
B-actin 1, normal rat brain; 2, normal
porcine brain; 3, peri-infarct area 21 days
after transplantation of CD317/CD146~
SP cells; 4, normal rat striatum 21 days
after transplantation of the cells (F).
VEGF-positive cells on day 3 (G) and on
day 21 (H) by immunohistochemistry.
Scale bars=10 pm (A-D) and 100 pm (G,
H). BDNF, brain-derived neurotrophic
factor; GDNF, glial cell line-derived
neurotrophic factor; NGF, nerve growth
factor; VEGF, vascular endothelial
growth factor. Color images available
online at www liebertonline.com/tea

Relative expression
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ization in the Dil-labeled CD31~/CD146~ SP cells in the
peri-infarct area on day 21 (Fig. 4A-D). Real-time RT-PCR
analysis demonstrated that expression of VEGF mRNA by
the transplanted CD317 /CD146~ SP cells in the ischemic
region on day 21 was 1,000 times and 28 times higher
than that of normal porcine brain and that of the trans-
planted CD31~/CD146~ SP cells into normal rat striatum,
respectively (Fig. 4E, F). Immunohistochemistry of VEGF
showed that the VEGF protein was highly expressed in
the Dil-labeled CD317/CD146~ SP cells in the peri-infarct
area on day 3 (Fig. 4G) compared with that on day 21
(Fig. 4H).

P.VEGF
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Migration, proliferation, and anti-apoptotic assays

CM of CD317 /CD146~ SP cells showed higher migratory
effect on SHSY5Y cells than VEGF, NGF, and BDNF, and
was similar to GDNF (Fig. 5A). Its proliferation effect was
higher than VEGF and NGF, and similar to BDNF and
GDNF (Fig. 5B). Its anti-apoptotic activity was higher than
BDNF, GDNF, and VEGF (Fig. 5C).

Evaluation of motor function

All groups (CD31~ /CD146™ SP cells, unfractionated pulp
cells, and PBS) displayed high score for motor function at the
early stage (day 0, scores are 8.08%0.79; 8.25+0.96;
8.42+0.79, and day 2, 5.08+0.90; 6.25%1.26; 7.67 £0.78, re-
spectively). Progressive improvement in motor disability in
the CD317 /CD146™ SP cell transplantation group after day
2 became significant on day 6 compared with PBS control
group (2.67 £1.23; 6.83+0.72), and more significant on day 9
compared with the unfractionated pulp cells and the PBS
control group (1.33+0.78; 2.8+0.96; 6.50+0.67) (Fig. 6A).
Persistent improvement in CD317 /CD146~ SP cells trans-

“None CD31° CD31 fotal BDNF GDNF VEGF NGF
50 ng/ml

w2hirs st 2hes 2 28hes m36hrs ® 48Ny
# %
¥ *

80 ng/mi

saormal
s apoptotic

**"None CD31" CD3I* tofal BDNF GDNF Vi
Stawrosporine —) Stauresporine{-+)

FIG. 5. The migration (A), proliferative effect (B), and anti-
apoptotic effect (C) of conditioned medium of CD317/
CD146 SP cells, CD31" /CD146 ~ SP cells, and unfractionated
total pulp cells and neurotrophic factors on SHSY5Y cells.
*p <0.05, **p <0.005, versus control. #p <0.05, versus CD317/
CD1467 SP cells. Data were expressed as means+ SD at three
determinations (A, C) and four determinations (B). Student’s
t-test.
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FIG. 6. Motor disability test by injection of the CD317/
CD146~ SP cells, the unfractionated pulp cells and the PBS
on days 0, 2, 6, and 9 (A). Infarct area on day 21 (B, C). The
reduction of the infarct volume 3 and 21 days after injection
of CD317/CD146~ SP cells (D). *p<0.05, **p<0.005,
**p <0.001, versus control. #p <0.05, versus CD31~ /CD146~
SP cells. Data were expressed as means+SD at three deter-
minations (D), Student’s t-test.

plantation group was noted on day 14 (1.00£0.71) and 21
(0.80+0.45), whereas persistent impairment of motor dis-
ability (score above 4) was observed in the PBS group on day
14 (5.60+0.55) and 21 (5.40+0.59) (Fig. 6A). Further, the vi-
deo image demonstrated significant recovery in motor
function of the CD317/CD146~ SP cell transplantation
group compared with the unfractionated pulp cells and
PBS control groups on day 6 (Supplementary Videos S1-53;
Supplementary Data are available online at www liebertonline
.com/tea).

Reduction of infarct volume

There was a significant decrease in the infarct volume on
days 3 and 21 in the CD31~ /CD146~ SP cell transplantation
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group (day 3, 95.2+2.5mm’, n=3: day 21, 84.7+6.5mm’,
n=4) compared to PBS group (day 3, 109.7+4.1 mm?, n=3:
day 21, 123.9+7.4 mm?, n=4). The difference of infarct vol-
ume between the CD31™ /CD146~ SP cell transplantation
group and the PBS group increased over time (reduced by
13.3% on day 3 and reduced by 32.9% on day 21) (Fig. 6D).
These results suggest that transplanted CD31~/CD146~ SP
cells promoted the regeneration.

Discussion

In the current study, we demonstrated that transplanted
CD31~/CD146~ SP cells migrated to the peri-infarct area. In
addition, these cells released neurotrophic factors, and pro-
moted migration and differentiation of the endogenous
NPCs in SVZ. They also induced vasculogenesis in the peri-
infarct area. These results indicate that CD31~/CD146~ SP
cells ameliorated the ischemic tissue injury and accelerated
the functional recovery after TMCAO. We have hypothe-
sized that three mechanisms may contribute to the actions of
VEGF. First, VEGF produced by transplanted cells may
promote neurogenesis. NPCs in SVZ are known to migrate to
the peri-infarct area and differentiate into neurons.! In this
study, VEGF induced a chemotactic response in SHSY5Y
cells. The transplanted CD317/CD146~ SP cells migrated to
the peri-infarct area and expressed VEGF. These results
suggest that VEGF released by CD317/CD146~ SP cells in
the peri-infarct may promote migration of the endogenous
NPCs in SVZ. Second, VEGF produced by transplanted cells
may promote vasculogenesis. VEGF binds to its receptors on
locally present vascular endothelial cells and directly initiates
the angiogenic response.’” In this study, the number of
RECA1-positive endothelial cells significantly increased in
the cell transplantation group. Third, VEGF may provide a
neuroprotective effect. The neuroprotective effects of VEGF
in experimental cerebral ischemia have been reported.”® In
cell the transplantation group, the number of cleaved cas-
pase-3-immunopositive cells in the peri-infarct area was
decreased compared with that in the PBS group, thus dem-
onstrating the anti-apoptotic effects of VEGF on SHSY5Y
cells. These results suggest that VEGF produced by CD317/
CD146~ SP cells may inhibit apoptosis of neurons. Thus,
VEGF demonstrates pleiotropic effects on neurogenesis,
vasculogenesis, and neuroprotection.

