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' metabolites such as

v < . ABSTRACT °

When it was incubated with herri‘ng gull or human
e,
erythroc¢ytes Prudhoe Bay crude oil (PBCO) was found to

induce methemoglobin formation, heno'lysis and glutathione

-dep’letlon'! In the- presence “of a netabu'l(ft'actlvatlnn system

such as rat Hver.m|crnsomgs plus NADPH, (these ‘effects w_e]r}
greatly enhanced. h _/
Components o; crude oil s‘uch as nap’hthalene ant‘i methyl-
ated naphthalenes: induced methemq‘gﬁi‘ln formation -in vitro
in ery‘tnro:ytes only when H.ver microsomes and NADPH were
present in th.e' incubation medium. However, ;la-phthalene .

o al’:d '1_,'4-napnt,1|}qu|nong.;1.72- and
1,4-dihydroxynaphthalene and f—niphthal redu!red no’ meta-
buHc activatign to produce toxic effects. In these studies
naphtha'lene was used as 2 model to 1nvest|9ate the mechanism
of PBCO toxicity in erythrocytes. =

“The aliphatic, aromatic and_ heterocyclic fraan_ns of
Prudh:)e Bay crude oil were tested on the developing chick
embryo for toxicity ‘(in_terms of mortality)-and influence on
cytnchrbm‘e P-450-and ary’l h,ydr‘;c‘arbon hydroxyla‘se’indunuon.

Induction of these enzymes by the fractions of crude oil wa}

"studied in the liver, kidney and lung. The aromatic fraction

was found to be r:e'sponslb'le for moqt of the emhry; tdx_icity

and enzyme inducing ability, based on its concentr‘aﬂon in ‘
% - '
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PBCO. Although the heterocych fractinn was less than 7%

(w/v) of PBCO, on a we!gr\t equiva'leﬂfhasis. it was;gppv‘oxh \
mately. as potent as the aromatic fraction ln causing embryo
toxiciyy and iv;ducing increasgs in levels of‘cyto}ﬁr“ome P~

450 and aryl h;ydroe’arb’cn hydroxy\ase The a1gphat|<’:
vfructlen had no toxic or 1nduc~t1ve effects These results®
suggest that embryo ’toxuty may b ué’ to the metabolism of"

aromat!c compaunds to rglore toxC‘1 derivaHves by aryl
_hydro:arhon hydroxylase . . \
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" INTRODUCTION
1.1 petroleum ’ . 2
o -
1.1.1 The'effect of oil on birds -
. . \
'1.1.1.1 Introduction .
g The death of Sea birds .fr:)l 0i1 pollution receives 2

H:‘?of'publici!y. In addition, because of its visual

impact,” @iling produces an emotional reaction stronger than

does death through other pollutants. Be ausé of this, much
research has been performed on the impact of oil®on jndi-
vidual birds, populations and ecosystems {Vermeer and

Vermeer, 1975; Bourne, 1976; Holmes and Cronshaw, 1977').

The following is a brief summary of some of the effects of -

0il on individual birds.
2
1.1.1.2 B¥chenical and physiological effects
,‘The dir:c‘t eff'egt of oH_ on 2 bird is to disrupt the
feathers, which are respansible for’main_tahﬂng water-
_repellance and heat fnsulation (Holmes and Cronshaw, 1977).
The loss of this insulation increases metabolic agnv!t_y to
maintajn body tamperatu_re (H;t_ung. 1?_6]). i‘oriallty can

{
1




/
i result from rapid exhaustion 6fv'in. and mu;cuTar energy
\‘. — reserves.. ’ 2 f—
Birds can also_ ingest 0il by preering theu o1Led
feathers (Hartung, 1963), or by eating cantaminated food
Many p'hy_siq'logica’l chang‘eS\have_ been reported in stud"le‘s,
_1nv01v¥ng ingested oil. Osmoregu'lator and hormone changes
heve been found (Hu)mes, 1975 bgaka'll et al., 1981), also
. |mpa|rment of we!ght gain -of youhg birds (M(ller et al.,’ '
197&)..i7nduction of ﬁepagic enzyly:es (Gors]‘lne et a'l., 198‘1).
an’d-cth’er pﬁtho]ngicél g.ffe:t"s (Holmes et al., 1978).. The
¥ egg laying frequency and ﬁat‘c,h‘lng‘ success of eggs are kﬁuwn
to be 1lqpaireq by'reh_tive’lyvsman amounts of ingested oil
(Ainley et al.,’1981). Small gquantitfes of oil or oil
product_s_, when applied to -the‘surf'a'ce ‘of eggs, are known to
ki1l the embryo at certain stages of deveiobw;ént in the
e labnratory (see Introduction 4. 1) and . in the field (Birkhead‘
et al,. 1973) . ’

1.1.2 Co‘l‘pos{t!on‘of crude oils
be \
The composition of petro]eum crude oil h -been
d1scussed in great detail by Tlssot and Welt (1984) and Hunt
(1979), and all 1nformaKHon given in this section fis based

on these two sources unless stated otherw(se. 2

’

\




-'10%.0f the composition of PBCO (see table 1.1).

