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Abstract

[Background] It is known that the ossification of spinal ligament amalgamates abnormal glucose
tolerance at higher rate. In the present study, the involvement of insulin/IGF-1 signals and leptin signals in
spinal ligament cells was investigated using Zucker fatty rats (fa/fa) that carry mutation of the leptin receptor
gene (fa) and monosodium glutamate-treated (MSG) rats that present obesity due to destruction of the
hypothalamic ventromedial nucleus.

[Methods] The following rats were used : (1) Zucker fatty rats (ZFR group), (2) monosodlum glutamate-
treated Fa/Fa rats (MSG group), and Fa/Fa rats (control group). Each group consisted of 20 male rats aged
10-12 months. Thoracotomy was performed under general anesthesia. Then the blood was collected, and was
subjected to measurement of fasting blood levels of glucose, insulin, IGF-1, and leptin. The thoracic vertebrae
were excised, and were embedded in paraffin, stained with hematoxyn eosin (H.E.) and also immunohistological-
ly stained with insulin receptor substrates (IRS)-1 and -2. Immunohistological staining was performed using the
LsAB method. The amount of protein was quantified by the Western blot hybridization.

[Results and conclusions] Rats of the ZFR and MSG groups developed hyperleptinemia and hyperin-
sulinemia. Histological staining showed that in the ZFR group bulging of the cartilage endplate and
destruction of the fibrous ring were accompanied by an increase in the number of chondrocyte-like cells at the
ligament attachment site, accompanied by marked hyperplasia of the fibrocartilage. IRS-1-positive cells, IRS-1
protein were eminent by detected in the cartilage endplate and the enthesis region in ZFR group, On the other
hand, IRS-2-positive cells were slightly less in the ZFR group than in the MSG and control groups. The results
suggest that IRS-I-mediated signaling for cell proliferation was enhanced in ZFR, which may explain the

ossification of the posterior Jongitudinal ligament.

1. Introduction

Ossification of the posterior longitudinal ligament
(OPLL) is an intractable disorder in which the ossified
spinal ligament compresses the spinal cord and causes
serious spinal palsy in the trunk and extremities. It has
been reported that OPLL is complicated by many factors
such as abnormal glucose tolerance, and concomitant
obesity?. Furthermore a tendency toward a systemical-
ly high bone mass® has been noted, suggesting the
involvement of a certain systemic predisposing factors in

the development of OPLL?.

Our laboratory has performed basic studies to eluci-
date the ossification mechanism.of OPLL using Zucker
fatty rats (ZFR), as a spinal ligament ossification model
with aberration of the leptin receptor gene. The
ossification pattern in ZFR is mainly enchondral
ossification, in what chondrocyte proliferation and carti-
lage matrix formation are noted mainly in the spinal
ligament attachment site®. From the clinical point of
view, it has been shown that many patients with OPLL
are clinically complicated by abnormal glucose toler-
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ance, while ZFR develop clinical symptoms similar to
those of type 2 diabetes. The promotion of cell prolif-
eration and osteogenesis are caused by insulin/insulin-
like growth factor-1 (IGF-1) signals, in ZFR which may
be associated with ossification of the spinal ligament®.
Akune et al. also reported that an increase or decrease in
the contribution of insulin/IGF-1 signals to osteoblasts
is mediated by insulin receptor substrates 1 and 2 (IRS-1
and -2) and an effect on bone-forming ability, clarifying
that insulin/IGF-1 signals for osteogenesis are mainly
transmitted via IRS-]1 and an involved in ossification in
OPLL?.

Elucidation of the metabolic actions of leptin has also
been progressing. Leptin has been reported to be
responsible for energy metabolism, such as glucose and
lipid metabolism, by increasing insulin sensitivity, and

. to act on the epiphyseal plate of long bones and verte-
bral bodies, and its cascade common to insulin has been
attracting attention®. Moreover leptin actions have
been found to be mediated by IRS-2, and the presence or
absence of leptin resistance and local differences in
insulin/IGF-1 signaling sensitivity in OPLL®, which is
common among Japanese, are associated with ectopic
ossification in the spinal ligaments in a high-insulin
environment, therefore we conducted this experiment.

The ZFR have an internal environment that resembles
that of so-called obesity syndrome in humans and of
type 2 diabetes patients’”, and they are very suitable as
experimental animals to use to elucidate OPLL, obesity,
and insulin sensitivity. Because many humoral factors
may have an ossification-enhancing action, we selective-
ly destroyed the hypothalamic arcuate nucleus of Wistar
rats with monosodium-glutamate (MSG)™ to induce
hyperleptinemia and hyperinsulinemia, like ZFR
because of a postnatal as absence of feeding inhibitation,
and we examined the spinal ligaments using MSG-
treated Wistar rats as controls but found no clear evi-
dence of cell proliferation. It suggests that ectopic
ossification dose not develop because of hyperin-
sulinemia conditions alone'?.

‘Based on these findings, in this study, we investigated
the involvement of insulin/IGF-1 and leptin signals in
the posterior longitudinal ligament under condition a
hyperinsulinemia using ZFR (fa/fa) with the recessive
homozygous leptin receptor gene, non-fatty rats (NFR)
with dominant homozygous gene (Fa/Fa), and Fa/Fa
rats treated with MSG.

