45 -

9 (

(disc shape)!: ,
normoblast

erythropoietin

(mature red blood cell)

(hemoglobin)
3
1L HbA(Pa2
2. Hb A2(a20?
3 HoF(a2r?

(prosthetic group)
(Ferroprotoporphyrin)

(adult)
(Hill and Craig,1959)
97
2.5

" (heme)*

(Fe2y

(red blood cell )
5
2540)

normoblast

(embryo)

" (globin)

( Bunn and



Bernard, 1986) ( 1) 1 65,000

(polypeptide chain) 4 (@) 2 (
u ) P 2 (
146 ) 1
1 1 4
2)
H ¢
o \ /
¢ al
it
cHo CH
I-me%aue

—

(Brown, 1993)

a1.8;

JI&.
S
o I 2

1

a.Fl

2 (Brown, 1993)



4 (a-helix)

(secondary structure)
2.5
1" (coordination position) 6 (Fe)
(Ingram, 1659)
(N) 4
6
4 5
(3 (Joseph, 1964)
N\ /N
Glohin / FQ ----- + O2
N N
3 (Joseph, 1964)
5
F8 (His F8) 6
6 (CO), (NO)
(HS) 6
" (deoxyhemoglobin)
" (oxyhemogiobinX  4) (Weiss, 1964)

(Fety) (FetH)

( ethemoglobin) (Peisach et a. 11967)



His (F8) His (F8)
N N
N \
N Y
Fe Fe
7 AN\ Pl
oxyhemoglobin Deoxyhemoglobin
4 (Mansouri, 1985)
(pH) 1 , 2,3-Diphosphoglycerate (2,3-
DPG) (Bunn and Brichl, 1970; Haber and Koshland,1971; Shaanan, 1982; Mansouri,
1985) 2,3-DPG
(reduce forms)
(oxidized form)
(Methemoglobin)
(Fe24 (Fe3y
6 (hydroxy group)
99% 1% (99 Hb : 1 MetHh )

(Seibert and Seibert, 1984; Hall, Kulig and Rumach,1986)



* 1 ifltnatf 5
1 2,3-DPG
R (relaxed conformation) T (tense conformation) T
2. (fetal hemoglobin)
3.
4,
2 (Hirano et al. ,1981)
1 Half- oxidized form azZ4pBt 209%  aBpZt
8.7%
2. Full - oxidized form (aZ3t23t) 3%
6 Fe3
6  Fed " "(acid
form)  aqua- methemoglobin (  5) 500-631
6  Fe3 " (alkaline form)
hydroxy-methemoglobin (5 540-575
/ Vo
N N
Y M .
[ Fe [j— Fe
h) OH
Aqua- met.Hb Hydroxy -met.Hb
5 Agua- methemoglobin  Hydroxy- methemoglobin (Mansori,

1985)

ol mumitEJLT 3



(acid methemoglobin)  aqua-
methemoglobin (brown pigment) (Winthrobe, 1993)

pH (Olson and
Mcevoy, 1981) (  6)

pHE pH72

seeesess D@OXY
== Cyanemet
- Met

ABSORPTION

T
550

WAVELENGTH (nm)

6 (Mansori, 1985)



(Methemoglobinemia)

6
( , 2540)
15 [ .(10-15% )
(Slate gray cyanosis) (Finch, 1948)
3
(West, Gomperts and Huehns, 1967)
1 (hereditary methemoglobinemia)
2 (Acquired methemoglobinemia)
3 (Hemoglobin M)
(Hereditary
methemoglobinemia)
1845 (.. 2388)  Francois
/
Van de Bergh
Enterogenous cyanosis (Panich, Na-Nakorm and Kruatrachue,1970) .. 1948

(.. 2491) Gibson
(Congenital methemoglobinemia)
(Gibson, 1947) Scott



diphosphopyridine nucleotide diaphorase (Scott and Huskin, 1959 ; Scott and Griffith,
1959)

diphosphopyridine nucleotide diaphorase 50 %

heterozygous
autosomal recessive (Scott, 1960) 3

homozygote
heterozygote
1%
(Scott and Huskin, 1959)
homozygote
10-50% (Jaffe,
1985)

NADH- cytochrome  5reductase (diaphorase) 4 (Type)*
(Tanishima étal. 11980 ; Takeshita étal. 1
1982 Tanishima etal. 11985 Nagai etal. 11993)
(Type 1)
NADH- cytochrome  5reductase
Erythrocyte type benign form
homozygote (slate gray cyanosis)
25 %



