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Manganese superoxide dismutase (Mn-SOD) is a mitochondrial enzyme that converts toxic O; to H,O,. Previous
studies have reported that a systemic deficiency in Mn-SOD causes neonatal lethality in mice. Therefore, no mouse
model is available for the analysis of the pathological role of O; injuries in adult tissues. To explore an adult-type mouse
model, we generated tissue-specific Mn-SOD conditional knockout mice using a Cre-loxp system. First, we generated
liver-specific Mn-SOD-deficient mice by crossbreeding with albumin-Cre transgenic mice. Mn-SOD proteins were sig-
nificantly downregulated in the liver of liver-specific Mn-SOD knockout mice. Interestingly, the mutant mice showed no
obvious morphological abnormalities or biochemical alterations in the liver, suggesting a redundant or less important
physiological role for Mn-SOD in the liver than previously thought. Next, we generated heart/muscle-specific Mn-SOD-
deficient mice by crossbreeding with muscle creatine kinase-Cre transgenic mice. The mutant mice developed progressive
dilated cardiomyopathy with specific molecular defects in mitochondrial respiration. Furthermore, skeletal muscle-
specific Mn-SOD-deficient mice that had been generated by crossbreeding with human skeletal actin-Cre transgenic mice
developed a severe physical disturbance associated with impaired cellular ATP metabolism. These results imply that the
superoxide generated in mitochondria plays a pivotal role in the development and progression of pathologies in the heart
and skeletal muscle, but not in the liver. In conclusion, we successfully generated various tissue-specific Mn-SOD condi-
tional knockout mice that provide useful tools for the analysis of various oxidative stress-associated diseases.
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Fig. 1. Production of Reactive Oxygen Species (ROS) and Protection from Superoxide (O3;) by Mn-SOD in Mitochondria
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[Fig. 3(A)]. %59 =51z, MFhEHhHiy© SOD &t %=
PRz & A, Mn-SOD iEH DA B /K TSR
T&7 [Fig. 3(C)].59 —J%. CuZn-SOD jEMEIZ L
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Mn-SOD R T ZIXIEEICHE L, iEeerRE
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SOD REDIREZFNT, MBI 2 Mn-



No. 1 21

>
* Alb promoter H Cre}
P

0

Cre recombinase

" Fv
Alb-Cre transgenic mouse

’ IOXE
~

Mn-SOD flanked lox mouse

Cre recombinase

Liver-specific Mn-SOD-deficient mice (Liver-Sod2)

Fig. 2. Generation of Liver-specific Mn-SOD-deficient Mice (Liver-Sod2~/~ or L-Sod2~/~)
Homozygous Mn-SOD flanked lox mice (Mn-SOD flox mice) were crossed with albumin-cre transgenic mice. The resulting heterozygous Mn-SOD flox and
hemizygous cre transgenic mice were selected and mated with homozygous Mn-SOD flox mice. The pups included Liver-Sod2~/

SOD D#&E|Z RN AR5 LB 258 < R L 7z
KIZ, 0 - BB RIZ Cre) a2 ES—
¥ % %39 % Muscle creatine kinase-Cre ¥ 7 X %
AR L, L - B AR A Mn-SOD RIEY ™ A
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L, 27U XTI RITIGRT 5 K5 /e 8w
Wiz RLTWw/ [Fig. 4B)].? Zh5idI ba
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IFREESAKRT THLINIBTE RoyrF—+

(SDH) {EHIZELSETFL TWDDITHL, Mk
HESKRNVTHD L MO0 —LCHFF—F
(COX) {EMEIZAMNRBD 5NT, IR I
REREEMME L TS Z &AL /= [Fig. 4(0)].
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BONAEICHDL TWE.D —J, MFREEE SRV
O TaAZy NIFAERMIYTIZADEEFETH >
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AR 2D mRNA & EF L X)VITHRFEIN TN
2.0 2050, ROSITKEY N7 EL AN
I OBIERBBEMNICE > TEREESARIY T 12y
~ DV, IS RINTTHEL 2l EaRB L. &
REXTZADENS I b RY 7 ZHEEL, O
& H)0, DRAEBZRN. TORE, RETTX
SROCRUTIZ O A 40%8INL, i Hy0, 13
K1 70% pEA BB AL Tz [Fig. 4(D)]. Zh
S5 DRERNS, O - B R FL) Mn-SOD RiH
RUZDONIEI ha > RY 7 Tl O; O FE LN
AU, 2 a2 RYY ORFHEIEEER2ITE DO
A5 ERITEEFEASNZ. mid L& EUK-8
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Fig. 3. Liver-Sod2~/~ Showing No Obvious Abnormality in
Liver