2. Materials and Methods

Three groups of animals were used: (1) the ZFR
group, which exhibits ligament ossification due to the
recessive homozygous leptin receptor gene (fa), ZFR (fa/
fa), (2) the NFR group, which carries the dominant
homozygous gene, NFR (Fa/Fa), and (3) the MSG
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group prepared by subcutaneous administration of MSG
(monosodium glutamate, Wako Pure Chemicals,
Tokyo) to newborn NFR rats at 4 mg/g body weight for
5 days from the day of birth to destroy the feeding center
in the arcuate nucleus of the hypothalamus. All rats
were weaned | month after birth, and maintained under
specified temperature, humidity, and lighting conditions.
Twenty males at 10-12 months of age were used in each
group. The recessive homozygote (fa/fa) was sterile
due to gonadal dysfunction, and was produced by
mating with a heterozygote (Fa/fa).

Under inhalation anesthesia with diethyl ether, thor-
acotomy was performed. Blood was collected from the
left ventricle using a syringe, and fasting serum glucose,
insulin/IGF-1 and leptin in the blood were measured as
described below. After perfusion fixation with 4%
paraformaldehyde, the upper thoracic vertebrae were
excised, and fixed in 4% paraformaldehyde for 24 hours.
The fixed vertebrae were decalcified with 20% EDTA for
3 days and embedded in paraffin. Then the paraffin-
embedded thin sagittal cross sections of the spinal liga-
ment attachment site were prepared. The sections were
subjected to histopathological examination by hematox-
ylin eosin (HE) staining and immunchistological stain-
ing by the LsAB method using a Histofine SAB-PO kit
(Nichirei Corp, Tokyo) and antibodies against insulin
receptor substrate (IRS)-1 and -2 as the primary antibody
(Santa Cruz Inc. US.A.). IRS-1 and -2 positive cells in

- the spinal ligament attachment site were counted under

specified conditions using NIH/Image (National Insti-

* tute of Health, U.S.A.), and between-group comparison

was performed using Student’s unpaired t-test. Sepa-
rately, 20 animals in each group were similarly treated,
and the sites of attachment the upper thoracic spinal
ligament and intervertebral discs were excised and frozen
with liquid nitrogen. After frozen tissues were
homogenized in a homogenizer, protein was extracted,
and the protein concentration was measured using
Bio-Rad Protein Assay Staining Solution (Bio-Rad
Laboratories) and standard bovine serum albumin solu-
tion. The protein extract was electrophoresed on SDS
polyacrylamide gel, and transferred to a polyvinylidene
difluoride membrane (PVDF membrane, Millipore
Corp, U.S.A.) by Western blotting. Using antibodies
against IRS-1 and -2 (Santa Cruz Inc, US.A.), PI3
kinase p85, and ERK42/44 MAP kinase (Cell Signaling
Technology Inc, US.A)) as the primary antibodies,
IRS-1 and IRS-2 were quantified. '

The present experiments were performed in accor-
dance with the Tokyo Medical University guidelines for
animal experiments (2006).
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while a state of being overweight was noted from 2
months of age in the MSG-treated rats, and similar
3.1 Phenotypes and blood findings severe obesity was noted at 6 months of age in the 2
Obesity was noted from about 3 weeks of age in ZFR, groups (Fig. 1). The fasting blood glucose level was

3. Results

32

NFR MSG ZFR

Fig.1 Outlook of animals used for the present experiments
The phenotypes of the 3 groups including non-fatty rats (NFR group), MSG-treated rats (MSG group), Zuker fatty rat (ZFR
group)at 11-12 months as shown. Similar severe obesity was noted at 6 months of age in the ZFR group and the MSG group
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Fig.2 Blood test results
The fasting blood glucose level was slightly higher in the ZFR and MSG groups than in the non-fatty rats (NFR) group. Both
the ZFR group and MSG group exhibited hyperinsulinemia from 6 months age.
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slightly higher in the ZFR and MSG groups than in the
NFR group. The blood insulin level was about 5 times
higher in the ZFR and MSG groups than in the NFR
group after 8 months of age. No significant difference
was noted in the blood IGF-1 level among the 3 grou'ps:
but the blood leptin level was about 10 times higher in
the ZFR and MSG groups than in the NFR group after
8 months of age (Fig. 2).

3.2 Pathological and immunohistological findings

The HE-stained sagittal sections of the upper thoracic
intervertebral discs in the 3 groups are shown in Fig, 3.
In the ZFR group, destruction of the fibrous ring,
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degeneration of elastic fibers, and appearance of
osteocytes in and calcification of the cartilage end-plate
and ligament attachment site were noted. The bound-
ary of the ligament attachment site was unclear, and
hypertrophy of the cartilage end-plate and an increased
number of enlarged chondrocytes were noted. The
fibrous ring structure was maintained in the other 2
groups (Fig. 3).

On immunostaining using anti-IRS-1 antibody, posi-
tive cells were noted in the destroyed fibrous ring, liga-
ment attachment site, and enlarged chondrocytes in the
cartilage end-plate in the ZFR group (Fig.4). On

Fig. 3 The hematoxylin eodin (HE) staining sagittal sections of the intervertebral discs in the 3 groups at the 11-12 months.