As VEGEF is a potent vascular permeability factor, it may
accelerate brain edema after stroke. Administration of VEGF
in early ischemia (1h after ischemia) leads to significant in-
crease in blood-brain barrier leakage as well as enlarged
ischemic areas.'* However, VEGF administration at 24 h after
TMCAO reduces infarct size, improves neurologic recovery,
enhances neurogenesis in the SVZ and angiogenesis in the
ischemic border zone.™ In this study, CD31~/CD146~ SP
cells were transplanted 24 h after TMCAO and we monitored
the reduction of infarct size and improvement of motor
disability. The time of administration of cells is critical. Thus,
if CD31~/CD146~ SP cells were transplanted during an
optimal window of time, they exhibit beneficial effects
without the deleterious effects of edema.

In addition, CD31~/CD146~ SP cells expressed other
neurotrophic factors such as GDNF,*® NGF,'¢ and BDNF*¢ in
the peri-infarct area. These neurotrophic factors had migra-
tory, proliferative, and/or anti-apoptotic effects on SHSYSY

SUGIYAMA ET AL.

cells in vitro and may also contribute to the recovery from
ischemic brain injury.

Finally, we explored the plausible underlying mechanisms
of how injection of CD317 /CD146~ SP cells into the brains
of immunocompetent rats staved off graft rejection. Blood—
brain barrier is known to play a critical role in maintaining
the immune-privileged status of the central nervous sys-
tem."” Tt is well known that mesenchymal stem cells from
bone marrow are not rejected by hosts and immunosup-
pression is not required in rodents." Dental pulp stem cells
have many similarities to mesenchymal stem cells; trans-
planted CD317/CD146~ SP cells possess immunosuppres-
sive proper’cies.18

Conclusion

In summary, the transplantation of porcine CD317/
CD146~ SP cells promotes neurogenesis and vasculogenesis
in an induced peri-infarct area, and enhances recovery after
TMCAO in rats. Further research is needed to understand
the underlying mechanisms. For potential clinical application
and translational studies, the safety of CD31~/CD146~ SP
cells must be assessed, including tumor formation. In con-
clusion, regeneration therapy using CD317/CD146~ SP cells
is a potential candidate in the treatment of stroke.
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The contribution of plasminogen (Plg)/plasmin, which have
claimed to be the main fibrinolytic regulators in the bone
metabolism, remains unclear. This study evaluated how the
absence of Plg affects the function of osteoblast (OB) and oste-
oclast (OC). There was a larger population of pre-OCs in bone
marrow-derived cells from the Plg ™/~ mice than the population
of that from the WT mice. In addition, the absence of Plg sup-
pressed the expression of osteoprotegerin in OBs. Moreover, an
exogenous plasmin clearly induced the osteoprotegerin expres-
sionin Plg™/~ OBs. The osteoclastogenesis of RAW264.7 mouse
monocyte/macrophage lineage cells in co-culture with OBs
from the Plg™/~ mice was significantly accelerated in compari-
son with that in co-culture with OBs from the WT mice. Intrigu-
ingly, the accelerated OC differentiation of RAW264.7 cells
co-cultured with Plg™'~ OBs was clearly suppressed by the
treatment of an exogenous plasmin. Consequently, Plg™'~ mice
display decreased bone mineral density. These findings could
eventually lead to the development of new clinical therapies for
bone disease caused by a disorder of the fibrinolytic system.

The fibrinolytic system contains plasminogen (Plg),” a
proenzyme, which is converted to the active serine protease
plasmin, a main component of the fibrinolytic system, through
the action of a tissue-type plasminogen activator (tPA) or
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urokinase-type PA (uPA). The inhibition of the system may
occur through the neutralization of the plasminogen activators
or plasmin, and this neutralization is achieved mainly by the
plasminogen activator inhibitor-1 (PAI-1) or a2-antiplasmin
(«2AP), respectively. PAI-1, the primary endogenous inhibitor
of tPA or uPA, plays an important role in inhibiting arterial clot
lysis (1). «2AP rapidly inactivates plasmin, resulting in the for-
mation of a stable inactive complex, plasmin-a2AP (2). Apart
from the removal of fibrin, the fibrinolytic system also plays a
pivotal role in such phenomena as embryogenesis, prolifera-
tion, migration, wound healing, fibrosis, and tumorigenesis
(3-9).

It is suggested that fibrinolytic factors such as tPA, uPA, uPA
receptor, and PAI-1 are involved in bone metabolism as follows.
The absence of tPA and uPA enhanced OB differentiation and
formation of a mineralized bone matrix and increased bone
formation and bone mass (10). The absence of PAI-1 protects
against trabecular bone loss induced by estrogen deficiency,
suggesting a site-specific role for PAI-1 in bone turnover (11).

In addition, uPA receptor-lacking mice displayed increased

bone mineral density (BMD), increased osteogenic potential of
OBs, decreased OC formation, and cytoskeletal reorganization
in mature OCs (12). However, the physiological roles of fibrino-
lytic main regulators such as Plg/plasmin in bone metabolism
are not precisely understood.