—~~

The chemical’ composition of crude oil from different
regions a}m even-fr_o_ll a‘part’i:ulnr"grmaﬁon varies exten-
sively. Hydrocarbons are the m‘ust ,ibur;lnt compounds in
crude oils, accounting for 50-98% of the “total cpmpusn(nn
(Clark and Broun,,717977). Nyst-:rdde oils contain the higher
relative amounts of -nyﬂrnurbnns. The elemental composition
:unsi'sts mostly of carbon (ad-azx) and hydrogen (10-15%).
Sulfurv(0-10%), nitrogen (0-1%) and oxygen (0-5%) are

1mportant minor elements un-d are present as e'lemenu'l sulfur

or as heterocyclic cnnst!tuents and funcﬁenal groups. The‘

NOS compounds are c‘bmpounds which c_ontain the elements N, O
and S. Trace metals such as V, i, Fe, Al, Na,-Ca, Cu and U
also exist in crude oil. ¥ =

Tahle 1.1 presents examples of the composition of ;hree

crude ofls (National Research Council, 1985): A discussion

|
of the composition of crude oils will not be pr#sented'

because they conhln thousands of d(lﬁrent’.:lﬂemlcal
{

compounds due to 'lol&cular s:ramang" during fo -aNon.

Kovever, it is important to note that of the three crude %

oils pr:sented 1n table l.l, PBCO has the Mghest aromatic
:nntént.‘ Naphthalene was chosen as a ‘model to
Mochemica.I responses of red blood cells when fexposed to

PBCO because naphthalene and its derivatives co prise about

tudy the'




i )
Table 1.1. The composition of three crude oils

|

|- Crude 041

. Prudhoe ~South 7
Component Bay Louisiana Kuwait
Sulfur (wt %) .0.94 0.25 2.44
Nitrogen (wt %) 0.23 0.69 _0.14
Nickel (ppm) 10 2.2 &
Vanadium (pp .20 1.9 28.
Naphtha fr‘ictlon (wt %) <23.2 18.6 22.1

Paraffins 12:5 8.8 16.2 |
Naphthenes . e 7.4 < Tl 4.1/
Aromdtics . ’ 3.2 2.1 2.4
. ‘Benzenes 3 0.3 0.2 . 0.1
... Toluene" 0.6 0.4 0.4,
Cg aromatics 0.5 0.7 0.8
* Cg aromatics 0.06 0.5 0.6
Co aromatics - 0.2 0.3
C” aromatics - 0.1 g%‘
High bo|11ng fractinn (wt %) 76.8 8l.4 77.3
Saturates 14.4 56.3 34.0.
n-paraffins 5.8 5.2 o4
c11 0.12 *0.06 0.12 -
12 0.25 ° 0.24 0.28
C13 0.42 0.41 0.38
Clg — 0.50 0.56 - 0.44
15 0.44 0.54 0.43.
C16 0.50 0.58 0.45
C17 e 0.51 0.59 0.41 .
18 0.47 0.40 -0.35
19 0.43 0.38 T 0.33
£ A S
21 . . 0.
A O 0.24 0.5 0.17
T .Cp3 . 0.21 0.16 0.15
24 ¢ 0.20 0.13 0.12
C25 ; 0.17 0.12 0.10
C26 0.15 0.09 0.09-
27 0.10 0.06 0,06
C28 - 0.09 0.05 o¥s
C29 0.08 0.05 - 0.05
€30 . 0.08 0.04 0.07
C31 0.08 0.04 0.06
€32 plus 0.07 " 0 . 0.06
Isoparaffins - 14.0 13.2
1- rlng c,yc'loparafﬁns 9.9 12.4 6.2

R




_TABLE 1.1 (continued) \

F=4

Component:

2-ring cycloparaffins
3-ring cycloparaffins
4-ring cycloparaffins
5- ring cycloparaffins
6-ring cycloparaffins
Aromatics (wt %
Benzenes
Indans and tetralins
D!naphthenobenzenes
Naphthalenes
Acenaphthenes”
Phenantlirenes, -
Acenaphthalenes
Pyrenes
‘Chrysenes =~ - x
Benzothiophenes -
Dibenzothiophenes
Indanothfophenes
Polar materials (wt %)
Insolubles

N
roconNAL . ORwa
Dinthi s § Intolo bl iniod i

wobworONRNRES |,

Na B

-
wNowno

os oo

—

NOTE: These analyses represent values for one ~typical
oil from each of the geographical
composition can be expected for oils produced from different
formations or fields within each region (Hational Resenr:h

Council, 1985).




