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ABSTRACT

Erythrocytes have been stown to be damaged by excessive
quantities of retinol (vitamir A) and toc be protected
against this damage by cA -tocophercl {vitmin E). Ascorbic
acid {vitaminm C) has teen shown to protect rted blood celis
againrst light-induced and free¢ radical-mediated destructicr,
All three of thess vitamins pcscess oxidative and reductive
capacities and are therefore potentialily capabie of
partaking in frse radical reactions. This study was
undertaken to resoive, in part, their effects in high
concentrations on the plasma mertreznes of living cells and
to investigate in a praliminary way the interactions between

then.

Membranes were isolated from human erythrocytes in the
form of "ghost" cells» and were resealed so that permeability
changes could be determined as a measure of the intactness
of the membrane. Damage to protein and lipid constituents
of the membtrane were separately assessed by determining the
activity of a membrane-bound proteins
glyceraldehyde—-3-phosphate dehydrogenase {GAPD}, and by
following autoxidaticr of ths membrare lipids as measured by

the accumulation of lipid peroxides.
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Activity of GAPD was destroyed by all concentrations
of retinol and ascorbzate swhich were tested. Initial damage
caused by ascorbtate occurred much more rapidiy than an
equimolar concentraticn of retinol, even though the
effective damage was considerably less following the first
halft hour cf incubaticn at 37°C. The inclusion of
concentrations greater than 0.5 mM ascorbate with various
concentrations of reatinol resuited in a loss of GAPD
activity which was much more rapid than with either vitamin
alone. Smaller amcunts of ascorbate were found to exert a
stight protectiveveffect on damsage induced by retinotl.
Although incubaticon under 100% oxyger resulted in oniy a
marginal increasse in GAPD destruction in the presence of
ascorbates it doubled the damage caused by retinol by the
end of & hours cof incubation. Cootling the incubation medium
to 0°C suppressed retinol-induced damage by 50% but did nct
slow the destruction caused by ascorbate. The effects of
both retincl and ascorbate were ;eversed by the suifhydryl
compound dithiothreitol (DTT)s indicating that the decrsase
in enzyme activity Was associated with a reversible
oxidation ¢f sulfhydryl groups. Irclusion of tocopherol,
but not tocopherol acetate, in the incubating medium
resulted in a 30% inhibition of #nzyme damage caused by both

retinol and ascorbats.



Membrane permeabilty was measured by the accessibility
of GAPD to substrates located outside the cell membrane.
Retinol and C(A-tocopherol both caused an increase in
mertrane parmeability and alsoc an increase in mean cell
volume as determined ty an electrcnic Coulter counter. Both
of these effects were additive wher retinol and tocorherol
weras praeasent simultaneously. Ascorbate caused no increase
in rembrane permseabilty and no charge in mean cell volume.
It did» howsvers» increase turtidity in ghost suspensions and
caused a color change from pink to brownish-red and finally
to greens, indicating cdestruction of residual hemcglobin as
confirmed by visualization of Heinz bodies under phase

contrast wicroscopy.

The formation of lipid peroxicdes was measured by the
thiobarbituric acid (T8A) method. Incubation of ghost cells
with retinocl resulted in a substantial increase in lipid
"peroxidation”. This effect was greatly enhanced by the
presence of 100% oxygen and wis decreased by 66% in the
presence of Ol-tocopherol. The level of absorptivity at 532
n® in the presence of TBA was increased by ascorbate and the
presence of ol—tocopherol provided almost complete

prctection against this effect.
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It is concludeds in general, that biological membranes
are subject to damsge by excessive quantities of vitamins A
and C » that physiological quzntities of ascorbate and
toccpherol can protect to some extent against the damage
caused by retincl» and that the contents of Iiving cells

normally provide protection against such damage.
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INTRODUCTICA

Vitamins are substances that are essential for the
maintenance of narmz2l aetabolic furcticns but which are not
synthesized in the body and therefore must be furnished fron
exogenous scurces. A healthy individual ingesting a well
bafanced diet normally recesves adecuate amounts of vitamirs
frocm his food. Howevers there are many situations in which
the ccncentration of ore or more vitamins may be either
excessive or suboptimal. A knowledge of the mode of action
of the vitamins is ther~fore essential to an understanding

of humanr metabolism, bcth in the heslthy and diseased state.