The receptor activator of NF-«B (RANK), its ligand RANKL,
and OPG control OC function (13, 14). RANK activated by
RANKL has proven to be absolutely required for OC develop-
ment (15). RANKL is neutralized by OPG that specifically binds
to RANKL. OPG is expressed in many tissues apart from OBs,
including heart, kidney, liver, spleen, and bone marrow (13).
However, molecular mechanisms of OPG expression remain to
be elucidated. We herein report the crucial role of fibrinolytic
main regulators Plg/plasmin in bone metabolism especially on
the point of view of how the regulators affect the ability of pre-
OCs in bone marrow to differentiate into OCs, OBs to induce
OC differentiation, and OBs to mineralize extracellular matrix.
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MATERIALS AND METHODS

All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health.

Animals—The Plg-deficient (Plg~/~) mice (16) were kindly
provided by Prof. D. Collen (University of Leuven, Belgium).

Wild type (WT) and Plg™’~ mice littermates were housed in
groups of two to five in filter-top cages with a fixed 12-h light,
12-h dark cycle. The body weights of mice were measured
weekly.

Reagents—Plasmin, aprotinin, «2AP, e-aminocaproic acid,
and other chemical substances were obtained from Sigma.

Cell Culture—Bone marrow cells, RAW?264.7 mouse mono-
cyte/macrophage lineage cells (American Type Culture Collec-
tion), and primary OBs were maintained in e-minimal essential
medium (Invitrogen) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT) and 1% penicillin/strepto-
mycin (Invitrogen) at 37 °C in a humidified atmosphere of 5%
CO,, 95% air. Primary OBs derived from mice calvaria were
obtained as described previously (17).

OC Differentiation Assay—Bone marrow-derived cells that
include a population of pre-OCs were obtained from tibia of
5-7-week-old adult mice. Mouse bone marrow cells were cul-
tured for 3 days with RANKL (100 ng/ml) and M-CSF (100
ng/ml) in 48-well plates. In other experiments, RAW?264.7 cells
were co-cultured with OBs from the Plg*/* and Plg™/~ mice
for 3 days in the absence or presence of interleukin-1p (IL-18)
(5 ng/ml) or prostaglandin E, (PGE,) (1 um) in 48-well plates.
Cells were then fixed and stained for tartrate-resistant acid
phosphatase (TRAP; a marker enzyme of OCs) as described
previously (17). TRAP-positive multinucleated cells containing
three or more nuclei were counted as OCs, under microscopic
examination.

Bone Resorption Assay—To estimate bone resorption activity
of differentiated OCs from bone marrow cells of the Plg*’* and
Plg"/ ” mice, the cells were stimulated with RANKL (100
ng/ml) and M-CSF (100 ng/ml) for 7 days on the BioCoat™
Osteologic™ multiple test slides, which consisted of submi-
cron synthetic calcium phosphate thin film coated onto various
culture vessels (BD Biosciences). The nonresorbed area of cal-
cium phosphate film was then visualized by using a method of
von Kossa staining, as follows. After fixation of the cells in the
culture with 5% glutaraldehyde, the calcium phosphate film was
treated with 5% silver nitrate for 30 min. Then the staining was
developed with 5% sodium carbonate in 25% formalin. The
stained film in each well was photographed under light micros-
copy, and then the image was inverted to yield the negative
image; the black image represents the resorbed area in the cal-
cium phosphate film.

Bone Histology—Bone histomorphometry of tibia in 5-week-
old male Plg*/* and Plg ™/~ mice was performed. Each tibia was
removed and fixed in 4% paraformaldehyde for 2 days and then
demineralized with 10% EDTA for 14 days before embedding in
paraffin. Paraffin-embedded tissue was serially sectioned at a
distance of 4-7 um. Then the sections were stained with he-
matoxylin and eosin (H&E) and TRAP by using a TRAP kit
(Sigma). For the quantitative evaluation of the intensity of
BeDE
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TRAP staining of bone marrow tissue in decalcified sections of
tibia from the Plg*™/* and Plg™/~ mice, the TRAP-stained
images obtained from separate fields on the specimens (# = 6)
were analyzed by using Image].

Measurement of Bone Mineral Density—BMD was measured
as described by Kanazawa et al. (18) and Nishiwaki et al. (19).
BMD of the proximal tibia of the Plg*/™ and Plg ™/~ mice at the
indicated time was evaluated by using peripheral quantitative
computed tomography with a fixed x-ray fan beam of 50-pum
spotsize, at 1 mA and 50 kV (LaTheta LCT-100S; Aloka, Tokyo,
Japan).

RNA Isolation and Quantitative RT-PCR—Total RNA was
extracted as described previously (6). First strand cDNA was
synthesized from total RNA by using the PrimeScript RT rea-
gent kit (Takara). Quantitative RT-PCR (qRT-PCR) was per-
formed on the IQ5 real time PCR detection system (Bio-Rad)
with SYBR Green technology on cDNA generated from the
reverse transcription of purified RNA. The two-step PCRs were
performed at 92 °C for 1 s and 60 °C for 10 s. OPG mRNA
expression was normalized against GAPDH mRNA expression
using the comparative cycle threshold method. We used the
following primer sequence: OPG, 5'-CAATGGCTGGCTTG-
GTTTCATAG-3" and 5'-CTGAACCAGACATGACAGCT-
GGA-3'; GAPDH, 5'-TGTGTCCGTCGTGGATCTGA-3’ and
5-TTGCTGTTGAAGTCGCAGGAG-3'.

Western Blot Analysis—We performed a Western blot anal-
ysis for detection of OPG, phospho-ERK1/2, phospho-p38
MAPK, ERK1/2, and p38 MAPK as described previously (20).
We detected OPG, phospho-ERK1/2, phospho-p38 MAPK,
ERK1/2, and p38 MAPK by incubation with a polyclonal OPG
antibody (rabbit IgG, from GeneTex Inc.), anti-phospho-
ERK1/2 antibody (Cell Signaling Technology, Danvers, MA),
anti-phospho-p38 MAPK antibody (Cell Signaling Technology,
Danvers, MA), anti-ERK1/2 antibody (Cell Signaling Technol-
ogy, Danvers, MA), and anti-p38 MAPK antibody (Cell Signal-
ing Technology, Danvers, MA).