(% 100}

In the ZFR group, appearance of osteocytes and calcification of the cartilage end-plate and ligament attachment site were noted.

el

NFR
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Fig. 4 Immunohistochemical staining with anti-IRS-1 antibody. (X 100)
In the ZFR group, positive cells were noted in the destroyed fibrous ring, ligament attachment site.
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Fig. 5

Immunohistochemical staining with anti-IRS-2 antibody.
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Fig. 6 The number of IRS-1 and IRS-2 Positive cells using NIH/Image.

in the ZFR group, and significantly increased in the ZFR group compared to the NFR and MSG groups.

[IRS-2]

The number of IRS-1-positive cells was 145.9+43.1 (mean=SD) in the NFR group, 15.9+24.9 in the MSG group, 79.8%113.1

The number of

IRS-2-positive cells was 178.4+48.6 in the NFR group, 0.04£45.1 in the MSG group, 0.631.4 in the ZFR group.

MSG ZFR

ERK42/44MapKinase

Fig.7 Western Blot analysis

PI3kinase (p85)

The IRS-1 and ERK42/44 MAP kinase protein expression level was higher in the ZFR group than in the other groups.

(5)

— 347 —



Apr., 2007

immunostaining using anti-IRS-2 antibody, many posi-
tive cells were present in the fibrous ring in the control
NFR groups, and a few positive cells were noted par-
tially in the fibrous ring and cartilage end-plate in the
MSG group (Fig.5). Positive cells at the specified
location in the ligament attachment site were counted in
the 3 groups using NIH/Image, and compared by
Student’s unpaired t-test. The number of IRS-I-
positive cells was significantly increased in the ZFR
group compared to the NFR and MSG groups. The
number of IRS-2-positive cells was most markedly
decreased in the ZFR, group followed by the MSG
group, and the numbers in these groups were
significantly lower than that in the NFR group. A
significant decrease in the number of positive cells was
also observed in the ZFR group compared to the MSG
group (Fig. 6).

3.3 Western blotting

On Western blotting, the IRS-1 protein expression
level was higher in the ZFR group than in the other
groups. IRS-2 protein was expressed in all 3 groups,
but no significant difference was noted among them.
ERK42/44 MAP kinase protein was expressed in the
ZFR and MSG groups, and the expression level was
higher in the ZFR group. PlI; kinase protein was
expressed at a high level in the MSG group (Fig. 7).

4. Discussion

Insulin/IGF-1 signals then activate downstream sig-
nals by phosphorylation of the common IRS, and trans-
mit the signals mainly to the PI; kinase system involved
in glucose metabolism, such as gluconeogenesis, glyco-
gen synthesis, and fat synthesis, and the MAP kinase
system that promotes cell proliferation, playing impor-
tant roles in blood glucose control and osteogenesis.
Insulin/IGF-1 signals with this strong osteogenic action
may be increased in hyperinsulinemia, and act on
osteoblasts and enlarged chondrocytes in the spinal
ligament attachment site, inducing ossification.

In this study, MSG-treated rats developed obesity
similar to ZFR shown in Fig. I, hyperinsulinemia and
hyperleptinemia, as in ZFR shown in Fig.2, it was
predicted that it was the condition that could cause
ligament ossification. However, no ligament
ossification occurred in the MSG-treated rats prepared as
in ZFR. Yamazaki et al. reported that no ectopic
ossification was noted in the spinal ligament in obese
NIDDM model rats'®. Kimura et al. also reported that
no apparent changes were noted in the spinal ligament
in MSG-treated Wistar rats'®, showing that hyperin-
sulinemia alone is insufficient to induce ectopic
ossification. In our experiment, no ossification of spi-
nal ligament cells was noted in MSG-treated rats, in
which hyperinsulinemia was present but a leptin rece-
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ptor abnormality was absent, whereas fibrous ring
destruction and an increased number of enlarged chon-
drocytes in the ligament attachment site, which may be
the prestep to ligament ossification, were noted in ZFR,
suggesting that the difference in the sensitivity of cells in
the spinal ligament to leptin signals in ZFR had a
certain influence on insulin/IGF-1 signals (Fig. 3).
ZFR maintained by our laboratory was a mutant
discovered by Zucker'®. It develops hyperglycemia,
hyperinsulinemia, and obesity due to abnormal leptin
receptors, and is known as a ligament ossification model
as well as a type 2 diabetes model. Leptin is a hormone
secreted by mast cells, which controls food ingestion and
energy consumption via leptin receptors in the hypoth-
alamus. Leptin resistance induces obesity, and
decreases insulin sensitivity. Araki et al. clarified using
IRS-2 knockout mice that food ingestion was controlled
by leptin in the hypothalamus via IRS-2, and leptin was
also associated with the peripheral IRS-2-mediated insu-
lin regulatory action’®, suggesting that IRS-1 and -2 are
closely involved in ossification in OPLL, and leptin
signals are also involved in the ossification through IRS.
The immunohistological investigation detected
increases in the number of IRS-1-positive cells (Fig. 4, 6)
and IRS-1 and ERK42/44 MAP kinase protein expres-
sion levels mainly in the spinal ligament in ZFR (Fig.
7), suggesting that insulin/IGF-1 signals were increased,
particularly the cell proliferative action. In contrast, the
number of IRS-2-positive cells (Fig. 5, 6)and PI; kinase
protein expression level were increased in the MSG-

* treated rats (Fig. 7), suggesting that leptin signals were

transmitted via IRS-2, and then acted on the downstream
of the IRS-1 cascade involved in cell proliferation,
regulating ossification. '