40%
heterozygote

(Type 1)

fibroblast
2-3

microsome

cerebroside (=spingolipids )
white matter (48%) (adipose tissue)
linoleic palmitic

cerebroside myelin
(Charles et
a. 11995)
proline  serine 127 nucleotide-binding
NAD i " ,
generalized type  severe form

(Type Il

heterozygote

25%
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(Type V)
(long-standing  methemoglobinic
cyanosis)
NADH
(Hegesh, Hegesh and Kaftory, 1986)

NADH  “cytochrome 5reductase cytochrome b5 ) methemoglobin

cytosol 25 %

12-19%
" (cytochrome b5deficiency)

.. 2513 28
spectroscopic curve 635

3.97 - 4.159m%(20- 30%) 56 ( 117 )
(Panich, Na-Nakorn.Kruatrachue, 1970) . .2540 2

29
4 G-6PD
methylene blue 152 |
29

14 6



5 |

55.5%
( )
1
2 ( , 2540)
14 6
30
Methemoglobin (%) 0 0 15B8 0/H 06 555 0 0 0
Methemoglobin (/) 0 0 19 0L 009 934 0 0 O
RBC bR activity B1 6L1 42 63 57 30 1M1 1132 465
WBC b5R activity 174 1009 100 41 58 10 1028 893
(Hemoglobin M)
autosomal dominant (Mansouri and
Aubrey, 1993)
heme pocket histamine tyrosine
4 Milwaukee valine histamine ( 2)
5

(Suzuki et al., 1966)



3-6
2 (Mansouri and Lurie, 1993)
1 M Boston (M Osaka, M Gothenbert) a 58 (E7) Hs — Tyr
2. MIwate (M Kankakee) a 87 (F8) His -> Tyr
3. M Hyde Park (M Akita) P92 F8) His —» Tyr
4. M Saskatoon (M Emory, M Chicago, M Radom)  p 63 (E7) His — Tyr
5. M Milwaukee p67(El1) va — gl
6. FM-Osaka (Fetal Ho M) T63(E7) Hs — Tyr
(Acquired
methemoglobinemia)
Acquired methemoglobinemia ( 3)
(in vivo)
(in vitro)
3
L (Direct oxidation)

redox potential
aminophenol  /V-hydroxylamine ~ O-aminophenol (  7)

12
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Chlorates, quinones, nitrate/nitrites

V. oyl J& 1) 1 "0 "

15

( 1 2536)

3 (Olson and
McEvoy, 1981)

amyl nitrite food adulterated with nitrites
sodium nitrite corning extract

nitroglycerin nitrous gases (arc welders)
bismuth subnitrate well water (nitrates)
ammonium nitrate potassium chlorate

silver nitrate
aromatic amino 1nitro

sulfoanamides : - diapper making ink
sulfanilamide - sulfathiazone - dyed blankets
prontosil - Sulfapyridine - laundry markers
sulfamethoxazone - reshly dyed shoes
acetanilid - naphthalene
phenacetin - 2-anilinethanol
acetaminophen - topical anesthetics
aniline dyes - benzocaine

resorcinol
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N OH
N7 NO NHz

Phenylhydroxylamine nitrosobenzene 0- aminophenol

7 ( thand
Olson,1973)

2 (Indirect oxidation) 3

phenacetin, acetanilid, sulfonamides aniline dyes

(Smith and Olson,
1973 ; Bodansky, 1951)
superoxide (02)  hydrogen peroxide (H2 2 oxidizing agent
1
autocatalytic
2HOFe202 + 2NO;  roeeeememmeeeee ) 2HbFe3r + 2N03+ HD2 e - (1)
2N02 + 202 + 6H++ 28 ... ) 2NO + HD2+ 2HD + 02 e 2)
2HOFe202 + 2NO + & -remmme ) 2HbFe3t + 2N02 + 02  —eeeremeeemes (3)
HD 2 2 N02 b 2Ht+ 2NO; + 28 e (4)
1)- (4
AHDFeX0 2+ 4NO2 + 4H+ ---rommmenes ) AHbFe302 + 4NO3 +2 2 + 02
3, (intermediate compound)

(active  form)n
(Biochemical transformation)
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anilines, sulfanilamide, dapsone, primaquine, acetaniline

phenacetine  anilines aromatic amine
(hepatic microsomal) phenyhydroxylamine
NADPH

Ferrohemoglobin NADP — G-6-P
i @
o B3 d
Ferrihemoglobin a NADPH 6-PG A
procaine  benzocaine  aniline group
benzocaine