Pathology resultirg from excessive intakes of vitamin A
has been well documented in the literatures, and although
hypervitaminosis A is rares serious cases of vitamin A
poisoning ccntinue to occur. Outhreaks of acute vitamin A
intoxicatior have been noted in Arctic explorasrs after
ingesting large quantities of polar bear tiver (Pierce,
1962). Chronic hypervitiminosis A in adults has occurred in
patients who received large doses of this vitamin =as
treatment for dermatolcgicat conditionss and who continued
subsequant intake withcut medical supervicion (Di Penedettc
1667; Stimson, 1961). 11t has also beenr reported in food

faddists who included large doses of vitamin preparations in



their daily dietary regimes (Berger anc Roels, 1965;
Russell, Bover, Bagher and Hruban, 1974)., There has been
much speculation regarcing ths possible harmful effect of
ingesting heroic doses of vitamin C as recommended by Linus
Pauting and others {(Pauling, 197C:; Stcnes 19665 Yews 1973),
but apart from the damags to enzymes and to mombrane systems

in vitro discussed laters there is little evidence to

suggest damage to tissuas in the tiving body. Vitamin E is
generally considered tc be of {ow toxicity and, although
there are 2 number of reports of metabolic abnormalities
induced in experimental animals by excess of vitamin E
{Marchs Wongs, Sczier, Sim and Bislys 1873), tevels greatiy in
excess of normal dietary requirements have been administered

to human subjects without adverse clinical effects,

The vitamins A £ and C have beer shown to possess
oxidative and reductive capacitites andc are therefore
potentialliy capable of causing free radical tissue damags.
Vitamin A (retincl), becsause of the high degree of
unsaturation in its iscprenoid chain, is easily oxidized in
the presence of oxygen. Being lipid cofuble it is often
found associated with other hydrochobic substancess e.g.
the {ipids cf biclogical smemhranes» and by such an
asscciation it may either physically disrupt the ordered

structure which existed prior to its implantations, or



initiate a saries of damaging chemical raactions as a
corcsequence of autoxidetion. Vitamin F { -tocopherot) is
alsc 2n unstable moleacute due to the ghenclic agaroup on its
aromatic rirg. It functions physiolocically as an
antioxidant and protects molecules such as retinol fraom
oxicative damage. Vi;emin C {ascortic acid) is a sirong
reduycing anent becauss af its enedicl group and i< kncwn to
have both damaging and protective effacts on various tissues
as will ba discussed later. The aclecular structures of

retinol>RA-tocopherol 2nd ascorbic ecid are illustrated in

figure 1.

Oxidation is defirsd ss the 1css cf electrons; the
fevarse processs reductions is slectron acceptance,
Oxidation ¢an procesd through loss cf electrons from a
substance either in pairs or one at a time. The loss or
gain of one slectron freguently rasults in the formation of
free rédicals, i.e. chemical compourds possessing an odd
number cf elactrons which are highly reactive and
potentialty damaging ir living cefls. Cnce formeds, a3 radica!
wil) attempt to stabilize itself, either by comhining with
another odd-efectrcn sgecies or by generating arother
radical which propagates a chain reaction, Uniless
terrinated, such phenomzna can be extreraly destructive and
are telieved to play a3 significant role in the dearadation

of biological systems {Pryors 1973).



Figure 1. MNolecular structures of vitamin A
{(retinol}s vitamin € (KX -tocopherot) and

vitamin C (ascorbic acid)
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CH CH
3 3 I3 [3
CH=CH—(C=CH—CH=CH-— C=‘-—CH"‘CH20H
CH

Vitamin A (retinol)

CH CH
| 3 | 3 /CH3
CHZCHZCHZCHCHZCHZCHZCHCHZCHZCHZC{ cH
3

Vitamin E .(d-t0copherol)

HO— H

CHZOH

Vitamin ¢ (ascorbic acid)



Radical-induced tissue damage frequentiy occurs as a
result of the interaction of pro-oxidant substances with
biological mambranes, Yembranes ares essentially, complex
mixtures of lipids and oroteins hela tcgether by ionic and
hydrcphobic forces (Sirger and Nichclsons 1972). The lipid
component invariably ccntarins unsaturated fatty acids which
are highly susceotible to free radical attack. Since the
presence of a carton-carbon double bond Wweakens the
carbon—hydrcgen bond of the carbon satom next Lo tt, less
energy is required to 2bstract the hydrogen 2tom, leaving 2
radical center on the A -methylene carbon. This highly
reactive radical mays in the presaeance of oxygens, acquire 2
hydrooeroxy group., Such a series cf reactions is termed
lipic "peroxidaticn® anrd profoundly affects membrane
structure and function {(Dahlies, Hill and Hoiman, 19¢€2;

Taprels 1973).

The erythrocvtes bacause of its lack of intracellular
structures and retative simplicity, provides a uniaque
subject for the study cf cellular nmembranes, Its membrane
is composed of 527 poreteins, 40% lipid and 8% carbohydrate
{Stecks 1974). Because of the high ccntent of
polyunsaturated fatty acids (Dodge 2nd Phillips, 1967) and
direct expeosure to moleculiar oxygen, the 2rythrocyte «s

extremely cusceptible to reroxidative damage. There is



evidence to suggests however» that there are two sites of
action of oxidant compourds on the red blood cell: one
involving the membrane directiy and the other involving a
cooperatives potentiating action of celflular contents in the
damaging process (Ginn» Hochstein 2ard Trumps 19695 Miller
and Smith, 1970). In this study, in order to differentiate
between thess twc erocessess the menrbrane has bheen separated
tfrom intraceliular constituents in the form of erythrocyte

