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Enzyme Activities and Histochemical Changes in the Hind Limb
Muscle of the Mouse Treated with 6-Aminonicotinamide
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We investigated enzyme activity and histochemical changes in hind limb of mouse treated with 6-aminonicotinamide
(6-AN). The activity of aspartate aminotransferase, alanine aminotransferase and creatine phosphokinase in 6-AN treated
group were significantly higher than those of the control and pair-fed groups. Also, the activity of lactic dehydrogenase

in 6-AN treated group was the highest among the three groups, whereas that of the pair-fed group were higher than that

of the control group. In the 6-AN treated group, oxidative histochemical stains, nicotinamide adenine dinucleotide
reductase (NADH), succinyl dehydrogenase (SDH) showed increased scattered fibers in 6-AN treated subsarcolemma.
Cytochrome ¢ oxidase (COX) stain showed decreased up to 85% in 6-AN treated fibers. These results demonstrate that
6-AN antagonizes cell metabolism and induces the morphological deformity like the other mitochondrial muscle
diseases. Therefore, we suppose that these data would be useful indexes for disclosing the mechanism of mitochondrial

muscle disease.
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£ 6-aminino-NADP adductE A3A43te] A o] 484
A st AA oAt Bog =29 P4 Y o
Has 23T} (Kohler et al, 1970). IAMY FHFEALLS
brain glutamic dehydrogenase (Bielick and Kriegistein, 1976),

it 1A

6-phosphogluconate debydrogenase (Herken et al., 1969), mono-
amine oxidase (Yang et al., 1998), liver malic enzyme3} acetyl-
cholinesterase (Yang et al, 1998), muscle glyceraldehyde-3-
phosphate dehydrogenase®} NAD glycohydrolase (Yang et al,,
1998)3} 72 NAD X NADP-&4 #A9 &4S oA
gt} o] 9b= WM E 6-AN-2 spinal cord ATPase$} acid pho-
sphatase (Iglesias-Rozas and Iglesias, 1974), muscle malic enzyme
3} acetylcholinesterase (Yang et al., 1998)2] A ] Z2&
Z7}21711} brain isocitrate dehydrogenase "= pyruvate dehy-
drogenase (Gaitonade and Evans, 1982)¢] &Aloll= 4g2 F
7 ggov Ed EHEEY 6-ANS Foshd v fHxAs
A, B4, 2, 237, A, A4 T HYspt xdEa
(Wolf and Cowen, 1959), A=34& #3lste S4HHg of
HA k= A (Caplan, 1972) 2.2 44 9l

6-ANZ 53| F3AAA dFE FE AASAAR
deA gl 38 AN E8E T2 4o dHaME oF
2 BEgsA WA JA Fou 6ANS F2 HoluAE
(Horita et al, 1981; Aikawa et al, 1984), 3|=7|o}ulA|E
(Schaarschmidt and Lierse, 1975; Blakemore, 1978)9} 22 4l
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ot 2o Hg wslE fmai, 53] FEv|oluAE
o] HaA WstE Fukste] $xo) FHELe YosrE
3ttt (Blakemore, 1978; Miyoshi et al., 1978). 5-3F 6-ANO. 2
A&t &M XS] granule cell ¥3} AARAL-E o) wAishz]
%ol A ornithine decarboxylase?] &4 74 4 laminar 7
Z Wolg zdsle] AT EXEE 2

(Morris and Nadler, 1985). o]€]oll & 6-AN9] ggFo 3 A ut
AlZg} mlalolb 2 HA] HaA HEE do 2
(Politis, 1989)d #} glov}, mlAolmA| Lol sl 3
o) Q= 78 (Schaarschmidt et al, 1975)%} & A
Frhs A8 Kanr et al, 1993) S thdsk o]@dSo] AA
o] Sitk o)=gh wiske Mo HeF JAES o

35 JANA T3 A] A W dory o1 x
Zlo] Ho|= ARo|=HME-oFFH (Creutzfeldt-Jakob disease)
9t B5=3k7 (Horita et al,, 1980), &8 A 02 TS = 3
el 25l A s 28k AR Buw g)
(Render et al., 1985).

