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Fig.1. Schematic representation of the treatments. %, Intramuscular injections of methylprednisolone (4mg/kg); }, Euthanasia and

removal of the femora.

(A) Treatments in study 2. (B) Treatments in study 3. (C) Treatments in study 4.
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Fig.3. Schematic drawings of the location of osteonecrosis in the proximal femur,
®, necrotic focus. (A) 1-week group, (B) 2-week group, (C) 4-week group, (D) 8-week group.

Table 1. Prevalence of osteonecrosis, number of necrotic foci, and size of necrotic area in various groups (study 2).

No.of No. (%) of cases No. of necrotic foci Necrotic area
Groups animals with osteonecrosis (X*£SD) (X£SD, mm?)
Control 10 0O 0 0
3-day 15 0(0) 0 0
1-week 15 7(47) 1.38£0.51 5.58+1.79
2-week - 15 ‘ 9 (60) 1.27+047 3.80%2.64

NS @ NS b NS ©

4-week 15 11(73) 1.4610.66 5.1145.04-
8-week 15 10 (67) 1.23£0.44 5.12+2.53

NS, not statistically significant.
a) Determined with Fisher’s exact test.
b) Determined with Kruskal-Wallis test.
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Fig. 2. Macroscopic and histopathologic findings of osteonecrosis in the femur of steroid-treated rabbits at 4 weeks.
(A) Cross section of proximal femur. Macroscopically, osteonecrosis was observed in the metaphysis and diaphysis as yellowish-colored
areas (arrow heads). (B) Coronal section of proximal femur. Osteonecrosis was typically localized in the area of the metaphysis and
diaphysis, particularly in the periphery of the marrow cavity (arrow heads). (C) Typical osteonecrosis. Histologically, typical
osteonecrosis showed an accumulation of bone marrow cell debris and bone trabeculae demonstrating empty lacunae or osteocyte
ghosts. (D) Multifocal osteonecrosis. Osteonecrosis is locally distributed and multifocally dispersed (arrow heads).
(B, C, D) HE staining. Original magnification, (B) X 0.9, (C) X 200, (D) X 20. Scale bars, (A, B) 1lcm, (C) 20 2 m, (D) 200, m.

Fig.4. Histopathologic findings of osteonecrosis in 1-week group.
(A) and (B), The necrotic area showed an accumulation of degenerative or necrotic marrow and fat cells, and bone trabeculae showing
either empty lacunae or osteocyte ghosts. Although the fat cells showed degenerative or necrotic change, their architectures did not

collapse.
HE staining. Original magnification, (A) X 200, (B) X 400. Scale bars, (A) 20/1 m, (B) 10z m.
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Fig.5. Histopathologic findings of osteonecrosis in 2-week
group.
The necrotic area showed an accumulation of cell debris, the
disappearance of hematopoietic and fat cells which became
completely necrotic, lost their architectures, and thus
collapsed. Bone trabeculae also underwent necrosis.
HE staining. Original magnification, X 200. Scale bar, 20, m.
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Fig. 6. Histopathologic findings of osteonecrosis in 4-week
group. .
The bone marrow cells showed evidence of cytolysis,
karyorrhexis, and karyolysis, while necrotic fat cells had
markedly collapsed. In the border area, fibroblasts and
histiocytes were found, but appositional bone formation
around the necrotic bone trabeculae was not observed .
HE staining. Original magnification, X 150. Scale bar, 20, m.
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Fig.7. Histopathologic findings of osteonecro
group.
The dead trabecula with empty lacunae is surrounded by
immature appositional bone formation (arrow heads).
HE staining. Original magnification, X 200. Scale bar, 20 m.

Fig. 8. Histopathologic findings of osteonecrosis in 4+4-week
group.
Necrotic bone tissue was surrounded by prominent
appositional bone formation (arrow heads) and repair tissue.
HE staining. Original magnification, X 200. Scale bar, 20 m.

Table 2. Prevalence of osteonecrosis in various groups (study 3).

No.of No. (%) of cases
Groups animals with osteonecrosis
4-week 15 11 (73)
8-week 15 10 (67) "
4+4-week 10 6 (60)
Single-dose 10 7 (70)

NS, not statistically significant.
a) Determined with Fisher’s exact test.
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Fig. 14. Findings of in situ detection of fragmented DNA in control group. (A) and (B), TUNEL-positive cells were scatterly present in the
bone marrow (arrow heads).

TUNEL staining. Original magnification, (A) X 200, (B) X 800. Scale bars, (A) 20, m, (B) 5, m.

Fig. 15. Histopathological findings and findings of in situ detection of fragmented DNA in 4week group. (A) Empty lacunae were found in
the bone trabeculae, and the surrounding bone marrow tissue also showed necrotic changes. (B) TUNEL-positive cells were not present
in the center of necrotic lesion, but they were accumulated in the surrounding area of the lesion. (C) The necrotic area showed an
accumulation of cell debris, and karyolysis was observed in hematopoietic and fat cells. Some cells showed nuclear fragmentation and
condensation of chromatin. (D) TUNEL-positive cells showed nuclear fragmentation and chromatin condensation.