Measurement of Alkaline Phosphatase Activity—We mea-
sured alkaline phosphatase (ALP) activity as described previ-
ously (20). Primarily cultured OBs were cultured for 14 day with
differentiation media (media supplemented with 10 mm B-glyc-
erophosphate and 10 nM dexamethasone and 50 pg/ml ascorbic
acid) in 6-well plates. After 14 days, cells were then washed, and
proteins in cells were extracted with a lysis buffer (10 mm Tris-
HCI, pH 7.5, 0.1% Triton X-100). ALP activity was determined
using p-nitrophenyl phosphate (Sigma) as a substrate.

Statistical Analysis—All data are expressed as mean = S.E.
The significance of the effect of each treatment (p < 0.05) was
determined by analysis of variance followed by the Student’s
Newman-Keuls test.

RESULTS

Histological and Radiological Evaluation of the Status of
Endochondral Ossification in Plg-deficient Mice—The BMDs in
the Plg*’* and Plg~/~ mice at 4—20 weeks were radiologically
assessed using peripheral quantitative computed tomography.
Intriguingly, the trabecular BMD in tibia from the Plg ™/~ mice
was significantly lower than that from the Plg™’* mice at 4-6
weeks after birth (Fig. 1A). In addition, the cortical BMD in tibia
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FIGURE 1. Bone histomorphometry and bone mineral density in Plg-deficient mice. A trabecular BMD in the proximal tibia of male Plg™/* and Plg ™'~ mice
was obtained from pQCT measurement (n = 13). B, cortical BMD in the proximal tibia of the Plg™/* and Plg™~ mice was obtained from pQCT measurement
(n = 13).C, growth curves of the Plg™/* and Pig™~ mice (n = 13). Dand £, bone histomorphometry of tibia in 5-week-old male Plg */* and Plg ™'~ mice (D, H&E;
E, TRAP). D, layer of chondrocytes and trabecular bone formation in the medullary cavities were observed in both Plg*™/* and Pig ™~ mice. £, TRAP-positive area
in the bone marrow tissue of the tibias from Plg™~ mice was much larger than that in the tissue specimens obtained from Plg*/* mice. F, intensity of TRAP

staining on the decalcified sections of bone marrow tissue in the Plg*’* and Plg™" mice was quantitatively evaluated as described under “Materials and

Methods” (n = 6). The intensity of TRAP staining on the sections from the Plg™/~ mice was much stronger than that of sections from Plg

represent the mean = S.E. ¥, p < 0.01; #, p < 0.05.

from the Plg™/~ mice was significantly lower than that from the
Plg*/* mice at 4 —18 weeks after birth (Fig. 1B). The decrease of
cortical BMD seemed to parallel that of the body weight
decrease in the Plg™/~ mice at 418 weeks after birth (Fig. 1, B
and C). Next, the status of endochondral ossification in tibia
from the Plg™/* and Plg™/~ was histologically compared to
clarify the effect of the fibrinolytic system in bone metabolism.
As shown in Fig. 1D, H&E staining of a decalcified section of

8954 JOURNAL OF BIOLOGICAL CHEMISTRY

+/* mice. The data

tibia from the 5-week-old mice showed that the layer of chon-
drocytes and trabecular bone formation in the medullary cavi-
ties were observed in both Plg™’* and Plg™/~ mice. The TRAP
staining of the decalcified section of the tibias from the 5-week-
old mice revealed that the area of TRAP-positive bone marrow
tissue in the tibias from the Plg™/~ mice was significantly larger
than that of the tissue from the Plg™/* mice (Fig. 1E). In addi-
tion, the intensity of the TRAP staining on the decalcified sec-
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FIGURE 2. Effect of Plg deficiency on osteoclastogenesis and the OC function. A, bone marrow cells from the Plg™* and Plg™~ mice were cultured for 3
days in the absence or presence of RANKL (100 ng/ml) and M-CSF (100 ng/ml). Mature OCs were identified as TRAP-positive multinucleated cells. The magnified
image of boxed area was showed on the right of the original image. The arrowheads indicate osteoclasts. 8, number of TRAP-positive multinucleated cellsin A
was determined from three different cultures. G, bone resorption activity of OCs differentiated from bone marrow-derived cells obtained from the Plg™* and
Plg™~ mice was compared. Bone marrow-derived cells from the Plg*/* and Plg =/~ mice were cultured on the BioCoat™ Osteologic™ multiple test slides,
which consisted of submicron synthetic calcium phosphate thin film coated onto various culture vessels, for 7 days in the presence of RANKL (100 ng/ml) and
M-CSF (100 ng/ml) (n = 4). Next, the resorbed areas of the calcium phosphate film were visualized as described under “Materials and Methods.” The histogram,
right panel, shows quantitative representations of bone resorption obtained from densitometry analysis. The densitometry results were expressed as the mean
density. D, bone marrow cells from the Pig*™/* and Plg ™~ mice were cultured for 3 days in the presence of M-CSF (100 ng/ml). Some cells were cultured in the
presence or absence of RANKL (100 ng/ml) or plasmin (1 ug/ml) as indicated. The number of multinucleated TRAP-positive cells was determined from four
different cultures. The data represent the mean = S.E. ¥, p < 0.01; **, p < 0.05.
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tions of bone marrow tissue in the Plg*/* and Plg™/~ mice was
quantitatively evaluated as described under “Materials and
Methods.” As shown in Fig. 1F, the intensity of TRAP staining
on decalcified sections of bone marrow tissue in tibias from the
Plg™’~ mice was much stronger than in those from the Plg*/*
mice.