HZ ol @ dritd ARdLS S48 Ustet aBAE
A 6-ANol| T3k AR A7 AlE7t o] FoH ol
N-(phosphocetyl)-L-aspartate, 6-methyl mercaptopurine 57 &
foto] FAAZA APFE) A3t o3 Fos
Rk A7 RH A (Nord et al, 1997; Griffiths et al,
1981) 2 A A&l gz AFAtEe] BAE 24 H
Ark

7)) ARNME FR 6-ANS.Z Q18 ATP 2 siizle
(Jung and Park, 1992), catecholamine (Knoll-Kohler et al., 1980),
RNA (Hunting et al., 1985), ADP-ribose (Morris et al., 1985),
polyamine (Sciacco and Bonilla, 1996) 5-2] A3}y Asie g
o= Q3 FENAA, & H 4 A5 ABATE] Hyjsk
A R}t F2 d7EIoY AR S04 A9 A
T ZxAl Wg A7 Ao [Fst Adefelch

2 QTE 6-ANS FoAg whe2ofiA ZAZE AA S
THAE Wl AE 2718, 5484 2
dstet d3 WellMe] a8 EE Hlm
A}

[o51e)

AHEFEL 1053 (AF 40~45 g) ICR v}$-2 100m}2) S
AHEERE o™ 12 h-light’12 h-dark cycle® €% 20~227TC, &
5 50~55% AEY] o] YA fAlEE g dEF

A7t 2ozl AYFEAAA 6-ANS FoAT AHT 400}
o

 Holg UM 2Pl AP ATH FUsh=
3

AREBIRITh 6-AN A2l AF [ kg 9 5 mgd] 6-AN

& 30U7F BAol B0, pairfed T2 ET
o= 0.85% NaClE 6-AN A2 53t o7 Foj3)
Pt Al T BT ICR nR2:0] HFo] 13 AT 7ASEE
ARl A BN A Ao ARSI

2. 83 W albuminii glucose & E48dT £

7 ARFoI SO et AT T FA|E of
g3to] 4goln @S AAsgom, AYEA] Fouan

aspartate aminotransferase (AST), alanine aminotransferase (ALT),
lactic dehydrogenase (LDH), creatine phosphokinase (CPK)$} &
& HaEe Aty AT 54L Hitach-7150 AH5-24]
7} (Hitach Co., Japan)Z ©]-&3}o] two point gLz B4
s

upe-28] RArhe] 25§ A8 nitrogen-cooled® iso-
pentane &l SA] B FAA F 70T BoEinh
24A7F 0]% B4R 2822 6 um TAE TARAEL
T 247} 2284 A0 2 hematoxylin & eosin (H&E)

=
A3} modified Gomori-trichrome 40& AAXEG T FAZ
2

tase (NADH) 34, succinyl dehydrogenase (SDH) €4, cyto-
chrome ¢ oxidase (COX) 9412 Sciacco®} Bonilla (1996)
ez AAaglch T3 HxAEsty Guo s 25
z2of] 24z [AF A9 anti-dystrophin® anti-lamining 4
2ol A 1AZF Bt =EAIZ) & PBS Tween® 2 A% & 2
2k EAE 71 § DABE ©aA17) ok B9lsle Bs)

Rt

4. HAE0IEY HE

-

AREr AN FEAZE sl 7} AP =2 A%
FAHAE A3t 1% paraform-aldehyde$} 1% glutaralde-
hyde E3FHol] 3217 2t AAsIGA) o]o] QitehEalo
2 33] A3 T2 2% osimium tetraoxideB 0.2 3A|7F =
b FaAEIth 1 Ago] B A S A QJAkgkEdo g
AFste] B4 el w}e} ethanol¥} aceton But4S
AA epon THFN| Fufste] 2atHHYZ 70 nme] ¥EH
& TE0] 1% toluidine blue-borax TFHOZ FANL A A3
T HA Fergu st A AAEAT U Boely &
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AHHE A2Fsko] copper gridell F2FA1Z1 ¥, uranyl acetate
9} lead citrate 2 0]3 GAste] E A0 H 02 80 kvl
ol A THESITE.

5. XEHE U S 24

Ao Hgx + EFoAE e 2, Newman-keuls
multiple range test® ©]-83fo] Z} 3He] FAH FHE =
AP P<0.05d W freldt Aoz shdsigint

Z s
1. Growth curve & Qs 5%

6-AN (5 mg/kg of body weight) X2lte] MF HF2 Ajzt
o] AgE A8 FhAsithrh A2 169 o] FRE F
st ETY AT Hws 62% FEOE FAI3
t} oj9t= R E diZTtl A= 2]zt QIATH (Fig. 1). ©l
23 A A= 74 olE 6-ANS AT $FAZ,
kb (arrow head), AAL, WM A4, Side] 254 )
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Fig. 1. Effect of the administeration of 6-aminonicotinamide
(6-AN) on body weight in mouse. Each point represents the average
body weight of 30~40 mouse + SE. Triangle represent the control
group, diamonds, the 6-AN treated group and squares, the pair-fed
group. The control and pair-fed group were administered a saline
solution, whereas the 6-AN treated group was administered saline
containing 6-AN (5 mg/kg body weight) every other day for 30
days.
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~—s&—control |