In the spinal ligament in MSG-treated animals, insu-
lin/IGF-1 signals are responsible mainly for the meta-
bolic action after Pl; kinase p85 and cell proliferation
following MAP kinase via the IRS-1-mediated cascade.
The signals tend to increase in hyperinsulinemia, and the
IRS-2-mediated leptin action further activates PI3 kinase
p85 n hyperleptinemia in MSG rats, which acts on the
increased IRS-1 signals as negative feedback, and con-
trols cell proliferation via the IRS-1/MAP kinase cas-
cade, and thus, induction of ossification is less likely
(Fig.8). In ZFR, although hyperleptinemia is present,
leptin signals are lacking due to abnormal leptin rece-
ptor function, reducing the PI; kinase p85 activation-
associated negative feedback, which may have resulted in
the enhancement of cell proliferation via the IRS-1/
MAP kinase cascade and subsequent ligament
ossification (Fig. 9). The difference in the ligament cell
sensitivity through leptin receptors'in the presence of
similar degrees of hyperinsulinemia and hyperleptinemia
may affect ossification.
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In MSG rats the signals control cell proliferation via the IRS-1/MAP kinase cascade, and thus, induction of ossification is less

Fig. 8 Insulin-IGF-1 Signals in MSG Rat
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In the spinal ligament in ZFR, leptin signals are lacking due to abnormal leptin receptor function, reducing negative feedback,
which may have resulted in the enhancement of cell proliferation via the IRS-1/MAP kinase cascade and subsequent ligament

ossification.
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5 L 72 Monosodium  glutamate fL i 5 v b L F
MSG), BIUV7F U RBFERD I A€ ARERICE
D v 7 F o ZREEE R 253 % fa/fa rat « Zucker
fatty rat (ZFR) ZZ*hEiUER LT,

‘. BB 2»B2»5 2»ADTy b EEFAER
0LERL TEBRE{To 7,

ZFR BV 7F U REFEBERE > 5BR - FEW -
BHERES L URBRHRERSET 28D 25805
BIEERREEETVS v b THB D, JRELTEK
BERVBEETHS NFR &, SERTHSHKIZEHIEL
BAEPRELET 2 MSG 2EH LTz,

ILEE i 4 4 Zucker fatty rat FHFHRELINT 2V 7 ORE

— 17t —

2. #%RFIEA

) My 7F ABEDORIE

A2 B»e 22l 2»BET. 28K
Bk BRlA UE » SFHMAETEIT U iz, MOV 7F
VEERRHEL,

2) EHEE

BE2hBE»e»5 2B ETIABCKESR
E#HITLIz,

3) mMPv7FUrBERREELE. £BRETIC
4% % FV LBREEMRT L. bl 2/t L 72,
B EEREERT 5/ — )k AV 8 ERIREE 21T,
20%EDTA T 2 BREBRIKREIT U 720 LR TR <
574 vBUWIRZERIL, ~=rFT V-2 A Y
v (T HE ) 25T L I

4) SIEHEBILFRE

Labeled streptavidin-biotin (LSAB) B iZ TH Vv 7
F 254K (Ob-R) HifE[ObRb, Santacruze #t). i
B27 KV U E2AEE (B2AR) #Hifk [B2AR, Santa
cruze #] 2R L RSHEBIEEREEHIT L, 58S
BakteE ol & Ui EAIRHERIRET 5 7 4 VYR %
ERL, Bt 7 4 Y RUBKIEEBTO®R. TR
BETEALE I3 Microwave method % AV 95°C 12T 1243
BT L 72o WEMVA F VS —¥ DT oy >
K=FvAit7ovF o SHEEZB W2, 1 X
& « 2 KHFIZ I3 EE Max-PO set 24EFE L. Ob-R#
12 200 fEFH]R. F2AR Fitki3 100 fEHFRMEREL.
RICHsR1 8 B¥fE (Over-night) & U7z, REBEBEBK
{3 DAB Tris 2R L. HAKIZRAVLHA - BE %K
T,

E®10»BH» 5 RrEORRKE T 7 4 VEIE
HEAL. BESRERSOFEHTESL L UHTEHLE
I8 - MR IC B 2 IBEMREORIR L TO/ER
BRET L. BB % AR RS 2 BRA U THIE
U7z, BISE 12 NIH imaging % R/, BBHEMRRE D
FigfEid~ R4 v b =— URE % AV THEHLE
FHEATL 720

5 R

1) MV F B ZFR 2B L DD 28
EDEL oz, 12BICT NFR 5.7+3.5 ng/ml,
MSG 70.9+9.2 ng/ml. ZFR 802+8.1 ng/ml & MSG.
ZFR »SERIL 7e MHPEREE & 72 > 72 (Fig 1)

2) BERB® 12, F 1 TMSG 789.5+17.58,
ZFR 808.1+282g S EiE L # V. NFR

(2)
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Fig.1 Body weight measurement

The body weight markedly increased in ZFR and MSG
compared to NFR with no phenotypic abnormality.
At 10-12 months of age, at which the experiments were
performed, the body weights of ZFR and MSG were

similar.

Body weight
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Fig.2 Blood leptin level
The blood leptin levels at 12 months of age in ZFR and
MSG were similar, but significantly higher than that in

NFR.