Effect of the Plg Deficiency on the Osteoclastogenesis of Bone
Marrow-derived Cells—We evaluated how the fibronolytic sys-
tem affects OC differentiation and function. The pre-OC pop-
ulation in bone marrow-derived cells from the Plg™* and
Plg~/~ mice were evaluated after stimulation with RANKL and
M-CSEF, respectively. As shown in Fig. 24, many TRAP-positive
multinucleated OCs were observed in bone marrow cell cul-
tures derived from the Plg ™/~ mice tibia. Therefore, an up-reg-
ulation of the TRAP-positive cell number in the Plg™~ mice-
derived bone marrow cells was observed (Fig. 2B). In addition,
the bone resorption activity of OCs differentiated from bone
marrow-derived cells was compared in the Plg*/* and Plg™/'~
mice. There was an up-regulation of the bone resorption
activity of Plg™/~ mice-derived bone marrow cells (Fig. 2C).
Intriguingly, plasmin significantly inhibited the M-CSF- and
RANKL-induced OC differentiation of bone marrow cells
derived from the Plg™/~ and Plg*/* mice (Fig. 2D).

Plasmin Induced the OPG Expression in OBs—To clarify how
plasmin suppresses osteoclastogenesis in vivo, we examined
whether plasmin up-regulates the expression of OPG in OBs
from the WT mice in vitro by qRT-PCR and a Western blot
analysis. Plasmin clearly induced OPG expression in OBs
from the WT mice (Fig. 3, A and B). In addition, the effect of
various plasmin inhibitors («2AP; serine protease inhibitor,
aprotinin; lysine analog, e-aminocaproic acid) on plasmin-
induced OPG expression was investigated. These plasmin
inhibitors clearly abrogated the plasmin-induced OPG ex-
pression (Fig. 3, Cand D).

In addition, we examined the plasmin-stimulated phosphor-
ylation of ERK1/2 and p38 MAPK to determine whether plas-
min activates ERK1/2 and p38 MAPK in OBs. Plasmin activated
ERK1/2 and p38 MAPK in OBs (Fig. 3E). We also examined
whether the ERK1/2 and p38 MAPK pathways are associated
with the plasmin-induced expression of OPG in OBs by using
the inhibitor of MEK and p38 MAPK (PD98059 and SB203580).
PD98059 and SB203580 attenuated plasmin-induced expres-
sion of OPG in OBs (Fig. 3F). These data suggest that plasmin
induces OPG expression through the ERK1/2 and p38 MAPK
pathways.

Moreover, qRT-PCR and a Western blot analysis revealed
that the expression of OPG was suppressed in OBs from the
Plg™’~ mice (Fig. 3, G and H), thus suggesting that the absence
of plasmin may result in the acceleration of osteoclastogenesis

Plasminogen/Plasmin Modulates Bone Metabolism

of pre-OCs in accordance with the depletion of OPG synthesis
in OBs. There was no difference in the status of RANKL mRNA
expression in OBs from the Plg*’* and Plg™’~ mice (data not
shown). Moreover, plasmin induced OPG expression in Plg ™/~
OBs (Fig. 3, I and J).

Effects of Plg Deficiency on the Ability of OBs to Induce Oste-
oclastogenesis of RAW264.7 Mouse Monocyte/Macrophage Lin-
eage Cells—The status of OC differentiation of RAW?264.7
mouse monocyte/macrophage lineage cells in co-culture with
Plg™’~ OBs was examined to clarify how Plg deficiency affects
OB function for osteoclastogenesis. The ability of Plg™/~ OBs
to induce OC differentiation of pre-OC RAW264.7 cells was
compared with Plg™'* OBs. The OBs were co-cultured with
RAW264.7 cells under stimulation with the inflammatory
mediators interleukin 1-8 (IL-1p8) or prostaglandin E, (PGE,).
Inflammatory mediators induce RANKL expression on OBs
(21). The inflammatory mediator-induced RANKL expression
on OBs was expected to induce the osteoclastogenesis of the
co-cultured RAW?264.7 cells. As shown in Fig. 44, IL-18 or
PGE, increased the number of TRAP-positive multinucle-
ated cells co-cultured with OBs. Intriguingly, the number of
TRAP-positive multinucleated cells co-cultured with Plg™/~
OBs lacking OPG expression was significantly higher than
that co-cultured with Plg™/* OBs with or without IL-18 or
PGE,. In addition, the number of TRAP-positive multinucle-
ated cells co-cultured with Plg™'~ OBs was decreased by
plasmin (Fig. 4B).

Effect of Plg Deficiency on the ALP Activity in OBs—The ALP
activity in Plg™/~ OBs was compared with Plg*/* OBs under
stimulation with OB differentiation media as described under
“Materials and Methods.” The absence of Plg did not affect the
ALP activity in undifferentiated and differentiated OBs (Fig. 5).

Rescue of the Down-regulated BMD in Plg-deficient Mice by
the Injection of Plasmin—To clarify the effect of exogenous
plasmin on bone formation ix vivo, we evaluated the status of
the BMD in the Plg ™/~ mice with or without plasmin injection.
The plasmin injection clearly increased the trabecular BMD
in the Plg~/~ mice (Fig. 64). However, the plasmin injection did
not affect the cortical BMD and the weight in the Plg™’~ mice
(Fig. 6, B and C).

DISCUSSION

Fibrinolytic factors have been suggested to play an important
role in bone metabolism. PAs and PAI-1 are involved in bone
resorption by OCs (22, 23). However, the role of Plg/plasmin in
bone metabolism was not precisely understood. This study
showed that Plg/plasmin plays an important role in bone
metabolism by regulating the function of both OBs and OCs.