G-6-PD

71% (Olson and McEvoy, 1981; Currie et al.,1997; Rodriguez,
Smolik and Zbehlik, 1994; Seibert and Seibert, 1984; Mckinney, Postiglione and Herold,
1992; Bhutani, Bhutani and Patel, 1992) prilocaine lidocaine

aniline group
aniline (aniline-like structures) (Deans, 1956; Burn and Doughty, 1964; Scott,
1964) nitrobenzene nitro compound
aniline
(in vivo) Smith  Olson (1973) 1

{Potassium ferricyanide ( K3e (CN)6}

methylene blue
G-6-PD
methemoglobin reducing activity
methylene blue (8



16

IS8
(CHg )N Ns N(CH,)

Methylene blue

8 methelene blue (Smith and Olson, 1973)
(Infant) Vv
(transient methemoglobinemia) 3
98% (diarrhea) (dehydration)
53% E00 127 B3

(Yano, Danish and Hsia, 1982)
60%

benzocaine, bismuth subnitrate
1 ! trichloro-carbioniline aniline (Seibert and
Seibert, 1984)

(Olson and
McEvoy, 1981)

1 heterozygote



2,
(Scott, 1964)
3,

et al,1994)

> 15%
> 30%

> 550
55 - 10%
> 10%

acetanilid

1

(Rodriguez



L. Reduced nicotinamide adenine dinucleotide (NADH)
2. Cytochrome Sreductase
3. Cytochrome 3

3 !
L.
2,
(Mansouri and Lurie, 1993)
NADH + (0X)cyto ba(Fedt]) = -oeemvermmmmmncnans ) NAD + (R)cyto 5(Felt)
(2)
(R) cyto b (Fe2t) + metHb (Fedt) eeweeeomenes ) (0X) cyto b5 (Fedt) + Hb(Felt)

95% (Scott,
Duncan and Ekstand, 1965) 5%  NADPH-methemoglobin reductase ( 9)

(Cytochrome b5reductase system)

Dittrich (1891)
Warburg (1930
1940) (glucolysis) NADH
NADH (electron carrier)
(Hultquist et al. 11993) Scott (1965)1 NADH-

18
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HEXOSE MONOPHOSPHATE SHUNT
ANAEROBIC

EMBDEN-MEYERHOF PATHWAY " " ,
Hgb* Hgb Glutathione
AEROBIC / S oW |g ------------- peroxidase
Glucose Reduced — = Glutathione G lutathione
: | ( ATV Glutathione «—— reductase
feokinese \ N ADP NADP~— - NADPH
Glucose-6-phosphate — 6-Phosphoglneonate
Phosphogluco- | Glucose-6-phosphate
isomerase 1 hosah dehydrogenase
Fructo.se-6-phosphate
p 7ATP NADPn Phosphogluconate
Pt;(qsphofructo- dehydrogenase
Inase
n ADF
Fructose-1.6-diphospbate NADPH 1
Aldolase _ Transketolase Ribulose-5-
Dihvdroxyacetonc- phosphati
phosphate Transaldolase
I Triphosphate
Isomerase
Gchcraldchyde-S-mehate e
il < METHEMOGLOBIN REDUCTASE PATHWAY
dehydrogenase NADH Hgb"**
1.3 Diphosphoglycerate..
hoson Diphosphoglyceromutase RAPOPORT-LUEBERINC
g?ysgeroa-te , ADP 2.3-diphosphoglycerate AT
kinase * ATP Diphosphoglycerate phosphatase
3-phosphoglycerate
Phosphoglvcero-
mutase
2-Phosphoglycerate
Enolase I
Phosphoenolpyruvate
p Py ADP
Pyruvate
kinase ATP
Pyruvate
NADH
Lactate dehy-
drogenase
Lactate
! N Hexose monophosphate shute, Glycolytic pathways

Methemoglobin reductase pathway (Brown, 1993)
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methemoglobin reductase (NADH-MR) dehydrogenase | Petragnani
(959) ,
(Petragnani, Nogueira and Raw, 1959) Sass (1967)
NADH-cytochrome Sreductase
(Methemoglobinemia) Hultquist Passon (1971) NADH-cytochrome
bireductase (E.C.1.6.2.2)

Flavoprotein

(single peptide chain) (prosthetic group) flavin - adenine
dinucleotide  (FAD) , 32,000 (Yubishi and
Takeshita, 1980; Kuma and inomata, 1972)

(E.C.16.22 NADH-

methemoglobin reductase INADH-cytochrome b5reductase, NADH-ferricyanide
reductase, NADH-ferricytochrome byoxido-reductase, NADH-dehydrogenase,

(Hegesh, Calmanovici and Avron, 1968; Tanishima et al., 1980;
Panin et al, 1984; Hegesh, Hegesh and Kaftory, 1986)

b
1 -6
(Vetrella et al., 1971)
homozygous 23
10-50% OXygen
dissociation curve (Jaffe et al. 11966)
2 (Hultquist and Passon, 1971)

L (soluble form)
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™ } !