6-AN H2lit2] "3 W glucose= 220118 mg/dlE thx
9] 180420 mg/dl B} FA3HA 719 Ao = et
t, albumin®] &= 6-AN A3} Wizae] ZH2} 3.3£0.1 g/dl
I 35£02 g/dlE 6-AN AHElwo] ogh W AoZ byt
o}, 3 6-AN Aol A el AST, ALT, LDH, CPK 2} #Al
L= Zb7} 442452 unit/l, 65£10 univl, 43524557 unitl, 1255
+102 unit/| 24 dlZTol] 1o olF EA4Ee] 9% 199

Fig. 2. The appearance of control (a) and 6-aminonicotinamide
treated mouse (b). 6-aminonicotinamide treated mouse showed
weight loss, diarrhea, vomiting, reduced motility, inflamed eyes
(arrow head), atrophied muscle fiber (arrow), stepping gait of the
hind limb and general debilitation.

Table 1. Effects of 6-AN on the levels of metabolite and enzyme in mouse serum

Parameter Unit Control 6-AN Pair-fed
Glucose (mg/dl) 180+20° 220+18 220410
Albumin (g/ad) 3.510.2 3.3%01 34402
Aspartate aminotransferase (unit/1) 199+12° 442452° 202+15°
Alanine aminotransferase (unit/1) 40+5? 65+10° 38+7°
Lactic dehydrogenase (unit/1) 285+220° 4352+557° 3878+352°
Creatine phosphokinase (unit/l) 201+42° 1255+102° 188+25%

The significance of differences between means is designated by *° P <0.05. Values are mean + SEM for seven samples. Each sample
consisted of serum pooled from five mice. 6-AN: 6-aminonicotinamide
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Fig. 3. Important pathological finding
of the cases. The round and regular musc-
lefibers are showed in staining with H&E
(>200) of the control group (a) whereas
the atrophy and coarse fibers are showed
in that of 6-AN treated group (b). Staining
with Gomori-trichrome (><400) of control
group (¢) can be seen blue fibers whereas
that of 6-AN treated group (d) account
for 2% to 5% of ragged-red fibers.

Fig. 4. Enzyme histochemical staining for hind limb muscle of mouse. Staining with NADH of control group (a) reveals normal shape
whereas that of the 6-AN treated group (b) reveals increased reaction product in scattered muscle fibers (NADH stain, ><200). Staining with
COX of control group (¢) shows thick brown color in muscle fibers whereas that of 6-AN treated group (d) reveals thin color because of no
enzyme activity in 85% of COX (COX stain, <200). Staining with SDH of control group (e) shows thin gray color in muscle fibers whereas
that of 6-AN treated group (f) reveals thick gray color because of increased enzyme activity in 85% of SDH (SDH stain, ><200).
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12 unit/l, 405 unit/l, 2285220 unit/l, 201+42 unitl 2T} € A AN Anti-dystrophin 332] 2j9 G A= 6-AN A
oMl S7HE A2 E2 YERETE (P<0.05, Table 1). oA BEHo g BfAoln EFEFE U Bl
o]e]3t ok Anti-laminin A= FLe Ay} @2
HoJ -t} (Fig. Sb, 5d). AAAV A A BoM= HArE] 2
H&E 44 “dollAl 6-ANo| Az|d Hrte] 53229 3 o] AE 2718 vIEZE=gole] 73 A §lo], cristac®]
2 A, SAEE AdT, 4FE FHEd] JeE (Fig. 44 (arrow head), glycogen granule®] X3t 57} (arrow),
3a). =3+ modified Gomori-trichrome 3210l A= 6-AN©] & 239 A% 9 AFEA] Ve (Fig 6a). T8 2
29 Se] A WA 222 FdA sEZ HA4 A=o2 <A3 M-line®] AF 2 ey 23’5«1 7t
F (ragged-red-fiber; RRF)7} 2~5% AT 2=} oW (Fig. (arrow)7} B2} (Fig. 6b).
3b), NADH @AolAe thzgdl 8|3 6-AN X 2ve] ZE

3. gE{stH 3}

27 ZAE Yol A NADH &84 o] dA3) F7ise] a E
ERATH (Fig. 4b). COX2 FAAl= 6-AN A& At
T22)9] 85% Awrt &40 vEAAS Kol Bl Jehse 6-ANS APFE Fojshd Ity oz AlK] 53] Hu}

™ (Fig. 4d), SDH @MelMe thxd oz 1 &Ado] F7tst 29 vhulE zeste 2oz 43 9l2™ (Johnson and
o] Rl AL} B8 sEZA 223 el 3y McColl, 1955; Iglesias-Rozas et al., 1973) o|u] LAs}= vin]
o] A&H o] A Ao} ERRT (Fig. 4). HHZAZST = batracho toxin®] P o7& ojgHd Wi o= wE] 7R