« 1.2 Naphthalene metabolism
7 . :

Pathways of naphthalene metabolism have been’
extensive]y studied in vivo and in vitro. A general
metabolic pnthway ¥s, aresented in figure 1.1. derim et al.

(1970) 9rov1ded d1rect evidence for the formation of 1,2-

naphthﬂene oxide as_"lhe ob]!gator_v intermediate® in the
e formation of all in “vitro ‘naphthalene metabolites. A'Itv;ongh

the 1,2~ naphthalene oxide has not been detected In vivo;

/ evidence for its formation has been demonstrated in rats by

using precursor- prnduct ra'(ationships (Horning et al.
1980). Thé enzyme respunsible for the above conversion is a
. cvytochr'ol'ﬁe P-450 dependent monoxygenase. \ence this highly
5 . reactive intermediate is formed, it can react-with reduced .
& 4 glutathione to form the .cnnjugate S?(l,é-dihydra-z-hydroxy-
1= naphth,yl) g'lutath'lone 1,2-Naphthalene oxide can.also be
cnnverted by m{crosomal epoxide hydrola,s‘e ‘to tr;ns—l,z-
dihydrb 1,2- dihydraxyuaphtha]ene or it can rea’rrange‘
t nonenzymatically to, 1- navhtho'l and 2 naphthol by the NIH "‘**L
b shlit. Experiments by Jerina et al (197ﬂdemﬁ?trated that

reurrangement -of naphthalene oxide to 1- naphthﬂ is predomi-
nant-over formation of 2-naphtho1 (88-9(87 versus 2-12%

respecti v;ely). - . ’
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Although the primary metaboliSm of naphthalene involves

. the formation 6f trans-1,2 ‘dilhydf'o-l,Z-dihydroxynaphthalene,‘

l-naphthol, and the g'lutatafone conjugate of naphthalene,

secnndary’metabo”sm the first two compounds ié

responsible for‘prudu?:l’ng toxic metabolites. Naphthalene -

_dihydrodm'l/ is converted to l.z-dihydroxynaﬁhtha'lene via

oxidation by the cytosolic enzyme dihy&rodiol dehydrggév{ase

o (Billings, .1985). This enz,yﬁ\e is present in liver homo-

i genates aﬁd has. been purified to apparent homogeneity by

Vogel et al (1980). Billings (1985) reported ihat"tMs may
be the major route to L2 dihydréxynaphtha!ene.' Autoxi-

dation -of 1,2-dihydroxynaphthalene to 1,2-naphthoquinone is

quite rapid at physiological pH, and has b&pn demonstrated

by Van Heyningen and ?Hie (1967)

1-Naphthol, another ‘major product of naphtha]ene

- metabglism can be further metabolized to 1,2-naphthoquinone

and 1,4-naphthoquinone (Doherty and Cohen, 1984) by micro-

.somal- systems or hepatacytes.' It 1s't=.el|eved {Dohertye and

Cohen, 1984) the quinones were formed by the autoxidatjon- uf
1,2- d1hydroxynavhthalene a)id 1,4- d'il\ydroxyna;},thaiene
produced by the cytuchrome P= 450 dependent h_ydroxylanon of
1-naphthol in the 2ord pusition

Altﬁnugh two pathways by which quinanes can be gener-

ated via naphthalene metabolism ’ﬂ%s been discussed, it must

" be pointed jou‘t that over 30 metaboHtés’ have been- detected

—
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/ . i'n rats. Horning et al (1980) demonstrated additiopal -
" epoxides including dihydrodiol epoxides, diepoxides, *

/

variously substituted di-, tri-, and tetra-hydroxynaphtha-
Tenes and U-methyil_:at;ghals. Along with the other‘nétab’b‘-
.’Htgs, glucuronide an@lhte conjugates of hydroxylated
na.phthalenes have been denc;stra!ed in |sola&’d‘ hevgto:ytes_
and in Tiver microsomes (in the presence of" uridine-5'- N
d‘lp‘hnspho-%—D-glucur ni'c acid (UDPGA) and N-ale®tylglucos-:
' amine), (Bock et al.,/1976).