2, (membrane bound form)
(microsome)

(cytosalic)
(Goto-Tamura, Takesue and Takesue,1976; Kuma, Prough and
Master, 1976)
endoplasmic reticulum (outer membrane)
(Strittmatter and Velick, 1957 ; Kuwahara, Okada and Omura, 1978) lipid
metabolizing activities — endoplasmic reticulum
(desaturation) (elongation)
(cholesterol) (Reddy, Kupfer and Capsi,
1977) (Hildebrandt and Estabrook, 1971)

cathepsin

(membrane bround )
amphiphilic protein

hydrophilic cytoplasm
hydrophobic -COO0H
endoplasmic reticulum (Spatz and stittmatter, 1973) NADH-cytochrome b5
reductase hydrophilic (Yubisui et al.,1984)
! (cytochrom Db5reductase)
(Leroux, Torlinski and Kaplan, 1977)
2 (Type Nl

) (Leroux, Junien and Kaplan, 1975) ,
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(partial proteolysis)

! DIA!
20 (Fisher et al. L977; Junien étal. ,1978)
!
(Choury, Leroux and Kaphan, 1981)
120

Keitt (1966)

Rigas  Koler (1961 )
NADH- 25 % (Feig et al 1972)

Tamura (1981)
, (cytochrome )
(Matsuki etal. 1981)

NADPH- methemoglobin reductase

Warburg (1930) NADPH- methemoglobin reductase
(exogenous electron acceptor) methylene blug (Hultquist et al. 1993)
Hultquist NADPH- methemoglobin reductase
NADPH- methemoglobin reductase !
(Defilippi and Hultquist, 1978 ; Defilippi and Hultquist, 1978)
L active form (colorless)

2. green form
(peroxides)
prosthetic group
NADPH - methemoglobin
reductase , ,
NADPH- methemoglobin reductase
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26,000 127,000 126,000 25,000
(Chun-Laplo and Agar, 1986)
NADPH- ethemoglobin reductase
10 (im (Scott, Duncan
and Ekstrand, 1965) Yubisui (1977) L NADPH- ethemoglobin reductase
(Flavin reductase) M atsuki
(1979)
(nitrite)
2-0eoxy-D-glucose
(riboflavin)
2 (Matsukietal, 1981)
NADPH Hexose monophosphate shunt
glucose- 6 - phosphate dehydrogenase (G-6 -PD)
6-phosphogluconate { 9) 2540 ¢ Sullivan and Glader, 1980)
NADPH- ethemoglobin reductase
“NADPH-flavin reductase (Yubisui et al, 1977)
NADPH- methemoglobin reductase prenatal life (Vetrella et al,
1971)
NADPH- methemoglobin reductase 7- 13
NADPH- methemoglobin reductase
NADPH- methemoglobin
reductase NADH !
NADPH- methemoglobin reductase
5% (Sullivan and Glader, 1980)
NADPH- methemoglobin reductase

NADPH-methemoglobin reductase



L. NADPH hexose monophosphate (electron
Dornor)
. co-factor NADPH-
methemoglobin reductase Methylene blue
NADPH- methemoglobin reductase methylene blug

leukomethylene blue — luekomethylene blue
(Curry, 1982)

NADPH Methylene blue Hb (Fe
met.Hb-reductase
NADP ( -1 & 1 Leukomethylene blug — metHb (Fe*

Flavin reductase

NADPH-methemoglobin reductas% ADPs ¢ Dif

NADPH + Flavin ydroflavin

Dihydroflavin + 2HbFed+ N Flavin + 2HbFelt

NADPH-methemoglobin reductase
Glutathione reductase (ascorbic acid)
NADPH
reduced glutathione(GSH)

24



dehydro-ascorbic acid

reductase (GSH)

25

glutathiong
(Hibbard et al, 1979)

Glucose
LMB - MetHb
MB(- > Hb
G-6-P
- NADP (1> GSH Met.Hb
G-6PD 4 NADPH - - GSSH X Hb
T
6 GPA
> GSH - - Dehydroascorbic acid acid » 1 Hb
- GISH | y Ascorbic acid MetHb