Fig. 5. Immunohistochmical staining
for hind limb muscle of mouse. The shape
of membrane protein (dystrophin) in con-
trol group (a) shows clearly, which is com-
pared with that of 6-AN treated group (b)
showing destroyed band unseen muscle
fibers (Anti-dystrophin stain, ><200). The
shape of membrane protein (laminin) shows
clearly in control group (c), which is com-
pared with that of 6-AN treated group (d)
showing irregular and unseen muscle fibers
(Anti-laminin stain, ><200).

e

Fig. 6. Transmission electron micrograph of hind limb muscle (X19,700). The electron microscopy in control group (a) shows regularly
arranged muscle fibers and reveals round shaped mitochondria whereas that of 6-AN treated group (b) reveals swollen mitochondria cristae
(arrow head), an increase of glycogen granule (arrows), hypercontraction band and fragmented muscle fibers. The electron microscopy in
6-AN treated group (c) reveals abnormally development of vacuole (arrows) and M line thickness in muscle fibers.
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ohe|olt), 3] 6-ANS.2 Q1§ vhHlE o)7} EE Fl
3}t} (Horita et al, 1981). &t} 6ANCZ Q18 o)z} 73]
A v ol R AT ARES Rusn ok (Yang
etal., 1999).
6-ANS.Z 23 U}i’r*ﬂl/ﬂ” TE, AL 31
A Aot AstA dEAE 9%
P4 wsts Jehiglth aen AAEH A0 1%_‘01]
229 7]5]—1“/1-1401 sarcomere®] AL LA Y
521 glycogen HH FIHE & & U
6- ANol SDH«] gH=E SItA7 L &g =
& F2AA mitochondria®) 7]83 310]9,]. cristae 4= ]i
& ATP A 2 AL U 559 AR 5o B o
289 Avlel 71Ush= Zlog Az E H@r é}"
HES Zge 2 v 6-ANS o= Adapde] As)2tg
sl FEeth o ARA S AL B8-S f
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HoE 2835 3&
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g3 1] albumin glucose, 21 I AST, ALT, LDH, CPK%
e §_/\5_o,} Agi}z‘sl—zq FNTE BY 6-AN j]a];f-oﬂ/q
glucoset} SAHH BE a4 59 BATY HASA xT
Boh &2 oz ek} o|#d AFoA BA glucose
o] B9 Bada 5 (1978)°] AAE AT AN} FUT A
OF 6ANOE OJEJ HEFE FAl o] oujvzy e
7Rt ede] ARl g Aol o3t Aoz A7}
Hrh E5h AST, ALT, LDH, CPKS} #22 5459 A %7t
HASA F7tE e A3 A8o] ZJATY ATP 40 B
AEE= BAQ CPKY 7k A% 2 2 To] &8 B9k
= AL 2|ulskE (McClintic, 1978) BHE, & A F oA
6-ANS} Fol= Qla] A% 9 FAZ0] £A4e

T AQTh 53] ATP F/do] AsHE °lE &49)
=TT F7HEI ol ¥F wEUF SUETE A
(Griffths et al, 1981)] Q3L BH 2 AgolA CPKY] EF
F7he 222 el 4 F7te gE A4 9 347
of &40 Qg HF K& T 2 el s
6-ANC. 2 213}0] Modified Gomori-trichrome o,sawu
EHA A2 H (ragged red fibers; RRF)S] #&3) &4
1@?‘5‘7@ Aol NADH, SDH, COX¢} 28 FHATA ?é
= AHEA S FAAT HEEE 59 FvRA gE
= 7729tk £, NADHY &4 S7e

r?ﬂ et

o ol
= =

i

1-

o]};}z—l o S R

=] LN = I RO

6-AN©] & thAlol H 23 NADH ¥ NADPHO $4%
g 7lsd vEZEol W Hapde Eujx8-8 A
Ao g oAsle] ZA|E Yol NADH, NADPHY} 271 & &
AEg ool oleiek Aapdde] Ful AaEdL vE

of
_\_'

2=2lo} o UQY MAAY HBL 95t SDHE F
¥ £HS A7 B EAE 945) 93 24 2
aulo] Bag coxel BHANE 2ose] BRHoE A
X9 ApoptosisE FEHAIZS 2 v]ie) 3 WAz 3 5t
2 A9 anti-dystrophin®} anti-laminin®] 4 AR o]
FEERE HZsht ol 6-AN9 A7)F9R Q1E 29w
=] oz HxXH, dAH o7 gANO R ol
=W ok SAEE Lrehiii,
THF oA 7 i Tl Ut B
T¥ AL Keamns Sayre Z3 (Kwon et al., 1995), 8449
QFtmtE] (Sunwoo et al, 1983; Kwon et al, 1995), MERFF
(myoclonic epilepsy and ragged red fibers) (Kim and Jeon, 1996),
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