ghosts,

ﬁoﬂgen Mitchell ard Hanahan {(1663) define 2 ghost as
beirg tha delicate, discoic hody obtainad after the ramoval
of hamoglobin., The orcperties dispiayed by ghost svstems
have generally been found to represent properties
characteristic of the plasma membrare of intact cells
(Hoffmans, 1958; RBramley 2nd Colemans, 1972)s thus many

observations made using ghosts may te aoplied to ip vivo
conditicns. Thare are assentially two types of ghost cells:
“white ghosts"™ and "ressated ghosts" (Schwoch and Passows
1973). White ghosts are fres from visihite contamination
with hewnmoglobin and are largely devcid of intracellular
contaminants. They are wicely used for biochemical work,
such as the investigation of the esnzymclngical properties cf

the cell merbranes howevar their diffusion harrier is

completely destroyed ard thev are therefore unsuitable for



permeability studies (Jungs Carlson and Balzers 1973)., In
resealed ghosts emphasis is placed not on extreme purity of
the membranes» but on restoration of -the original wmemtrane
structure and function after hemolysis. As a resullt they
have been used extensively in studies of transport and

permeabilitys and were used in the pressnt work,



RELATED LITERATURE

Dingle and Lucy (1962) have shecwn that fsolated
erythrocytes of rabhit, oigs ox» rat and man Aare rapidiy
lysed by 10-20 micrcgrams of retircl per ml and that
hemclvtic activity is restricted to those retinol
derivatives posessing tiological activity and capable of
preventing the symptomrs of vitamin A deficiency, They
hypcthesized that the site of acticr of vitamin A is the
licpoprotein membrane of cells and their organeifles, and that
its chysiolcgical role is the contrcl cf membrane

permeability,

Many of the changes seen in hyrervitaminosis A are
explicable on the hypothesis that vitamin A penetrates
lipoprotein membranes angd that membranes containing an
excess of thé vitamin exhibit increasad pmarmeabilty or
decreased stability. The additior ¢f an excess of retinol
to 2 suspension of mamealian fibroblasts causes local
distensions in the plasma membrane, damage to the nuclear
membranes ard mitochongrial swe«lling {(Dingles Glauert,
Daniel and Lucys 1962; Daniels Dirngles SGlavert and Lucys
196¢6). Lucy, Luscombhe and Dingle (1963) similafly reoort
sWwelling in the mitochcndria of rat liver following the

addition of retincl. Dingles Lucy and Fell (1961) found
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that the alteratiors ir mitochondrial structure caused by
excess vitamin A resulted in depressed respiratory activity
in erbryonic chick limt—hone rudimerts and similar metabolic
disturbances have heer rsported in liver mitochondria by
Sewards, Vaughan and Hove (1966) and Pokrovskys Kon an?
Natanson {1672). Lucys Dingle and Fell {(1961) reported
degradation of embryonic chick cartilage under the influence
of hypervitaminosis A 2and suggested that it might be due to

an enhznced proteolytic activity of the chondroblasts.

Retinol was the first compound of physiological
imeertance to be shown %o have an acticr both on the release
of lysosomal enzymes iﬁ the living cell and also on isolated
orgarelles (Dingles, 1961; Fell and Ningles 1G6563), Feill,
Dingle and Webb (1962) examined the specificity of the
action of vitamin A on lysosomal frreparations and found it
to be simidar to that found for erythrocytes and
mitochondrisa. Roelss Trout and Guhezs (1365) found the
stability of liver Iyscsomes in vitemin A-deficient rats tc
be greatly impaired anc¢ Roels, Andersons Luit, Shah and Trout
(19469) found the rate cf release of hemoglobin from
erythrocytes of vitamir A-deficiert rats to be considerably
taster than that from cstlls of pair-fed controls, An
optimal amcunt of retircl therefcre appears necessary to

statilize biological membranes. Lucv end Dingle {1964) have



11

found that, untike the observed hemciytic effect of high
concentraticns of ratirols, treatment of erythrocytes with

low cconcentrations (0.1 to 1.0 microgrtams/mi) increased their
resistance to hypotonic hemolysis. Raz and Livine (1373)
likewise found a protective effect of retinol at low
concentrations and comg2red it tc the effect produced by
lipid sotubla anaesthatics (Seeman, 1%69; Roth and Seesman,

1971).

Such phehomena are not resricted to in viitro
situations. Morriss (1973a,b) founc that a single {arge
injection of vitamin A palmitate adrinistered to a pragnant
rat rasults in malformations and prenatal death in th=a
of fspring, Ultrastructural ahbnormalties included membrane
swellings cytoplaswmic vacuotoes, "budding”™s changes in the
axtra- to intracetiuiar fluid ratio» and condensed and

sWwollen mitcchondria,

Nbservations made by phase—contrast and electron
micrcscopy have shown fhat erythrocytes assume various
bizarre forms within one minute of the addition of an excess
of vitamin A (Glauverty» NDaniels Lucy and Dingle», 19€3;
Murphys, 1973), The initial effect is a greatly increased
sur face area with no accompanying ckange in volume, Large