NFR

MSG

X F ¥

&

Bes#k E25

382.5+252 g L ERTHEEMMBERTH -7 (Fig
2)o

3) HEZB (55 kai)

%= SEIHE®% AT NFR TRES HREEFRR 2R
DV, MSG B#FBEABCBEOERTERELH
HRAOTE 2RI, ZFR BHEBEATICBITS
BHRRE . HEROBAFNOFEE RO, OB
Biztho 2B L B L CBHO L TH ST, /2. FIEB
MOFHOERIZERTHY . ZTOHAEREPLICE
IR D1ETE # B 7 (Fig. 3o

4) RIEEEBICFERE

(Ob-R)

NFR TidiZ & A LRI DRI 258 H 2 3,
MSG T RIS S WH B » I THOHED
B OFKR 2B, ZFR IIHEIRDE» S5H#
FHEAROMBABERCL T TBERIEORBE %
(BB (Fig 4o : ‘

AR PR L CBEREEERIET 2 & ZFR B
NFR 8 & UMSG & L~ BHMBEH»EE (P<
0.01) W& -o7: (Fig 5)e

(B2AR)

NFR TR LA YBHAROREREZD TV,
"MSG TRtFEABCBEEOBEMIRORR ©BD
LDHTHoTzh5, ZFR TRHERBIRIEH & WS
EREPLCBEEEORRYERICRED L (Fig
6)o

Bk CEBEMES E ®E T % £ ZFR 53 NFR,
MSG & ~BHHHEB M EE (P<001) iIKEhrot:

ZFR

Fig.3 HE staining (Th5) 12 months X100

In ZFR, the posterior intervertebral disc margins were bulged (arrow), and proliferation of osteoblast-like cells was noted,

mainly in the posterior margin of the vertebral body over the ligament attachment site (arrowhead).

Mild cell

proliferation was noted in the same region in MSG, but not in NFR.

(3)
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NFR - = MSG ZFR

Fig.4 Ob-R immunohistochemical staining 12 months X 50
Many positive cells with the stained cytoplasm (arrow) were noted in the intevertebral disc margins over the ligament
attachment site in ZFR. Mild cell proliferation was noted in the same region in MSG.

I - 1
100 [ *
80
60
I NS. l
40
20

NFR MSG ZFR  pcon

Fig.5 Ob-R positive cell count

o Ob-R positive cells were counted using NIH-Imaging.
The positive cell count was significantly higher in ZFR
than in the other 2 groups. No significant difference
was noted between NFR and MSG.

Fig.6 S2AR immunohistochemical staining 12 months X100
In ZFR, many positive cells with the stained cytoplasm (arrow) were noted mainly in the intervertebral disc margins over
the ligament attachment site. In MSG, fewer positive cells were noted in the same region.

(4)
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Fig. 7 B2AR positive cell count
The 82AR positive cell count was significantly higher in

%* P<0.01

ZFR than in the other 2 groups. No significant
difference was noted between NFR and MSG. The

" tendency was similar to that of the Ob-R positive cell
count. -

(Fig. 7)o
£ =

V7F RBERTHSREO V7 F o2/ ECE
BLTERMFIOBEH 1T & & b, HERTHER
A ER L TRBHEROES L L2 &
CE>TBRREAML TS 2 EHBESNTYL
37, i, RBRERZOEHC LIV EFHEIE LD
B2AR BN LI BIR, - BRROEMSTHN TS
ZEh S REMEROPELRNT 2 IEHYE
VF UMENBERBICS X 2EEZRA L2 TN
7 s, | |

SE, MEEW L L TERRICRE#TRE 2\ Fa/
Farat &, Fa/Farat iZ Monosodium ‘g']utamate NE %
T LR TSI 2R L. SRFikilEisaess
{ET UAE# % 29 % MSG rat ¥{EBIL 72, MSG rat
fa/fa rat .IEPIL 1 IEHCEIMEEET 5720,
FEEENLLBREERAORE R X VAR T
I EMTATRETH B L E X2, KBRERICTMSG
X ZFR L ZIZEAESOEERRL, PV 7S BE
VAR LB TEEZASORETH 22 d,
MSG B3N REMIE LTRBE L Tt EEZ SRz,
ZFR @O HE B TED I H#EBAIHOBECHRE
IRDOBFE. BHE{TER% .0 & LB
OB IIAEELREDHERBETHI LEZI N
T3, BEOHEITMSGLBET v M iz ZFR i
HONIEFFHFELERD THE 530, SEIDEER
KBWTH MSG K IIEERTE - S IESORLP

BFHFHROBHEZIT E A LBD o7, L
L. NFR BT % & BT - BB AEHNCBEED
EEERBDOTVD, TNREEBINCLD A =D)L

K F # R - FEe5HEELT

APVADBRREZLDBETHEEEZSGN
fed ULk PCBOLTXHEBEECREY &V
7F VHfE L OPLL DMEEEMH 3 Z L BH|EINT
VBB I EMhSMIFL TS /ﬂnﬁébi%% bEASLT
WEAEEEDE L SN,