)
4 o
e 1.3 Human er:@:yu toxicology 5

1.3.1 Pathophysiology,
- o
Ery;nrocytes are suéceptible to'perox_idatiun—._'Tﬁe—__
outer plasma membrane is rich in polyunsaturated fatty
acids. Thé cells are conﬁ.nuousJy expuseé to high oxygen __

tensions, and contain hemog!&bin,ﬁne of the most powerful
catalys‘ts for the. initiation of peroxidative reactions.
l‘;ﬂemng'\-ohin :an~undergn.autox1d|t‘lon in the ‘presence of
, Oxygen with the resultant generation of supernxide _radfcals.

The mechaMsm as discussed by Carrel1 et al (1975) involves

1" the polarization of an electron from the heme fron to thk

bnun'd oxygen in oxyhemoglobin (Figure 1.2). qumaliy this

shared electron is returned to the iron when oxyg;n is
~ 3 g . /o
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released from hemugjoh‘i'n, and the fron retajns its ferrous.:

_(Fe2*)'state. The presence of gisplacing anions in the heme

pocket, however, can interferg‘with this process. ' Although
the heme pocket .is ;oydrophoblc, ;‘a:mom Nuctua}ions in the
s’urrbunding globin may allow .the entry of witer from time tu’

time. The entry of water or other small anfons will result

| s
-in the ditsplacement of oxygen with an extra \electrnn. ie.

superoxide. In‘the process, the "héme iron loseé an elec-
tron, result!ng in the formanon !of. ferric (Fe3*) methemo-
g’lob\n. This process is heHeved (Carrell et ﬂ., 1975,) to.
ex‘p'lain‘ the observation that 3% of the total béh henbg)obgn
is’ converted éo methemogh‘)bin each day. vThis methemoglobin
is' rapidly reduced by me’themog’lubin reductase which' 1;
linked, through its requirement for 'NADH to the g!-ycﬂyti(
pathv«ay: Glycolysis is the majur\ pathway for NAD* reklctwn

ln'NADH in the hugan erythrncyte.- Oxidant drugs are alsn

‘known to produte methemog!ob!n' Oxidant drugs are c'lnssi-

fied.as chemi

{

1s which’ can oxhﬂze hemog]nbi‘h in vivo

and(or) in vit (Bunn and Eorget l986) Ehemica]s such as'r

'ferrir.y‘avﬂlde and hydrogen peroxide can nx1d|ze ferrous

hemoglobin directly because of théir higher redox potential..

in contrast, nther'agents such as nitrnes and arylhydroxy-
lamlnes.can pruduce methemoglobin ind1re:‘ny by . reducing

oxygen to superoxide and hydrogen peroxide. -
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o:idan‘ve yjuage to erythrocytes has been studied

= mostly with respect to- hemoglobi ‘denaturation and membrane
destruc_!!o}v. Oxidat.iye yam'gge to hemogTobin has Eeen' shbsgn
to* cause_changes in hemoglobin structure apd funct|ﬂm
These . Ehanges can, result in hemoglobin denaturation and
yrec'plutin(l in red "cells as Helnz bddies. B’a&ed‘on

_studies (in_vitro) the proposed me«hjuism of Heinz body

follows. # & : S & .

oxidant + oxyhemoglobin

nethimogI ol\!n

upei‘éxide ar‘niun}

reversﬂzle hemi:- v\mes (tetramer)

5 = 2 ox:g:hon1of bur(ed - -
¥ " su dr. rou 8 i
/ : (& y d g piﬂ‘) g 4
/4 e - ve
.~ 1rreversible hemochromes (nononers)
" LI preﬂplntion of |rreversible heuichio;les

in the form 'oi, ‘Heinz bo.dies.

Stndies (in vitru)uith vhenylhydrulpe and dapsone have‘

LU SR A0 1404

“that HgOz is generned when the oxidant drug |nteracts uif.h

for?nutiun Induced by axldluve stress can be represented as

,,halpedwto‘ clarify the mecbunism fur Heinz body formation by:'
oxldat(ve Insnlt. cahen and anhsteln (1960) demonstrateﬂ.