indentations appear on the surface cf the cells and vactuoles
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form by a process raseabtling micrcpinocytosis. The calls
then become spherical 2and loss of hemoglobiﬁ begins as
breaks agpear in the membrares of scme cells, It was
proposed that the retinol molecule i1s incorporated 1n the
membranes which expands in order to accomodz2te the
additioral moleculess and that 1ysis arises from mechanical
Wweakening or rearrangemsent of the structure of the membrane,
Bangham, Dirgls and Lucy (1964) found that retinol readily

penetrates and expands monolayers of 1lecithin and

¢}

Is et 2t. (1969)

cholesterol at an air-water interface. R¢
performed similar experiments on artificial lipid structures
and suggested that the a2ffect of retino! on membranes was
due to an lInteraction tatween retincl and the polar group cf
phosphatid;lcholine. Lucy 2and Dirngle (1962) had previously
reported on the ability of vitamin A tc interact with

protein, and suggestsd that retinol acts as a cross—linking

agent between Iipfd anc protein.

The appearance of breaks in the cell membrane occurs
only at temceratures atove 20°cC although at lower
temperatures other morphologicel chenges are still
observable. This was btelieved to te evidence of 2 two-sterp
procsess in the hemolysis of the erythrocyte by retinol: (1
an initial fgenetratior of the membrane which occurs both in

the cold and at physiclogical temperaturess and (2) an
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oxidaticn of the polyene chain of retinol which occurs above
20°C (Dingte and Lucys 1365). Lucy (1649) found that
collcidal dispersiors cf retinot were easily oxidized hy
ﬁolecular oxygen and Fishers Licht: and Lucy (1972} found
this reaction to have the characteristics of a2 free
radical-catalyzed autoxidation. Krishnamurthy and Kartha
(1973)s howevers» fcound no evidence cf "paroxidation” of
erythrocvte lipids ever when hemolysis was complete with 100

micrcmoles of retinol per mi.

The rapid hemolysis by retincl at 37°C has been shown
to b= orevented by 3n equimclar cuartity of ol —tocopharol
{tucy and Dingta, 1964), Electron micrograohs of
erythrocytes treated with retinol ard X -tocopherol
simultaneously showed an initial secuence of changes similiar
to that seen wWwith retinol alone. After 15 minutes», howevers,
cells were still intact, though they contained vacuolss
which may have formed as a result cf initiat expansion of
the cell surface. Retinol seamed tc have penetrated the
membrane hoth in the presence and atsence of A -tocopherot,
hut %tocopherol prevented subsequent rupturing whick occurred

with retinol atone.

Atthough the exact niologicat function of vitamin F has

been controversial for over 30 years» it is generally
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recognized as a npaturally occurrings, lipid-soluble
anticxidant (Tappels 1972; Molenaars Vos and Hommes, 1972).
Nne of 1ts sites of action is the erythrocyte membrane and
perscns deficient in vitamin £ are known to exhibit
increasad susceptibility toc hemolytic anemia (Tsen and
Colliers 19€0; Binder, Herting, Hurst, Finch and Spiros

1965; Nski and Barness, 1968).

In examining the molecuiar specificity of antioxidants
in preventing vitamin A-inducec¢ hemolysisy» Lucy and Dingle
{19¢4) found that, although A -tocorpherol and X —tocorherol
acetate were affsctive, A-tocophsarcl succinate wés
relativaly ineffective and the phosrhate ester was itself
hemclytic. Hydroaquincre was wWithout effect even when 500
micromoles/mi were added simultanecously with 15
micrcmoles/ml retinol and it was cencluded from this that
inhibition by the toccrpharoils was pcssibly not due to
neutralization of free radicals cr the breaking of
auto-oxidative chain reactions, but rather to a physical
effect not unlike that of cholestercl {(Lucy»1972). This
conclusion was supported hy the fact that the acetate ester
of A-tocopharoils which was particularly effective in
inhibiting lysiss does nct contain the hydroxvi group that
can yield hydrogen and¢ tkherehy scavenge free radicals

{Tapnel, 1962). Compounds of the vitamin K serias were also
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tested by Lucy and Dingle (1964),., Vitamin K1 was found to
inhihit retinol—induced lysis effectively, while menadione
(vitamin K2), which has the same structure as vitamin Kl»
but no 1soprenoid chair, was inactive. Ubiauinone-30» which
has a tong side chain: nas very effective in 1nhibiting
lysis despite the fact that its antioridant activity is much
tess than that of (X —tccopherol (Green, Dipiocks Bunyan,
Edwin and McHals», 1961). Two other long chain compounds,

saualen2 and phytols, which have no activities as vitamins,

werae also capabite of irhibiting lysis by retinol.

Krishnamurthy and Kartha {(1673) found bhoth vitamins F
and D to inhibit hemoiysis induced ty vitamin A, The
sulfhydryl compounds glutathione an¢ cysteine were aiso
effactive in arresting henciysiss but synthatic antioxidants
such as diphenyi—p—phervyliansdiamine {(DPPD)s bhutyiated
hydroxytoluene (BHT) anrd ethoxyaguin wer2 ineffective,
Ascorbic acid at tew cencentraticers prevented hemolysiss but

at highar ievels 1t ircreased the damage.