R:P
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L,
] 0Xygen saturation (respiratory distress)
100% (Conroy etal.,1993)
.
NADH-cytochrome Sreductase
3, (chocolate brown arterial blood)
4, spectrophotometer
CO-Oxymeter 630
L,
1% 23
(Anderson, Hajduczect and Barker, 1988)
b (Oflson and McEvoy, 1981)
2,
10%  methylene blue L2 (002 . methylene blue in NSS
solution) 5-10
1
21 NADPH-

2.2 G-6-PD
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NADPH - L methylene blue
G-6-PD methylene blue
methelene blue [
methylene blue
, , hemolytic anemia
3, methylene blug

50%
methylene blue? IS

4,
( l)
b1 methylene blue 100-300 methylene
blue methylene blue
4.2 -8 [ 2-3
(Kaphan,
Tiselius and Almgord, 1977)
43 2 (riboflavin)
60- 120 |
(Kaplan and Chirouze, 1978; Hirano et al,1981)
Organic nitrates
organic nitrates polyol esters organic nitrites  esters

nitroglycerin (NTG)) organic nitrates (Blum et al.,1970)



NTG
pectoric) (Murrell, 1979)

28

(angina

(Aronow, 1972) NTG

(Helfant, 1976; Taylor, 1976)

(Epstein et al 1975;Abrams,1983; Hill et al 1981)

(Flaherty et al 1975)

NTG amyl nitrite, isosorbide dinitrate, erythrityl tetranitrate

pentaerythritol tetranitrate

HTC-0-N02
HC- 0- NO2
hZ - O- no2
Nitroglycerin (glyceryl trinitrate)
HC
HC-(p - NO2

OZ\I-o-cI
_cH

I
Isosorbide dinitrate

10

NTG

10
ON-O-CH C h2- o- no2
C
02h-0-cH c h2- 0 -no2

Pentaerythritol tetranitrate

H3C
\ CH-CH2-C-N =0
h3c /
Amyl nitrite

organic nitrates (Murrell, 1979)
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organic nitrates 19
NTG ! !
NTG suithydryl group (-SH)
N-nitrosothiol NTG inarganic nitrites
(N02) nitric oxide(N Q) NO N- nitrosothiol
guanylate cyclase (GMP  ¢GMP
sarcoplasmic reticulum
(1

R-ONO2+ R-SH => - Nitrosothiol
Extracellular

Intracellular 4 R-ONO2 GC —=>TcGMP
(<- R-SH?)

R-OH + NO, S'cytosolic free Ca
I
NO +R-SH —> - Nitrosothiol

Vasodilation

il nitroglycerin
(Elkayam, 1994)

nitroglycerin

20
cardiac output Lstroke volume (coronary blood flow) (Honig et al.,
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1960) il it

NTG  preload (left ventricular
filling pressure) — afterfoad
(Doerneretal 1979; Mann étal, 1977)

(Bache etal 1975) NTG

Dauwe NTG
NTG 4T |
2-11
(Dauwe et al. L979) NTG
NTG 10-20 | 5-110
| 35 (Flaherty et al, 1975)
NTGr
pulmonary ventilation perfusion
(Bojaretal. ,1987) (Tolerance)
NTG (Armstrong and Moffat,
1983) !
8-12 ‘ " !
sulfhydryl group sulfhydryl group

cGMP



NTG

glutathione reductase

1985)
l
0lson, 1973)
50 - 350

(1982)
30 |

1987)
15 5%

Silverman, 1985)
!

NTG

250

3.5
(Husum, Lindeburg and Jacobsen,1982; Saxon and
Kaplan

30

9.6% (Gibson etal. 1982)

16.5% (Robicsek,1985) NTG

NTG

3l

nitroglycerin

inorganic nitrite (N02) 02
(Kaplan ¢t al,
ferroheme-NO complex 1 (Smith and

NTG Bk
2531)

C2531) Gibson
NTG
b Husum
0.5-3 [
(Husum, Lindeburg and Jacobsen,
NTG
Ly L5

(Robicsek, 1985) NTG

b8 [

NTG 5 [
2% 5% (Kaplan et al. ,1985) Gibson
| b

NTG R 15
2-110

(Saxon and Silverman, 1985)



NTG
, , NTG
(Marshall and Ecklund, 1980)

T
L2533 0540
] -3
g (IcD-9)
153
( 1541)
1531)
53]
153)
L
2
3
NTG

( 2534)

NTG

32



NTG
polymorphism NADH-
cytochrome Sreductase (Board and Pidcock, 1981)
(1)
2)
cardiac output
(3) cardiac output
9
15%
NTG
NADH-cytochrome 5
reductase
1 nitroglycerin
2,

nitroglycerin

10 -

33
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2.

nitroglycein

nitroglycerin

34
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