FIGURE 3. Plasmin induced the OPG expression in OBs. A-D, OBs from the WT mice were cultured for 24 h in either the absence or presence of plasmin (1
g/ml). Plasmin-induced expression of OPG gene in OBs from the WT mice was evaluated by gRT-PCR (A) or a Western blot analysis (B). Cand D, some cultures
were further treated with plasmin inhibitors as follows: «2AP (200 nm), e-aminocaproic acid (25 mm), and aprotinin (10 ng/ml). The expression of OPG mRNA in
OBs from the WT mice was then measured by gRT-PCR (C) or a Western blot analysis (D). £, OBs from the WT mice were stimulated with 1 pwg/ml plasmin for the
indicated periods. Phosphorylation of ERK1/2 and p38 MAPK was evaluated by a Western blot analysis using antibodies to ERK1/2 and p38 MAPK. F, OBs from
the WT mice were pretreated with 30 um PD98059 or 30 um SB203580 for 60 min and then stimulated with 1 pg/ml plasmin for 24 h. The expression of OPGin
0Bs from the WT mice was evaluated by a Western blot analysis. G and H, OPG expression in OBs from the Plg™/*
(G) or a Western blot analysis (H). / and J, OBs from the Plg™~ mice were cultured for 24 h in the absence or presence of plasmin (1 ug/ml). The OPG expression
in OBs from the Plg™'~ mice was evaluated by qRT-PCR (/) or a Western biot analysis (J). The data represent the mean of three individual experiments + SE.*,
p <0.07;*,p < 0.05.
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The trabecular BMD in the tibias from the Plg™/~ mice was
significantly lower than that from the Plg*’/* mice at 4-6
weeks after birth (Fig. 14). In contrast, the cortical BMD in the
tibias from the Plg™’~ mice was significantly lower than that
from the Plg*’™ mice at 4-18 weeks after birth (Fig. 1B).
Therefore, the decrease in the trabecular BMD in Plg" ~ mice
seemed to be transient; however, the decrease in the cortical
BMD in the mice was consistently observed from the juvenile
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FIGURE 4. Effects of Plg deficiency on the ability of OBs to induce oste-
oclastogenesis of RAW264.7 cells. A, RAW264.7 cells and OBs from the
Plg*/* and Plg™~ mice were co-cultured for 3 days in the absence or pres-
ence of IL-18 or PGE,. B, RAW264.7 cells and OBs from the Plg™/~ mice were
co-cultured for 3 days in the absence or presence of plasmin. Mature OCs
were identified as multinucleated TRAP-positive cells. The number of multi-
nucleated TRAP-positive cells was determined from six different cultures. The
data represent the mean = S.E. ¥, p < 0.01.

growth period to adulthood. In addition, TRAP staining of
decalcified sections of tibias from the 5-we-old mice revealed
that the intensity of TRAP staining of bone marrow tissue in the
tibias from the Plg~/~ mice was significantly stronger than that
from the Plg*/* mice (Fig. 1, Eand F). Thus, the histoenzymatic
assessment indicated that the OC differentiation in bone mar-
row tissue of the Plg™/~ mice might be more vigorously
induced than that in the Plg*™/* mice.

The binding of RANKL to its receptor RANK triggers intri-
cate and distinct signaling cascades that control lineage com-
mitment and osteoclast activation (13). OPG inhibits osteoclast
formation and bone resorption by blocking RANKL/RANK
interactions (14). This study showed that plasmin increased the
OPG expression in WT OBs (Fig. 3, A-D). Moreover, the
expression level of OPG was decreased in Plg™'~ OBs com-
pared with Plg*’/* OBs (Fig. 3, G and H), suggesting that
absence of plasmin may result in an acceleration of OB-medi-
ated osteoclastogenesis of pre-OCs in accordance with the
depletion of OPG expression in OBs. In fact, the number of
TRAP-positive multinucleated RAW?264.7 cells co-cultured
with Plg™/~ OBs was significantly higher than that of the cells
co-cultured with Plg*/* OBs (Fig. 44). Intriguingly, plasmin
significantly inhibited the M-CSF- and RANKL-induced OC
differentiation of bone marrow cells derived from the Plg™/*
and Plg~/~ (Fig. 2D), suggesting that plasmin might attenuate
osteoclastogenesis by its direct effects on pre-OCs. In addition,
there was a larger population of pre-OCs in bone marrow-de-
rived cells from the Plg™/~ mice in comparison with the Plg™/*
mice (Fig. 2, A-C). The level of ALP activity in Plg™’~ OBs was
similar to that in Plg*’* OBs (Fig. 5), thus suggesting that the
bone-mineralizing activity of OBs in the Plg ™/~ mice might be
comparable with that in the Plg*’* mice. Consequently, the
Plg™’~ mice display decreased bone mineral density in accor-
dance with the enhanced ability of OBs to induce osteoclasto-
genesis of pre-OCs, the loss of the direct and suppressive effect
of plasmin on pre-OCs differentiating into mature OCs, and the
increased pre-OC population in bone marrow cells. In fact,
the injection of plasmin into the Plg™’~ mice clearly rescued

the diminished trabecular BMD during the juvenile growth

period (Fig. 6).
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FIGURE 5. Effect of Plg deficiency on the ALP activity in OBs. ALP activity in OBs from the Plg*/* and Plg™~ mice was evaluated (n = 4). The data represent

the mean = S.E. NS, not significant.
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FIGURE 6. Rescue of the down-regulated BMD in Plg-deficient mice by the
injection of plasmin. Intraperitoneal injection with saline or plasmin (1
mg/kg) in the 5-week-old male Plg™~ mice was carried out weekly for up to
3 weeks. Then the trabecular BMD (A), the cortical BMD (B), and the weight (C)
in the male Plg™/~ mice were measured by pQCT (n = 3). The data represent
the mean + S.E. ¥, p < 0.01.

Plasmin activates a latent transforming growth factor B
(TGF-B) (24, 25) trapped in extracellular matrix to induce an
OPG expression in extracellular matrix-harbored OBs. The
accelerated expression of OPG on OBs might result in the sup-
pression of the OB-mediated osteoclastogenesis. It is under
investigation by us whether deficiency of activated TGF-8