Dolbeare and Martiage (1972) 21so found small 2mcunts
of ascorbate to exert a protective effect in that it
decreased @-—glucuronadase activity when incubated with
lysasomal suspensicns. Higher concentrations of ascorbsate

not cniy failed to inhibit the enzyme» Hut enhanced activity
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above that of controis. Schothorsts van Steveninck, Went
and Suurmond (1970) reported that 5 mM ascorbate inhibited
the in vitrec ohotohemclysis of erythropoiestic protoporphyria
{({EPP) ervthrocytes. 4 siwmilar concentration of ascorbhate
slowsd the toss of 2s,3-diphosphoglycerate (2,3-DPL) from
stored blood {(Wood and Beutiers 1973), decreased the
formaticn of tipid percxides in vitamin E-deficient rat
liver homogenates (Chers 1973)» and partially restored
glycolysis in rat heart homog=enates foliowing treatment with
100% oxygen {Horn and Haugaards 1G&6&). Exposure to
hyperbaric oxygen for cne hour created a 40% decrease in the
levels of ascorbate in rat Jungs and Wills and Kratzing

(1972) suggested that this was due to the in vivo utilizatcen

of ascorbic acid as an antioxidant.

It has besn demonstrated that lows but not high,
conceantraticns of ascofrbic acid prcduce swelling or tytic
changes in isofated tiver mitochondrie {Hunter» Scott,
Hoffsteins Guarras Wsirsteins Schneider» Schutz, Finks Ford,
Smiths 1964). Wills (1969) reportec that low concentratiorsg
{0.5 mM) of ascorhate enhanced (ipic "peroxidation”" in rat
fiver microsomess and Comoiti (1971) found that this effect
increased with increasing a2ge of the arimal. Witls and
Wilkinson (1966) tound that ascorbate incrzased the

formaticn of {ipid percxides and release of enzymes caused
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by irradition of mitochendria and tysosoral membranes, and
Wills (1966) found that ascorbic aci1d 1ncreased the rate of
“peroxidaticn® of unsaturated fatty acids catalyzed by whole

homcgenates of tiver, heart, kidney ard spleen,

Ascorbic acid is known to undergc autoxidation to
dehydroascorbate with the producticr of H202» a process
catzlyzed by metals and metalloproteins (8laug and
Hajratwala, 1972). This autoxidaticn is capable of
inhihiting the activity of solutions of catalase (Crrs» 196¢)
and has also been reported to increase tytic sensitivity of
ervthrocytes to H202 {Serriltl, Jefferscns Quick and Mengel,
1971). Dahydroascorbic acid by itself dces not have the
same effect (0rr» 19665 Hunter 2t 21.» 1964) and damage may
therefore be due tc irtermediate radical cspecies such as the
monodehydroascorbate radical (Green and N'8rien, 1973; Haase

and Dunkleys 196%9asb) ¢r oxygen radicals such as 02-» .00H

or .CH (Crr» 1967ash).,
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CBJECTIVES OF THE STuUDY

Since the vitaming A, £ and C 2re al!l known to he
involved in lipid "percxidation®” and frz2e radical tissue
damage it is important to understanc the mechanisms
invelveds not only sesparately, but in combination as well,
Al too often the integrated descfipticn cf a2 system is
obscured i1n attempts tc isolate a part, In nutritioral
studiess interrefationships between the vitamins are
especially 1mportant since an organisa functions not as a
result of isolatecd chenical reacticrss but 2as a2 highly

compltex and interdecandant unit.,

Effects of retincl,X-tocophercl and ascorbic acid on
the erythrocyte membrares hoth by themselves and in
conjunction with each cthers have beer studied in the
present research. &n attempt has ©been made to provide

answers to the followirg gqusstions:

1. What is the sffact of retincl on the membrane of the
erythrocyte ghost ard how does it ccmpara with other reports
of mambrane damage induced by an axcess of vitamin A?

2e How do the memhrane affects cf vfkamin A ccmpare
with and relate to thoge created by different concentrations
of ascorbic acid?
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3. What substances are effective in counteracting the
damacing effacts of retinol 2andfor 2scorbhate?

4, How do the artioxidant effects ofo{-tocopherol
compare with and retate to the regorted artioxidant effects
of ascorbic acid?
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MATERTALS AND METHICECS
Materials

Retinol, ascorbic acid, DL-A -tocopherol acetats,
nicotinamide adenine dinucleotide (NAD)» dithiothreitoi(DTT)
and DL—glyceraldehyda—3-phosphoric acid were purchased fronm
the Sigma Chemical Company. pL-A-tocooherol was obtainad
from Calbiochem. These materials wera of the highest grade
commercially availables and wers used without further

purificatior,
Buffer Mixtures

Soluticns were prepared from reacent-grade chenicals,
Nsmciarities were calculated by totalirg the concentrations
of 21t ionizable comporents in ths solution» neglecting
deviation of individual salts from ideal behavior. Thase
values were checked for accuracy with a Precision osmometer
model 2007. Final pH ef each solution was measured on 2