(A, ©) HE staining. (B, D) TUNEL staining. Original magnification, (A, B) X 100, (C, D) X 800. Scale bars, (A, B) 40 m, (C, D) 5, m.
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Fig. 16. Hxstopathologlcal ﬁndmgs and ﬁndmgs of in Sltu detectlon of fragmented DNA in 4+8week group. (A) Necrotic bone Uabeculae
showing empty lacunae were surrounded by the appositional bone formation and granulation tissue. (B) TUNEL-positive cells were not

found in the necrotic area surrounded by the repaired tissue.

(A) HE staining. (B) TUNEL staining. Original magnification, (A, B) X 200, Scale bars, (A, B) 20 m.

Ny TAGECBITE Y A FI0HE (BFREB L OHHOHIE
) iz LTz, —HFToEBEIBwTiE, LiEnsdn
WA LR & LA BB E N h o /.

2. BIRFERER
BRSNS & ORI M, &5 —5EH
WOBMIAS O E AR L2z LR &) B b Bt
ERTHE, KBEEMETL03IHR 73 (70%), KBEEEAL
'0103:]43333 (30% ), LEEEEALET 10 48] (40 %) (2

B GRD
n.z%ufF%ﬁﬂ%uﬁiﬁﬁﬁﬂmﬁﬂmﬁimﬁmt
BIEREE S L CBEEREROBEHNELIIOVWTD

1Rt (E8R2)

BEEFER
WEIE AR, SOBIZEHED SN a o 28, 1M ¢f
1MMWJHM%)2uﬁfm K9 (60 %), 4MEET
1139 (73%), SHBETISHP 10T 67%) 127807 1¢H
0 SEBEE T O 4B TS A I LR RN e o R

Lol hS, BEFEEATFTA FESHRL~28 ML,
FDHTT b=k BEINA A AL (#D).

2. BIRFEREIAL

LGRk ¢t VAR L T
TBY, ZO5MKED
BDLho 72 (93).

3. BEEEHSL LUEE

-‘)C}]iﬁ“'db 7o) OIBIEE LB & ORI,
HHCTHEEZTRO b o7z (#1).

4. ﬁi@%ﬂ%ﬁ‘ﬁ—‘r—ﬂ@%{ t

DY PR VEBIO3 AR EE RO o2,

LERECE, BRI FisiEs’ L8 U<, RMEoER 5
LRI CH 72, FROBMMBLIE, L L THEIARY
BIELTWED, HBHWVIEZEEF/NE (empty lacunae) Z 7R L
Twie, 2ORBRHEOEHEE [Ellf[ﬂl}’al TR 2o & L
2R & ANRAE L7RBETdh - 72, RIHHIIEIZEESE I > T

BUF T, Ao R
FIEIE & R 72 KRR

HEPL
IZBWTARE

HHGEE B 725

5 HOOFOHBHEE IR T (04A, B). HHIEHEN

E LI LIS A AR S h, EHE B & OBRIIZRE ORI
DA SN,

2MBETIE, 1B lL/\“iME*"ImtIT“E%‘IMii BRL,
A5 R I OB B AL 3T SR ISR o T e £ 7,

1EﬁuﬁwfﬁanthﬂMMﬁtA‘mmhh*<&m
O A H DX I » Tz, BB L 72 I5IHHNIE #
OWEAE IO IEB L e, BESE SR L O AL <2 1 I8 13 1 i
0L T (45).
48T ,%%w:mwwﬁm 51C
AN SE AT AN A, RRVARE, RERMIRL E e R LT
WA & 2 » T 7z, HHHI){I"H,’} DI 1211-14‘# 2 E 52
HL o T, FRERITHEARZ L D, IR
L3 A A e RUHE AR, MHIERER D L & D30 Z30 Tn
A%, WS AR EE LD S vk o 7 (] 6).
SIHBETIL, MBI LFEEMEIIIC Y LTI s 5 L 9%
D, B GE SR R L ST R AR BR O B AT o A & e
Tz, F72, OB A8 2 /I :,'-JF;J&#;fﬁAbWL
(7)), ZOWLTIdArlet & P45 J}zﬂ:ﬁ RSB D
¥ A TAOMENE (R EATHOML S X ORIME D) %
JAN PR GRVAR
IS OMMHG I FIETRMITH Y, LM
HEDOHBMEHSHD SN LI L7z,

'JiJ L AP AL ]

SMAFIZ 1M
QM N IPYN I

THEEAH B YR, 2 OERMNIZ2 DL Lo IRILRY S
»va?’l HoBnTh, 005 OMATRATRE MM Iz KRS s 2
Eldhpror:

. X704 FESES LTRSS SRRSOV TO

25T (R 3)

1. BESERERE L URERM

FIERIL, 4H+4GEBTI0TH6T (60%) (o, 1ETES-RE
TI0FHF 7 (70%) @Bo bz, F-FORBEMMITER

1, 2EABETH o7, TNODFIBIEHAEE L, ZFHMTH
BRI, (D).