REEB ¥ RAICT ZFR @*&Féﬂ%ﬂ%@%ﬁ@
2 ObR DEIBEEBRIED TV EH, L7F VT
BURHHEERE 2D 5 ZFR IZB VT Ob-R DFEBEHS
BEWCS Do DR, WEAEHOENE U #RIRT
B LIRSV I F U REEE b OBFHE
PRERREHIFEOEEY Fbo T dTHB &
EZ16N5, VIFUrOBHRBAOEZEERIIIn
vitro TEFHREOSMtETTES R 3 Z LR, in vivo
TREEMEOBEEMEIT 2 2 &9 2 EE{LEH
W@ TJEEEASE W E AN TR S, L LSEDESR
76 Ob-RDOFEBRIEH 2 b DD ZFR D Ob-R iZHEEE
BRIV ZOBREETDECRLILTLRZWI D
5. ZFR OIS BLICiZV 7F v ic k 2 EHEERDS
HLBEELTWRWI ESTRE N, TE. VIF
YOBRBANOEEFERIPREEEN LV T F
VORBER LRI 2 LBEER TV EEZIOR
TEDH®, Ob-R EN LIV FF U OEEERIIERN
RERAMB W EEZ ST, BBREZEDWHFENLS VT
F »H% Insulin receptor protein substrate (IRS)I -2 %
U7 Mg EHERIC B S L T v 3 2 e BERE
ENTBY, SEDERIVFF i & 2RI
BHZLOBETHLIL2TH/TIHLDOTHo T,

ZFR OB PHERZEIC BT 5 g2AR o)%
it Ob-R FERRICEBAICE { WD T, ZFR K
THRIEEIMET LTV 255, Ob-R L 1Z8%ED ﬁZAR
OBEERE IRD 2V, BREEHEE L MIEHCH
7 2 ZEBORBITBHREENETIC L 2 Kok
DML HEZ 509 FEEFLEIRECBWT
BAR BEBEL T2 2 EDRERTE T2, S2AR B
FWPETA Y FOF L —ARIELC & D Protein
kinase A 7L CTEFHIRENCEERFTH S
ATF4 % ) Vb & 4 RANKL DS 2B & ¥
LI EMRESNTED RRERERSETMITIC/E
L RANKL (D%iﬁ%%ﬁﬁé Z & THB MR
PBELTWB L ENTW3BY (Fig 8), ZFR TRA
RAREESMETLTWE Z e dh s, WEMEL SO
RANKL ORBEHSFE S LT BERS BRI E LE
B ETEESETLTWE I LR a N, &
DFERI TRBAHEEEIMET L TV 2 ZFR FHEH

(5)
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Leptln :> Hypothalamus (Elefteriou F 2005)

[ Sympathetlc nervous a:tmtyj ."'..,. CART
B2AR h B2AR o
ATF4 RANKL §}
RANKL ﬂ :& osteoblast
osteoblast osteoclast

Leptin controls bone resorption by Bone
B 2AR on osteoblast ﬁ resorption ﬂ

Fig.8 Elevation of sympathetic nerve activity by the action of

leptin on the hypothalamus induced expression of rece-

ptor activator NF xB ligand (RANKL) via 52

adrenaline receptors, by which the differentiation and
* action of osteoclasts were controlled.

HWIIBIT D AR OFIMEHRTE /T & T 25
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BuE23BOREITHTHD . SERET 3L
BEb B, £, BILBEIC B 2 BEEEER O
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IR LUTERTE2 Z e BlBFaNhs, §%. ZFR
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Y UREEETENSE POBEREINE €. BiFOG
BREE% 30% B XD EAREINTE YD F
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N3, Lirl, OPLL 2 ¥ OEEIERE 2B O BEIW
N2 p7 FviF) UEEGERAEORS I ELE
ERSEIERENDVEENLELEERbN S, &
BAMRERE T SHHE 5L 2B A Y

&\ ﬁ/
ZXLEFOBREZHSHICILTOLLEND B,

i 3
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RERBFHETERIEIE 2 > Vir EAEEBH
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Effect of leptin on ossification of the spinal ligament in Zucker fatty rats

Takashi SANDO, Kosuke KUBO, Masakazu MAJIMA, Dai KIMURA,
Kengo YAMAMOTO

Department of Orthopedic Surgery, Tokyo Medical University

Abstract

[Background] Zucker fatty rats (ZFR), that have a with functional abnormality of leptin receptors are a spontaneous
model of ossification of the posterior longitudinal ligament that develops sympathetic nerve hypoactivity. Leptin has recently
been reported to control bone mass by regulating bone formation and resorption, suggesting that it affects not only bone mass
but also ossification of the spinal ligament. Thus, we investigated the effects of leptin on the spinal ligament in ZFR
histopathologically and immunohistochemically. »

{Materials and Methods] ZFR with functional abnormality of leptin receptors and rats treated with monosodium
glutamate (MSG), which selectively destroys the arcuate nucleus of the hypothalamus, were used. Thin spinal sections were
prepared, and immunohistochemically stained using antibodies against leptin receptor (Ob-R) and £2-adrenergic receptor
(82AR).

[Results] Significant expression of Ob-R was noted in the central region of the attachment site of the spinal ligament
in ZFR. B2AR was also expressed as markedly as Ob-R in the spinal ligament in ZFR, confirming that S2AR was expressed
in the stage preceding ligament ossification.

[Conclusions] Since Ob-R does not play any role due to functional abnormality in ZFR, the direct involvement of
leptin in ligament ossification may be slight in ZFR. S2AR expression in the stage preceding ligament ossification was
confirmed, suggesting that ossification of the spinal ligament may be inhibited by sympathetic nerve stimulation in ZFR. If
administration of g-stimulators prevents the advancement of ligament ossification, they can be expected as OPLL-preventive
drugs.