Radiometer pH meter tvyee PHM28,



21

Erythrocytes

Stored human blood was obtainec from the Red Cross
Blood Bank 1n Vancouver and was used within five weeks of
coliaction after confirmation that no measurable loss of
activity of glycerasldehyde-3-phosphete dehydrogenase or of
the integrity of the cetl membranes hac¢ occurred during
storage. Citrate phosphate dextrose was the anticoagulant
used. Packed erythrocytes were obtaired by centrifuging in
a Beckman J21 centrifuge at 3000 rpm for 15 minutes at 4° C.
Both the plasma and buffy coat were carefully removed by
aspiration, and ths cells ware washed twice with 2t lesast
five times their volume isotonic saline buffer (0.155 ™ NaCl

per liter of 5 mM P04 buffer, pH 7.4).
Ghost Preparation

Ghosts were prepared according tc the methods of
Bodsman and Passow {(1972) and Lepke and Passow (1972) with
slight modification. Gonerat procedure for the preparation
of ghost suspensions was as follows: (1) hemolysiss [(2)
reversions (3) resealing {Schwoch and Passow, 1973),
Hemctysis irvolves the ralease of hemoglohin and other
intracellular constituents and is accceplished by pipetting

a concentrated red blocd cell susoersicn into a hypotonic
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solution, GCsmolarity cf the hemoclyzing medium was 40
millicsmolar (m0sm) since ghosts prepared at lower osmolarities
tepd to fragment into smaller vesiclies {(Duchon and Coltisry
1971), contain significantliy iess protein, and are more
susceptible to damage than are ghosts prepared at higher
osmotarities (Bramley» Coleman and Fineans, 1971), In
detailed electron micrcscopic studies, Seeman {(1967) and
Seewran, Cheng and Tles (1973) have shown that hemolysis 1s
associated with the fcrmation of 1CC-1000 a° holes which are
concentrated in a circular zone of about 1 M diameter. In
most cells the holes agpear 10-15 seconds after immersion in
the hemotysing medium and close up 5-1C seconds thereafter,
Hoffman {(1958) showed that at the end of the hemolytic evert
the hemoglobin distribution between cells and medium is at
complete equilibrium. Irmediately sfter establishing this
equilibrium distributicn the ghosts regain their
impermeability to hemcglobin (reversion). Neyertheless, ths
membranes of many ghosts continue tc be highly permeabie tc
smaller molecules and ions., Reconstitution of the low
permeability to alkali ions characteristic of the intact

rad blood ceil membrane can be accorplished by

restoration of isotonicity (310 m0Osw) and "reseal ing" at

37°C (Rodeman and Passcws 1972).
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Washed and packad 2rythrocytes ware hemotyzed by
suspending them in thirty volumes cf cold 40 mOsm P04 buffer
containing 4 mM MgCi2 and 0.0l mM CaCit2s» pH 7.4. Ca 2+ and
Mg 2+ were included to reduce the permeahility of the
finished merbrane prep2rations (Bramley and Coieman, 1972).
The suspension was swiried gently anrd la2ft to stand on tce
f§r ten minutes. [sotcnicity was restored by adding an
appropriate volume of 2,7 M NaCi., The medium wes kept on
ice for a further ten minutes and then incubated at 37°C
for one hour., The rasulting ghosts wera sedimented by
centrifugation at 12,0C0 rpm for 10 minutes at 4°C and
washad threas times with ten times treir volume isotonic
buffar (0.125 M NaCl per liter of 2C m¥ P04 buffer, pH
7.4) containing 2mM Mg(Cl2, Washed ghosts were kept in 2n
ice bath and used within 12 hours. Permeability and
glyceraldehyde—3—-chosphate dehydrogenase activity changed at
a rate of less than 1.5 % per hour while standing under

thesa conditions,
Hemcglohin Naterminaticn

To determine the gercenkaga of hamcglobin removed
from the gheost cellss» the concentraticn of hemogiobin
inside the intact cell was first calculated 2ccording to

the method cf Robin and Harlev {1664),. 0.05 ml red celis



24

were hemolyzed with 6 ®l of 0.27% Triton X~100 and
centrifuged at 3000 rpr for 10 minutes at 4 C, Absorbance
of thse supernatant was read on a Reckman DBGT
spectrophotometsr at €20 nm, once prior to and once
foltowing the additior of a drop of 0.15 M K3Fe(CN)A,
K3Fe{CN)6 oxidizes the Fe 2+ of hemcecglcbin to Fe 3¢
{methemcglobin) and the increment in atsorbance at 62C nm
{absorption peak of methemoqglobin) is a measure of %the
hemcglobin criginally present. Ccncentration within the red
cell in millimoles per litre was calculated from the

following formulta:

Hemoglaobin A A 620 nm on addition K3Fel(CN)&6
Concentration
D €

it

whare A A 620
A€

change in absorbtance at 620 nm
difference between extinction coefficients
of hemoglobin ard methenoglobin {(3.09)

i

A sample of ghosts was similarly treated with 0.27
Triton X-100 and aftar centrifugaticn at 12,000 rpm for
10 minutesy the hemcalchin was determined as describad
above, Fronr these two values the mean hemoglobin
concaentraticn in 20 sefparate ghost preparations was
calcutated to be 107 rlus or minus 57 of that in whole

red celis.
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Protain Determination

Protein was determined by the method of Lowrys
Rosehroughs Farr and Randall (1951)., Ghost suspensions (1D
pl) in 1 ml of water were mixed with 5 ml of freshly made
atkaline copper soluticn (1 mt of 0.57 CuSO4.5H20 in 17X
potassium scdium tartrate per 50 ml 27 Na2CO3 in 0.1 N NalH)
and allowad to stand fer ten minutes at room temperature.
The soluticr was mixed 2fter additicn cf 0.5 mt of Folin
phenol reagent {(diluted with an equal volume of water) and
allowerd to stand for 3C minutes, The tiue color produced hy
the Folin reagent and phencl aroups of Ytyrosine and
tryptcehan residues in the protein sample has an absorption
peak at 750 nm., Absortance was read at this wavelength
and orotein concentration was deternmireds using bovine serunm
albumin as the usuail arbitrary standards, according to the
finear range of the Beer Lambert Law., Ghost cells were
found to contain approximately 137 ¢f the protein in whole

erythrocytes.

Cettl Permeability

Glycearaldehyde~-3-chosrhate dehbydrogerase (GAPD) is a

glycotlytic énzyma knowr to reside ¢cn the cytoplasmic face



26

of the erythrocyte membrane {(Schriers 1963; Duchon and
Coliiars 1971). Approximately 60-8C7% of this enzyme remains
associated with the meshrane during hygotonic hemolysis,
reoresenting 5% of totat qghost protein (McDaniel and
Kertleys 1974; Shin and Cérraways 1673). It catatyzes the

foliowing reaction:

3-phosphoglyceratdehyde + NAD+ + inorganic phosphate
+—— ls3~diphosphoglycarate + NADH + H+ (1)

The absorption p2ax ¢f NADH (reduced nicotinamide
adenine dinucleotide) is at 34( nm and rate of the
reaction can therefore be determined by ohserving the
increase in absorbance at thic wavelength, Pretliminary
observations indicated that the reaction is approximately
first order with respect to time. If substrates of
reaction (1) are excluced from insice the cells membrane
permaability can be determined by the extent to which the
reaction is accelerated by the addition of substrates to the
suspanding wmedium, If this value is compared with the
reaction rate with 100% permeabifitys 3s induced by
treatment with the nonionic detergent Triton Xx—100, the
percent accessibility cf the 2nzyme can be calculiated as

follows:
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Parcant rate of reacticn mirus detsrgent
Accessibility = X 100
rate of reaction plus detergent

GAPD was assayed 2ccording to the method of Steck and
Kant {1874). 0.1 mi of the ghost suspension were
preincubated at 25°C fcr one minute in cuvettes with 0.3 ml
of isotonic P04 buffer, pH 7.4» with and without 0.2%7 (v/v)
Trition X-1€0. To 2 cuvsette containing 1.24 mi of 30 mM
sodium pyrophosphates pH 8.4 and 0.C06 wl 0.4 M sodium
arsenate, 0.1 ml 20 mM NAD was addec. The reaction
was initiated by adding C.2 mt 15 M
3-phosphoglyceraldehyde, pH 7.0, the scoliution mixed, and
the reacticn was followad spectrcghctometrically at 340 nm,
It the addition of GAPC i1s assumed to be the starting point
of the reaction» the ircrease in absorbance betwsen the
first and second minute cf reaction may be used as 3 measurs
of oanzyme activity. The rate of the reaction was cdetermined

bv the formuia:

R .= b A
60 x M
€ 340
where R rate of the reaction iIn aMfsec

A A change in absorbance btetween the first and
~ second minute of reaction
é“” = molar extinction ccocefficient of NADH {(0.C05K22)

340
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Lipig "Peroxidation™

Lipid peroxides were estimated from the production of
ralonaldehyde as measurzd by the 2-thiobarbituric acid (TRA)
test described by Tsen and Collier {1S60). TBA reacts in a
ratic of 2:1 with malonaldehydes a product of the oxidation
of unsaturated fatty acidss to form 2 rad pigment which
absorbs maximally at 522 nm. Althcugh this reacticn does
not directly reflect the formation cf lipid peroxides {Pattan,
1974; Sawicki» Stanlsy and Johnscrs 19£3)s it paraztlels
direct measurements of tipid "percxidation”™ under a wide
varizsty of experimental conditions and has bheen Wwidely usecd
as 8 genera{ mesasure of peroxide formation (Barher and
Bernheims 1967; Dahle gt abs 1962). Tc a centrifuge tube
containing 2 m! of ghost suspension, 2 ml of 10X
trichloroacetic acid ard 4 ml of 0.677%7 2~thiobharbituric acid
were added. The mixturs was placed in a boiling water bath
for 10 minutess ccolads centrifugeds and the supernatant was
removed. Absorption spectra of the supernatant was
measured betweaen 420 ard 600 nm wWith water as a blank., The
height of the peak at ©£32 nm was saxpressed in absorbance
units, A 5325 and indicatss the amount of lipid peroxide

present,
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Cell Volume

Cells were countec and their vclume was measured
by use of an electronic bhlood cell counter: the Coultsr
Counter, Ditution was 1:5C»,000 in isotonic buffer,
Ghost cells prepared as described were found %to have an

average volume of 47.5%5 cubic microns.