(A) Mn-SOD expression in 4-weeks-old Liver-Sod2~/~. Ten micro-
grams of protein extract from brain, heart, liver, or kidney of Liver-Sod2~/~
or control mice were immunblotted with anti-Mn-SOD antibody. The dupli-
cated blot was probed with anti-GAPDH antibody as an internal control. (B,
C) CuZn-SOD and Mn-SOD activity in the liver of Liver-Sod2~/~ and con-
trol mice (n=3, *p<0.05). Mn-SOD activity was significantly reduced in
Liver-Sod2~/~ (C), but CuZn-SOD activity was not reduced (B). (D) HE
staining of Liver-Sod2~/~ and control mice shows no abnormality in the
liver. Scale bar, 100 mm. (E) Measurement of lipid peroxidation (malon-
dialdedehyde and 4-hydroxyalkenals) in liver extract. No increase in lipid
peroxidation was observed in Liver-Sod2~/~.
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WG L7z& 2 A, JiERI, FIEHRDOVWTNOHKE
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Fig. 4. Heart/muscle-specific Mn-SOD-deficient Mice (H/M-
Sod2—/~) Developing Dilated Cardiomyopathy

(A) Isolated hearts (top panels) and sections of hearts (bottom panels)
from a H/M-Sod2~/~ mouse (left) and a littermate control mouse (right) at
16 weeks of age. (B) Transmission electron micrographs of myocardia from
H/M-Sod2—/~ mice. (top panels) Small mitochondria and abnormal vacu-
oles were observed in 15-weeks-old H/M-Sod2~/~ hearts (left) but not in
control hearts (right, scale bar=2um). (bottom panels) The cristae of
mutant mitochondria (left) were rough, irregular, and concentrated in the
center, whereas control cristae (right) formed regularly (scale bar=500
nm). (C) Enzymatic histochemical staining for succinate dehydrogenase
(SDH, top panels) and cytochrome c oxidase activity (COX: bottom panels)
in hearts from 15-weeks-old mice of the indicated genotypes (scale bar =50
um) . (D) Mitochondrial superoxide and hydrogen peroxide formation in the
hearts of saline WT mice (white bars, n=>5) and H/M-Sod2~/~ (black bars,
n=6) at 15-weeks-old mice. (E) Representative images of hearts after the
EUK-8 treatment. Normalized heart weights are shown at 8-weeks-old.
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Fig. 5. Reduced Physical Activities in Muscle-specific Mn-
SOD-deficient Mice (M-Sod2~/~)

(A) Treadmill task of M-Sod2~/~ (n=4) and control (n=5) mice at 6-
months-old (***p<{0.001). (B) Measurement of 8-0xodG in the skeletal
muscle of M-Sod2~/~. Oxidative DNA marker, 8-oxodG, in the gastroc-
nemius of M-Sod2~/~ (n=7) and control mice (n=4) (6-months-old)
(****p<0.0001). (C) EUK-8 improved the physical activity. The treadmill
task was carried out every 24 h after injection until 96 h in M-Sod2~/~ mice
treated with EUK-8 (n=8) or PBS (n=9) (6-months-old). The improve-
ment was observed until 96 h after injection (**p<C0.01).

L7 HRETH R SREIETRERANZ. 2O
B, HETHERIHLRTIZ EAEEIRD LGN
Rino 7=, bl v RIINITK B EHIETHE I NE
LLETFLTW [Fig. 5(A)]. £/-ZFOEFIEE
LW HELFEEO M & BN ATP DT %
o Tz, SS5ITHEKEIF O DNA Bk~ — 71—
8-0x0dG ZEEL /LA, FEIEMEZRT Z
EHBAL 72 [Fig. 5(B)]. HiFR(LANC K 5 EE)
BEL AF 1 —2ilH 572012, EUK-8 Z 30 mg/kg
THEMENEEES L. TORE, 24 FEBICE
U< gl EfTREIVER L, 96 Kifil & TETTHE
MEFHE L 7z [Fig. 5(C)]. %7z EUK-8 #5I2 KD,
BN ATP BIZE AR 2 &[FH LX)V E1E
LTWe, —F, #AgomPABREISEO £ E

Thot. LEOHRMNS, BT RN Mn-
SOD R~ T AL BN ATP 2518352 &
THEHI ETRE IR T L, PigAAZRSICED
ATP & EIEL, EfTRINVEET S I NS
MmERo 7z,

4. BHYIC

FHA%RF 5L AY Mn-SOD RIE~X T X DN 5,
Wi, OoiE, BHIISIEERE R T RN RE
SBERBZENHASHER S, RBFZENS, lHes
BALZEFANRD 72D, 85N ds 3 DTS MLk 32125
I DWagstEZ, FEMICHIT T 2L E DR < RIZ
Nz, BE, #RAZACEHMTO Mn-SOD O > 5
12aFI w7 I RITADRENEHED TN
2.9 B2 OFLKER BLHY Mn-SOD RIE~ ™ X Df#EHT
&0, EESEOI Fa 2 RY 7EEEA B L 2 DIF
MR EENMBASI N, KB, OWTIIEERE
{EOHEENPED RTINS,

i ARBOEBRO L, WREELSER
RFEDIACH N EE, FAEREREFERE > 5 —
RO FERELS ORI Z2ETIT>ZHDT
T, KHAREOLREEDL S PNEBRITHED DAL
Rz bFEL. Z0R2BE0 L TRHOBEZEZE
L£T9.
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