{Key words> OPLL : Ossification of the posterior longitudinal ligament, Leptin, B2-adrenergic receptor, Zucker fatty rat,
Spinal ossification

(8)
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B Immunohistochemical Demonstration of Advanced
Glycation End Products and the Effects of Advanced
Glycation End Products in Ossified Ligament

Tissues In Vitro

Kimiaki Yokosuka, MD,* Jin Soo Park, MD,' PhD,* Kotaro Jimbo, MD, PhD,*
Tatuhiro Yoshida, MD,* Kei Yamada, MD, PhD,* Kimiaki Sato, MD, PhD,*
Masayoshi Takeuchi, PhD,t Sho-ichi Yamagishi, MD, PhD, and Kensei Nagata, MD, PhD*

Study Design. This study correlates advanced glyca-
tion end products with ossified ligament tissues of the
cervical spine in vitro.

Objective. To investigate the effect of advanced glyca-
tion end products on ossification of the spinal ligaments
in vitro.

Summary of Background Data. We have hypothesized
that an accumulation of advanced glycation end products
in the spinal ligament might result in some observable
change in specific growth factors responsible for ossifi-
cation in the spinal ligaments.

Methods. Samples of the posterior longitudinal and
vellow ligaments were harvested from patients (n = 5)
with ossification of the posterior longitudinal ligament,
and analyzed for the presence of advanced glycation end
products and theirreceptor advanced glycation end prod-
uct receptor by immunchistochemistry. Real-time. poly-
merase chain reaction '(PCR).was used to quantify the
messenger ribonuclei¢ acid (mRNA) levels of bone mor-
phogenetic protein (BMP)-2, BMP-7, alkaline phospha-
tase, an osteoblast-specific-transcription factor 1 (Cbfa1),
and osteocalcin from yellow ligament cells treated with
advanced glycation end products.

Results. Immunohistochemical analysis revealed that
advanced glycation end products and advanced glycation
end product receptor were localized to within the poste-
rior longitudinal-and yellow ligaments. Advanced- glyca-
tion end products were found to increase significantly the
expression of BMP-2, BMP-7, Cbfa1, and osteocalcin at
the mRNA levels after treatment with advanced glycation
end products (1 pg/mL). "~

" Conclusions. This is the first report to investigate the
correlation, if any, between the ossified spinal ligament and
advanced glycation end products. These results suggested
that.accumulation.inAad.vanced glycation end products and
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their interaction with advanced-glycation end product re-
ceptor were 1 of the important risk factors in the process
of ossification in the spinal ligaments. ’

Key words: advanced glycation end products, ad-
vanced glycation end product receptor, glucose intoler-
ance, ossification of posterior longitudinal iigament, yel-
low ligament,” bone morphogenetic protein, Cbfal,
osteocalcin. Spine 2007,32:E337-E339

Advanced glycation end products result from nonenzy-
matic glycation or the spontaneous reaction of reducing
sugars with proteins (the Maillard reaction).’ Studies
have reported that high accumulation in advanced gly-
cation end products leads to dystrophic mineralization,
calcification, and osteoblastic differentiation®* after ad-
vanced glycation end products reacted with advanced
glycation end product receptor.’

One hypothesis is that the accumulation of advanced
glycation end products in the spinal ligaments (posterior
longitudinal and yellow ligaments) may result in an in-
crease in specific growth factors and, thus, contribute to
ossification of the spinal ligaments. Here, the authors
evaluated how advanced glycation end product accumu-
lation influenced the biologic function of spinal liga-
ments in an ##2 vitro setting.

B Materials and Methods

Cervical spine specimens of yellow ligament were obtained
from 35 patients with ossification of the posterior longitudinal
ligament during spinal surgery with the informed consent of
family members and approval of the Kurume University Ethics
Committee (Table 1). Yellow ligament cells were extracted
from the yellow ligament and used for cell cultures and PCR.
Both yellow and posterior longitudinal ligament specimens un-
derwent histologic evaluations.

Cell Harvest and Culture. Yellow ligament tissues were iso-
lated and cultured using Dulbecco modified Eagle medium®~3;
the presence of chondrocyte-like cells was confirmed with rou-
tine microscopy.

Histologic Study. Histologic specimens were embedded in
paraffin. Inmunohistochemical analysis was used to detect hu-
man advanced glycation end product and advanced glycation
end product receptor. The Envision method was used for anti-
advanced glycation end products (code No. KH001; 1:125 di-
lution; Transgenic Corp., Kumamoto, Japan) and anti-
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Table 1. Profile of Patients With, Ossification of the
Posterior Longitudinal Ligament

Patient Sex/Age Region of Yellow
No. {yrs} Diagnosis Ligament Tissue
1 F/60 Th-0PLL C5/6
2 F/48 C-0OPLL C5/6
3 M/50 C-OPLL C5/6
4 Fn C-OPLL C5/6
5 M/51 - C-0PLL C5/6

Cindicates cervical spine; F, female; M, male; OPLL = ossification of posterior -
longitudinal tigament; Th, thoracic spine.

advanced glycation end product receptor (lot No. HKHO02;
1:500 dilution; Techne Corp., Minneapolis, MN). Mouse im-
munoglobulin G (Dako, Carpinteria, CA) was adjusted to the
concentrations of the primary antibodies and used as the neg-
ative control.$8 :

Preparation of Advanced Glycation End Products. We
used glyceraldéhyde-derived advanced glycation end products
that had previously shown various biologic activities through
interaction with the advanced glycation end product receptor.’