270 m

2. FEERENEL

AT LUEBEORBMMRIIER2 LR TH o 72,

4B+ AEBETIE, EEL-EHOBBEICER Lz~ 17 7
— VR RMEMOERETYRD, BED>SIBEITEA TV,
HRIERE BRI AL RINERER LR . ZoBERDIE
BEEEICHhTNIIROLNABHEIIC L IIHL»IIREZLD

A * %

350 - —
300 - * ]
250

150 o t T
100 -
50 -

Total cholesterol {(mg/dl)

2000 7 r ¥ 1

- -

(3,3 o wn

o o (=]

[=] o o
1

o
1

Tryglycerides (mg/dl)

1.8 4
1.6
1.4 4
1.2 4 *
1.0
0.8 +
0.6
0.4 7
0.2 7

Free fatty acid (mEq/l)

35 7]
30
25 7]
20 ] tt
15 ]
10 7]

Tt
Tt

HDL cholesterol (mg/dl)

Before 1d 3d 1w 2w 4w 8w
Time after first treatment

Fig.9. Sequential changes in plasma lipid levels. (A) Total
cholesterol. (B) Tryglycerides. (C) Free fatty acid. (D) High
density lipoprotein cholesterol. HDL, High density
lipoprotein. % P<0.05; % % P<0.01; T P<0.05; T T P <0.01
versus values before steroid treatment. Values are expressed
asX £ SD.
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Fig. 17. Electron microgram of osteonecrosis lesion in 4-week
group.
In the surrounding, area of osteonecrosis, where TUNEL-
positive cells were accumulated, there were cells with
fragmented and condensed chromatin. Morphology of these
fragmented cells agreed with that of apoptotic cell.
Original magnification, X 2500. Scale bar, 5, m.
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Fig. 18. Number of TUNEL-positive cells.

(A) Number of TUNEL-positive cells among the non-
osteonecrosis lesion of control group, 4-week group and 4+8-
week group. (B) Number of TUNEL-positive cells in 4-week
group. (C) Number of TUNEL-positive cells in 4+8-week
group. Non-ON, non-osteonecrosis lesion; S-ON, surrounding
area of osteonecrosis; C-ON, center of osteonecrosis. *
P<0.01 by Mann-Whitney’s U-test. NS, not statistically
significant. Values are expressed asX =+ SD.
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Abstract

Although it is widely accepted that steroids are one of the causal factors of osteonecrosis (ON), the pathogenic mechanism
of the relationship between steroids and ON is still the source of considerable dispute. Since animal experiments are essential
for clarification of this mechanism, the incidence of ON in steroid-treated rabbits was investigated under various conditions.
Involvement of apoptosis in steroid-induced ON was also investigated in the same rabbit model. Mature Japanese white
rabbits (mean body weight: 3.5 kg) were given weekly intramuscular injections of methylprednisolone acetate (4 mg/kg) for
several weeks (maximum 8 weeks). At the end of the treatment, the femur and humerus were histopathologically examined
for the presence, location, and incidence of ON. ON was typically localized in the area of the metaphysis and diaphysis, while
no necrotic lesions were observed in the epiphysis. The incidence of ON was 70% in the proximal femur, 30% in the distal
femur, and 40% in the proximal humerus after 4-week steroid treatment, and the onset of ON was observed 1 week after the
first steroid administration. However, continuation of steroid treatment did not increase the incidence and area of ON, nor did
it produce any new necrotic foci. Interruption of the steroid treatment accelerated the repair process of the necrotic lesion, but
did not increase the incidence of ON. These findings suggest that the steroid-induced ON is caused not by a recurrent
ischemic episodes or a chronic condition which produces repeated infarction but by acute single ischemic events which occurs
in the early period after steroid administration. Serial hematologic examinations revealed both a hypercoagulable state and
hyperlipidemia which were detected 1 to 2 weeks after the first injection of methylprednisolone, thus at approximately the
same time as the occurrence of ON. Hypercoagulability and hyperlipidemia caused by steroid administration seem to play an
important part in the development of steroid-induced ON. As for involvement of apoptosis in steroid-induced ON, numerous
TUNEL-positive cells were found in the area surrounding ON without repair tissue, but only a few of these cells were seen
around the ON associated with repair tissue. These findings provide evidence that apoptosis occurs early in the lesion of
steroid-induced ON and have important implications for future studies on the pathology and developmental mechanism of this
disease, as well as for the development of new treatments and preventive methods.