MARCH 18,2011 -VOLUME 286+NUMBER 11
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causes decreased bone mineral density and decreased body
weight in Plg™/~ mice. However, plasmin directly activates var-
ious intracellular signaling through annexin A2 in macrophage
(26). Plasmin activates macrophages via the annexin A2 hetero-
tetramer composed of annexin A2 and S100A10 with subse-
quent stimulation of Janus kinase JAK1/TYK2 signaling. JAK1/
TYK2 leads to STAT3 activation, Akt-dependent nuclear
factor-kB (NF-«B) activation, and phosphorylation of ERK1/2
and p38 MAPK. Furthermore, inhibitors of JAK, p38 MAPK,
and NF-«B revealed that these signaling pathways are indispen-
sable for the plasmin-mediated tumor necrosis factor-a and
IL-6 induction in the cells. In addition, angiostatin, a fragment
of plasmin(ogen), is a ligand and an antagonist for integrin
a9B1 (27). Angiostatin, representing the kringle domains of
plasmin, alone did not induce the migration of Chinese hamster
ovary (CHO) cells, but simultaneous activation of the G pro-
tein-coupled protease-activated receptor-1 with an agonist
peptide induced the migration on angiostatin. These facts sug-
gest that plasmin directly stimulates various cell lineages with-
out an indirect cell stimulation through an activation of some
growth factors such as TGF-B. We showed that plasmin acti-
vated ERK1/2 and p38 MAPK, and the inhibition of ERK1/2 and
p38 MAPK attenuated plasmin-induced OPG expression (Fig.
3, E and F). In addition, plasmin activated JNK, but the inhibi-
tion of JNK did not attenuate plasmin-induced OPG expression
(data not shown). These data suggest that plasmin induces OPG
expression through the ERK1/2 and p38 MAPK pathways.
However, the time lag between the activation of p38 MAPK and
ERK1/2 after plasmin stimulation in OBs might depend on the
hierarchy of ERK1/2 and p38 MAPK in the plasmin-induced
signal transduction. The ERK1/2 might be the downstream tar-
get of p38 MAPK directly activated by plasmin in OBs. Further
investigations would be required to clarify the details.

These results strongly suggest that the plasmin activity reg-
ulates both OB and OC functions and then plays an important
role in bone metabolism. These findings may provide new
insights into the development of clinical therapies for the pre-
vention of bone loss-related disorders.
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ABSTRACT

Porphyromonas gingivalis, a major periodontal pathogen, may contribute to atherogenesis
and other inflammatory cardiovascular diseases. However, little is known about interactions
between P. gingivalis and endothelial cells. E-selectin is a membrane protein on endothelial
cells that initiates recruitment of leukocytes to inflamed tissue, and it may also play a role in
pathogen attachment. In the present study, we examined the role of E-selectin in P
gingivalis adherence to endothelial cells. Human umbilical vein endothelial cells
(HUVECs) were stimulated with TNF-a to induce E-selectin expression. Adherence of P
gingivalis to HUVECs was measured by fluorescent microscopy. TNF-a increased
adherence of wild-type P. gingivalis to HUVECs. An antibody to E-selectin and sialyl
Lewis X suppressed P. gingivalis adherence to stimulated HUVECs. P. gingivalis mutants
lacking OmpA-like proteins Pgmé6/7 had reduced adherence to stimulated HUVECs, but
fimbriae-deficient mutants were not affected. E-selecin-mediated P. gingivalis adherence
activated endothelial exocytosis. These results suggest that the interaction between host
E-selectin and pathogen Pgm6/7 mediates P. gingivalis adherence to endothelial cells and

may trigger vascular inflammation.

Key Words: periodontitis, atherogenesis, outer membrane protein, vascular inflammation
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INTRODUCTION

Periodontitis is a disease of the supporting structures of the teeth, causing loss of
attachment to the alveolar bone and eventual exfoliation of teeth (5) . Severe periodontitis
affects up to 20% of the population, and mild-to-moderate periodontitis is observed in the
majority of adults (6). Gram-negative bacteria play an important role in the pathogenesis of
human periodontal diseases (15) (42) and Porphyromonas gingivalis is one of the species
most strongly implicated in periodontal diseases (14) (43) . Several recent studies have
demonstrated that P. gingivalis is able to invade and activate different cell types in the tissue
surrounding teeth (endothelial and gingival epithelial cells as well as periodontal ligament
cells) (12) (26) (40) . Moreover, recent studies have demonstrated a transient bacteremia
with potential systemic infection after a variety of dental treatment procedures (2) (19) (20)
(41). Endothelial cells, therefore, can act as primary target cells during infection with P
gingivalis. However, little is known about mechanisms of infection and activation of
endothelial cells by P. gingivalis.

The endothelium has several important functions that include providing a
nonadhesive, nonthrombotic barrier between the blood and the underlying tissues. In
atherosclerosis, or in response to injury or inflammatory cytokines such as tumor necrosis
factor o (TNF-a), the endothelium becomes activated and selectins and cell adhesion
molecules (CAMs) are rapidly induced (39) (36). In particular, members of the
immunoglobulin superfamily of CAMs, such as intercellular cell adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), as well as selectin family
members, E-selectin and P-selectin, are expressed and play crucial roles in the adhesion and
migration of monocyte/macrophage infiltration into atherosclerotic lesions during the early
and subsequent stages of atherosclerosis in a variety of animal models (47) (21) (49).

Increased expression of E-selectin and production of pro-inflammatory cytokines in the
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endothelium play a pivotal role in the generation of leukocyte infiltrates and subsequent
atherosclerotic plaque formation (28) (16). P. gingivalis infection significantly increases
endothelial expression of VCAM-1, ICAM-1 and E-selectin, enhances production of IL-6,
IL-8 and MCP-1, and increases adhesion of THP-1 monocytes to endothelial cells (46) (18) .
Therefore, P. gingivalis elicits a pro-atherogenic response in endothelial cells. Although
E-selectin is involved in vascular inflammation and is induced with P. gingivalis, interaction
between P. gingivalis and endothelial cells is not understood. In the present study, we
explored the ability of E-selectin to facilitate P. gingivalis adherence to human umbilical vein
endothelial cells (HUVECs). We found that activated endothelial cells interact with P,
gingivalis via E-selectin on endothelial cells and via OmpA-like proteins Pgm6/7 of the

bacteria.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. P. gingivalis ATCC 33277 was used
as a wild-type strain in this study. P gingivalis defective mutants lacking fimA4 were
constructed as described previously (17). A P. gingivalis Pgm6/7-deficient mutant was
constructed as described previously (32). This mutant did not show any sign of a
polar effect on the downstream gene (data not shown). All P. gingivalis strains
were grown at 37 “C under anaerobic conditions (10% CO,, 10% H,, and 80% N,) on
Brucella HK agar (Kyokuto Pharmaceutical Industrial Co., Ltd., Tokyo, Japan)
supplemented with 5% laked rabbit blood, haemin (2.5 pg/ml), menadione (5 pg/ml) and
dithiothreitol (0.1 mg/ml) and in trypticase soy broth (BD, Franklin Lakes, NJ)
supplemented with yeast extract (2.5 mg/ml), haemin (2.5 pug /ml), menadione (5 pg/ml)
and dithiothreitol (0.1 mg/ml). Bacterial growth was monitored by measuring ODgeo.
For infection assays, an infection ratio (multiplicity of infection) of 100 bacteria per cell
was added to the cell culture medium.