Quantitative Assay for mRNAs. Yellow ligament cells were
stimulated in serum-free medium with 1 pg/mL advanced gly-
cation end products, or nonglycated bovine serum albumin
(control) for 6 days at 37°C, changing the medium every 2
days. RNAs were isolated {conditions of reverse transcription
were 25°C for 10 minutes, 45°C for 30 minutes, and 95°C for
5 minutes) and quantified by real-time PCR (Table 2), as de-
scribed previously.$” The volume of mRNA was measured and
normalized by B-actin using an internal standard according to
the §-delta-computed tomography method.!®

Statistical Analysis. The data were compared using the Stu-
dent ¢t test. The results were recognized as statistically signifi-
cant at a probability (P) level <0.05.

B Results

Immunohistochemical Localization
Yellow ligament and posterior longitudinal ligament tis-
sue from ossification of the posterior longitudinal liga-
ment patients showed diffused staining for advanced gly-
cation end product receptor, with strongly labeled focal
areas around the circumference of the cell surface and

Table 2. Primers Used for Amplification

nuclear membrane. In addition, these tissues showed

staining for advanced glycation end products with
strongly labeled focal areas in the extracellular matrix .
and at the margins of the tissue cleft. No staining was
apparent in the negative control. Similar results were
seen in the tissues from all donors.

Expression Levels of BMP-2, BMP-7, Alkaline

Phosphatase, Cbfal, and Osteocalcin mRNAs
The mRNA expression levels in cultured yellow ligament
cells were determined after 6 days of treatmient with 1
pg/mL advanced glycation end products. In the presence
of 1 pug/mL advanced glycation end products, the mRNA
expression level in BMP-2, BMP-7, Cbfa1, and osteocal-
cin, was increased significantly to 137.1% (P < 0.01),
172.7% (P < 0.01), 135.3% (P < 0.01), and 172.4%
{P < 0.05), respectively {compared to the untreated con-
trol). The expression levels of alkaline phosphatase did
not differ significantly from the untreated control levels.

m Discussion

This study documented the presence of advanced glyca-
tion end products and advanced glycation end product
receptor in ossified spinal ligaments. Additionally dem-
onstrated was that advanced glycation end products sig-
nificantly increased the expressions of BMP-2, BMP-7,
osteocalcin, and Cbfal in the yellow ligament cells from
ossification of the posterior longitudinal ligament pa-
tients at mRNA levels. We have postulated that ad-
vanced glycation end products contribute to the devel-
opment of ossification in the spinal ligaments. Yamagishi
et al® have reported that advanced glycation end prod-
ucts showed an ability to induce osteoblastic differenti-
ation in pericytes. Moreover, Kume et al* have reported
that dystrophic mineralization may occur in advanced
glycation end product-treated human mesenchymal stem
cells.

The pathogenesis of ossification of the posterior lon-
gitudinal ligament includes mechanical stress, genetic
factors, glucose intolerance, and obesity.!"1? Ossifica-
tion of the posterior longitudinal ligament cells have a
greater potential to differentiate into osteogenic cells
than ligament cells from non-ossification of the posterior

Gene Primer Sequence (5 —3') Product Size (bp) Reference

BMP-2 Sense: GTGGAATTGACTGGATTGTGGCT 161 Accession No. NM001200
Antisense: GGACACAGCATGCCTTAGGAAT

BMP-7 Sense: CACGCTACCACCATCGAGAGTT 151 Accession No. NM001719
Antisense: TGGAGCACCTGATAAACGCTG

Osteocalcin Sense: AGCCTTTGTGTCCAAGCAGGA 141 Accession No. NM199173 NMO000711
Antisense: TCACAGTCCGGATTGAGCTCA

Alkaline phosphatase Sense: ACCTCGTTGACACCTGGAAGA 160 Accession No. NM0C0478
Antisense;: ACGTTGTTCCTGTTCAGCTCG

Cbfal Sense: TCTTCCCAAAGCCAGAGTGGA 164 Accession No. AF001450
Antisense: AATAGCGTGCTGCCATTCGAG

B-actin Sense: TCATCACCATTGGCAATGAG 125 JOR21(2003) No. 256-264

Antisense: CACTGTGTTGGCGTACAGGTT
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longitudinal ligament patients, and respond to various
factors such as BMP-2, osteocalcin, and Cbfal, which
have the potential to induce osteogenic differentiation
and/or osteoblast differentiation in spinal ligament
cells.’>™** Accordingly, these results suggested that ad-
vanced glycation end products binding to advanced gly-
cation end product receptor may be a causative factor for
the onset and progression of ossification in the spinal
ligaments.

B Key Points

o This study correlates advanced glycation end
products with ossified ligament tissues of the cervi-
cal spine in vitro. ‘

¢ Advanced glycation end products were found to
increase significantly the expression of BMP-2,
BMP-7, Cbfal, and osteocalcin.

o These results suggested that accumulation in ad-
vanced glycation end products and their interac-
tion with advanced glycation end product receptor
were 1 of the important risk factors in the process
of ossification in the spinal ligaments.
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The clinical problem of the occipitocervical fixation.
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