,,heluglohin. “The ‘reaction of- H0; wﬂh_,h,ennglob'ln leads to
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the f'urmtion of methemoglobin amfj,concomi'tant production of

the superoedde radfcal (Weaver et al. 1973) The. supergxme

rad\cal that is genera!ed can be brnken down ( l,mutated) to

e form 02 and hydrog): perohde by the action of superoxide

—dismutas\a Some drugs (e 9. phenylhydrazlne. dialuric ac1d)
are capahle of forming free radicals that can nxidize GSH
vnth fcvmatiun of " ‘the superoxide radical as.an 1nte:med1ate

(Kosoweret al,, 1969). .-

The sulfhydry. groups in 'hem‘u'ghhinv ca.n reac / ;_ch
glutathione (Garel et al., 1986). .The oxidativeé attack of -
G?H. on the gc¥s 93 sulfhydry) grouP\appearS to prec’edeu
_attack on other .sulfhydryl groups of hemoglopin. The,
results of 'Bi:cr;meies >et al (1973) lmﬁcate that this ma‘y
lead to denaturut\on of hemoglobin. Rachm!lewitz et a'l
(1974) reported that the yn|xed disu]fide causes 1nst_ah|1|ty
1r| the hemug'lobin mu1ecu]e, producing conformational changes
that expose- 1nterior sn'lfh_ydry] gruups. qnhnnclng the
dissociat’lnn of . the tetramer into mohomers (Rachmiléwitz‘ e’c
) a1.. 1974) This observation may explain the. formanon nf
Heinz boﬂies (Rachmllemtx et al., 1974). Althuu.gh lfelnz
bodies are formed within the red cell, they may coalesce and
mlgrate towards the mémhrane where they become’ attacheé

The re'laticnship behleen hemolysis - (ln vivo) and Heinz

bodies 1s that the latte.r may reduce the deformability of

the «ell, 1€ading to early reticuloendothelial entrapment in




Saowt T . - 1a -
—
the spleen (lekind. 1965P or m:rused membrane pernea-'
bﬂﬂy resulting in asmoti: -damage (Jacob et al.,- 1963)
It. s well known that - the lipids qnmprjs!ng the red
cell plasma mgmbrhne';re very susceptible to direct attack
) - by oxidants..’ Ja:;'ub and Lux (1958’)*.6bs'erved that p’hnspr:ati—.
dyleti_anolamine (PE) is Jlost before lysisc This'.ls vnot"
surprising considering that PE 'cont’ains a high concentration
of polyunsnurned-fany u:ids. which are liable to autuxl-~
dation. Depletion -of PE in_ the red :ell ne-bnnes after
peroxidation may result 'frnm fiuy acid destructian. It was
snggested by Jacob and Lux (1965) that |njured cells had \
ho'les in the membranes_of approximately 70 A resulnng in
hemolysis. It has also.been demonstrated that ‘lipid~
peroxidaton was followed by ‘increased membr‘alne rigitity
(noSr'etsav et al ., 1977). .
. Pvnte‘lns lncned in or on the red cell membrane are
/? also targets for frte radical attack. ln.parﬂcuhr. the
lenhrane structural protein; spectrin .is 'suscqp,(l}:)e bei:ause
it has-exposed sulfhydr);ls. It.was dehonstratet’i by Haest et.
. al (1977) that in 1nta:t human® erythrocytes. SH -oxidizing

agents cross-1linked spectrin via disu!ﬂde bonds
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1.3.2 Protective systems against peroxldausnn
The following ;ivscusslon has béen outlined in Figuré
#i5. ) I ' '
i‘s 2.1 Superoxlde disnntlse - Superonde dismutase (SOD)
is the first line of defense agalnst the superoxlde radical.
. SOD catalyses the disproportion or dlsuutation of superoxide
“by the fal'luv‘lng em}nion
203" + 2H+ —> Hp0; + 07
It has been proposed by -Lynch et al . (1977) that a
major functioﬁ of this enzyme in the r’ed cell is to pf'event
the formation of methemog(lobin. The g‘rutest danger of_ Dz‘
in th; red cell is pljohably its ability.to form hydroxy?!
radicalé,(Thﬁmas et al., 1978) which can attack the red cell

membrane and cause hemolysis.

1.3.2.2 Glutathione.péroxidase - Glutathione Peroxidase
(6SH-PX) catalyses the breakdown of organic hydropero;(ides
ROOH) n‘nd hydrogen peroxide by the following equation

(t¥ttle and 0" Brien, 1968). : . , 4 5
e » e

© RooH + 2asH SSHZPXs Gsgy « RoH + 20

“ HOOH + 2GSH

SSH-PX 6556 + 2Hp0 ~
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The catalytic site of human e.rythrocyte GSH-PX (Perona

‘et al., 1978) +s similar to rat liver GSH-PX in that it

contains selenocysteine (Forstrom et al., 1978). This

enzyme can protect H‘boz from oxidative damage d’ye to

_breakdown of Hz0p and ROZH.