Cell culture conditions. Human umbilical vein endothelial cells (HUVECs)
were cultured in endothelial cell growth medium-2 (EGM-2) (Lonza, Basel, Switzerland)
supplemented with fetal bovine serum, hydrocortisone, human recombinant fibroblast
growth factor, vascular endothelial growth factor, recombinant insulin growth factor-1,
ascorbic acid, human recombinant epidermal growth factor, gentamicin, and amphotericin B
at 37°C in an atmosphere of 5% CO,. Cells were cultured in 75-cm? flasks at 37°C in a
humidified atmosphere of 5% CO,. Both HCAECs and CASMCs were cryopreserved at the
third passage and were passaged an additional two or three times before use.

E-selectin expression. E-selectin cDNA was constructed as described
previously (53). The E-selctin cDNA was amplified by PCR with specific primers (5’-gac

agc tag cat gat tgc ttc aca g-3°, including an additional Nhe site, and 5°-cgg cct cga gtt aaa gga
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tgt aag aag gc-3°, including an additional Xho site) and cloned into pcDNA3.1 vector
(Invitrogen, Carlsbad, CA). For preparation of a soluble E-selectin vector, a stop codon and
unique EcoRYV site were introduced by site-directed mutagenesis (Promega, Madison, WI)
into the boundary between the sixth consensus repeat and the transmembrane domain using
the following oligonucleotide, which starts at nucleotide 1776: 5"CC AAC ATT CCC
TAG ATA TCT AGA CTT TCT GCT G-3.

Measurement of E-selectin production. An ELISA-based method was used for
quantification of E-selectin protein expression in endothelial cells. HUVECs (3.5 x 10°
cells/ml) were seeded into 6-well plates and grown overnight. Then the cells were
stimulated with 10 ng/ml of TNF-a. (PeproTec Inc., Rocky Hill, NJ) for 1, 2, 3, 4, 8, and 24
h. After removing the media, the cell layers were washed twice with PBS.  Cells were
lysed in a cell lysis reagent (CelLytic P, Sigma-Aldrich, St. Louis, MO) with protease
inhibitor mixture (Nacalai Tesque, Kyoto, Japan). Concentrations of E-selectin in the cell
lysates were determined using a commercial ELISA kit for E-selectin (eBioscience, San
Diego, CA). The cell lysates were also mixed with 4x Laemmli sample buffer without
reducing agents and were fractionated on a 7.5% SDS-PAGE and immunoblotted with a
monoclonal antibody to E-selectin (BBIG-E4 (5D11): R&D Systems, Abingdon, U.K.).

Analysis of P. gingivalis adhesion to endothelial cells. HUVECs (2 x 108 cells)
were seeded in a Lab-Tek II Chamber Slide System (Nalge Nunc International, Rochester,
NY) that has been coated with 50 mg/ml of rat tail collagen (BD) and the cells were
incubated for 24 h before adfninistrati on of P. gingivalis. HUVECs grown to near
confluence per well were stimulated with TNF-o for 3 h and then P. gingivalis cells, which
had been washed with EGM-2 and resuspended in EGM-2 without an antibiotic at a
concentration of 10% cells/ml, were added to the monolayer cells at an MOI of 1:100 under

5% CO2 at 37°C for 0.5-3h. Cells were then washed three times with PBS, followed
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each time by gentle rinsing for 5 min at room temperature, and fixed with 4% (w/v)
paraformaldehyde at 4°C overnight. After washing three times with PBS, the cells were
permeabilized with PBS containing 0.05% Triton-X-100 at room temperature for 30 min.
They were washed again and then blocked with PBS containing 5% (w/v) BSA at room
temperature for 30 min. Bacterial cells on chamber slides were labeled with an antiserum
for P. gingivalis whole-cells (1: 1000 dilution) for 60 min at room temperature and washed
five times with PBS. Then the bacterial cells were incubated with Alexa Fluor 488 goat
anti-rabbit IgG (1:1000 dilution, Invitrogen Co., Carlsbad, CA). Actin filaments in
HUVEC:s or 293 cells were simultaneously stained with Alexa Fluor 568 phalloidin (1
pg/ml, Invitorgen Co.) for 60 min at room temperature in the dark. After washing 10
times with PBS, chamber slides were mounted onto a slide containing ProLong Gold
antifade reagent (Invitrogen). Adherent bacteria on the cell surface were examined by
fluorescent microscopy (Keyence, Osaka, Japan). We measured the area stained with
Alexa488 (corresponding to P. gingivalis) in a visual field (corresponding to 0.06 mm?) by
using Image J program. We then calculated bacterial number by dividing the area by the
size (pixel) of a P, gingivalis cell. To determine whether E-selectin is involved in P,
gingivalis adherence to endothelial cells, TNF-a-pretreated HUVECs were incubated with P,
gingivalis ATCC 33277 (108 cells/ml/well) for 30 min-3 h in the presence of various
concentrations of an antibody for E-selectin (R&D Systems, Inc., Minneapolis, MN),
recombinant E-selectin, and Sialyl Lewis X (Calbiochem, San Diego, CA). P, gingivalis
ATCC 33277 (10® cells/ml/well) was also incubated with HEK 293 cells transfected with a
human E-selectin-inserted vector for 30 min. To explore ligands for E-selctin on P,
gingivalis, P. gingivalis ATCC 33277 (wild type), FimA-deficient mutant (AfimA4), and
Pgm6/7-deficient mutant (Apgm6/7) (10° cells/ml) were incubated with TNF-o-pretreated
HUVEC:s for 3 h, respectively. TNF-a-pretreated HUVECs were incubated with P.
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