The action of GSH-PX on ﬁydroperoxldes is dependent on

th-e level of GSH, which is maintained by de_novo synthesis.

of GSH and NADPH cnnversinn of GSSG to 6SH'hy glutathione

reductnse In the red cell, the on'ly way to reduce NADP* {is

. by uxidat_wn of glucose via the hexose monophosphate shunt.

1.3.253 ‘Cat'lllse - The only known function of'this en}yme

is the removal of Hp02 from the cell-via the followh\g
rnction
2Hp0, S2tal2se; 5.0 4 0,

Ca_ulas'e has a low affinity f*z(); (fohen and Hochstein,
1963). At a high glutathione 'and ‘re’latlvely low peroxide
concentration, glutat’hione-pe};{xidase decomposes Hp0p faster
ihun catalase. Byt at high Hz0; concenération. catalase
remnves. H20p at a faster rate. Catalase has a much higher

km for’ HzOz than GSH-peroxidase (Nicholls, 1972). There-

fore, |both catalase and GSH-PX play a role 1n protection of
the red cell agn!nst H202. )

Catalase is a conjugatéd protein with protohemuﬂn‘ as

Tits prosthetic group. Hn'vever, catalase differs from all




{
known hematin derivatives in that it cannot .be reduced even
by such powerful red(n:ing agen-t_sia_s sodium hyposulphite
(Nap5204) . fhe breakdqwn of hydrogen peroxide occurAswpen
the iron is in the ferric form. Sodium azide was used as "an
Anhibitor of catalase because it-forms an azide-cgtalase:

complex. The ferric iron of this compléx can be reduced to

s

~the ferrous form by H0p, .rendering the catalase inactive .

. (Keilin and Hartree, 1945).

1.3.2.4 vitamta E.- The major role of Vitamin E in human
red -cells is probably as a biological antioxidmt protecting
red cen'membranes from peroxidative damage. ’
', Oski and Barness (1967) demonstrated a re'lnlonsh‘lp
between vitamin E deficiency and, hemolyti: ‘anemia in
premnure #nfants. Further séud'les\_b,v this group indicated
that premature 1rb|‘hnts whose diet :?s supplemented with
vitamin E had significantly higher hemqgloblln concentra-
tions, lower erythrocyte hydrog‘en peroxide-hemoly§1s values
and lower reticulocyte counts than a corresponding group of.
non-vitamin E-s_upplenented 1nfa_nt§.

The mechanism of action of vitamin E (O(-Tacopherol.)
involves danation of its hydroxyl hydrogen atom to peroxy

free'radiillsﬂsultlng in the formation of hydroperoxides.

These hydroperox‘ides‘ can be decomposed to, the -corresponding ’

'non-_toxu h(drnxy compounds .by glutathione peroxidase.




There is ev{ﬂeu'_c’e by Packer et al (1979) t.nn the resulting
vitamin E radical then reacts with ascorbic acid (vitamin C)
to regenerate v(u-in E. The vitamin C radical is 11; turn
enzynlhcally reduced back to vitamin C by NADH-dependent

systell_s One question vhh:h remains to be answered,

Jhowever; is how does the membrane bound vitam‘ln E interact

with Vitamin C which is locatad in the cytosol.
(.. | :
1.3.2.5 6&lutathione - Al'th‘bugh »tl_wis ‘is the last protective

system to -be discussed, it is extremely important in
—

'ce'l‘lular protection. Glutathione is a tripeptide of
- i . .

glutamic acid, cysteine, and glycine with the following
structure. -
v P
NH2
Hooc- !u -CHp-CH2-CO-NH
HS-CH2CH-CO-NH-CH2-COOH

¥ -glutamylcysteinylglycine,
— -

It 1s readily oxidized hy a variety of suhstances to give a .

disulfide. thh Jnolecu'lar oxygen, lcd|ne, Fe(Cn)53'.H202 or
organoperonues it forms the.dimer GSSG. Reactions wlth
other th‘lul compounds give rise to mlxed dlsulﬂdes The

reaction w1th molecular oxygen is s'low 1n the “absence of

me;al fons but greatly accelerated by the presence of capper‘

N
or iron:
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