Phase Contrast Microscopy

The preparations were examined with a3 Zejss
Photomicroscope. Membrane samgles were diluted in the
appropnriate huffer and examined at 2 magnification of

1600 x.

Test Systems

For mcst experimerts the test system consisted of a 15
ml volume in a 25 ml Frienmyer flask. The incubation medium
was 0.125 M NaCl in 20 mM PO4 buffers, pH 7.4 and ghost
cells were diluted to give a 10% suspersicn. Temperature

was ordinarily 37°c.

Retinol was dissotved in 1087 ethanocl to give a2 50

mag/mi stock‘solution. This was stored under nitrogen in the
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cold and in the dark, 3and was used within three weeks.
Dilutions were made immediately befcre use by rapid
injection into the i1ncubhating tuffer while stirring with 2a
Wwith a Vortex mixer, In spite of these pracautions,
effactive concentratior in the ircubation media varied
slightly from day to day as the lipid-soluble retinol
molacules occasioralily adhered to the glass container and/or
formed lipid droplets l[aspecially a2t high concentrations)

rather than dispersed evanly in the aqgueous mediur.

Ascorbate was always freshly preoared in a cold
solution. pH was adjusted to neuytrelity and appropriate

volumres ware added to th2 ghost susrensions,

A-tocopherol was prepared fresh each day by dissolving
it in a2 4:1 ratio with 1C0%Z ethanol. Dilutions were made in
ethanol and added to test media by rarid injection with 2
Hamilton syringe. Fauatl volumes of ethanot alone (0.15 mi in
15 m1) were found to have no effct ¢n cell morphology or
permeabilty. In cases Wwhere toccpherol was to be used in
conjunction with another vitamin, gtosts and tocopherol were
pre-incubated for 30 min. at 37°C before addition of the

other substances.
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The effect of different oxygan caoncentrations was
examinesd by bubblting either 1007 nitrogen or 100% oxygen
through the incubation madium for 15 minutes and
flushinga tbe surface fcr another 5 minutes prior to the
addition of ghost cells, Flasks uwere sealed with rubber
stopoars and the surface was re—flushed with nitrogen
following the withdrawal of all samples. Controls received
equivalant treatwent with zir tn standardize any mechanical

affects.
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RESULTS

Loss of Glyceraldehyde-3-phosphate dehydrogenase
activity caused by retinol

A progressive loss of glyceralidehyde—3—phosphate
dehydrogenase (GAPD)Y activity occurrec after the addition cf
retinol to a suspension of ghost cells, Figure 2 shows ths
progress of the reacticn in ghosts treated with Triton X-1Q00
at various time intervals after the addition of 0.6 mM
retinol. Representative resuits iltustrating the tima
course for {oss of GAPD activity with retinol at variosus
concentrations are shown in figure 3. Because of
variability in the effective concentratior of retincl (see
Materials ard Methods)s the dose response curvesy while
qualitatively reproducibles wers nct directiv comparabie
from one expariment to the next. The following effects,
however, occurred consistently in ail three replications of
the 2xperiment Wwhich were carried out. Following six hours
of incubaticn at 37°C- D.28, 0.56» C.85 and 1,12 mmoles of
retinal per litre cof 1C% ghost suspension caused a loss of
observabie GAPD activity equal to 4¢6»s 81, 89 and 967 of the
original control sample, Average lcss of activity in 10
sampies without retinol duriing an ecuivalent period of time
was 3%. Subseauent addition of an excess (0.5m*) of the

sulfhydryl compound dithiothreito!l (DTT) resuilted in
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Fiagure 2. Glycaraldehyder=3-chosephate dehydrogcenase
sctivity at various time intervals «n the

oresenrc2 of C.56 oM retinod

A 10% ghost susoansion in 0.125 m™ NaCl anc

29 mM PN4 buffers oH 7.4 was mixed with 0.56 1M

retinol and i1ncubated at 37°C. D.lmil _aliauots

Wwere pre—incubated for 1 xirute at 25°C with
ate

Triton X-100. Glyceraldehvde—3—phosphat
dehydrogenase was assayed b addition of 30 m*
sodium pyronhosohate, pH B.4, 0.4 M codium
arsenates 20 mM NAD and 1S oM
glyceratdehyde~-3-phosphortc acid. Rate of increase
in absorbanpcae at 340 nm was followsd for 3 minutac
at the time intarvsis indicated.

‘<
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Figure 3. Time course for loss of
glyceraldehye-3-phosphate dehydrogenase
activity with retinol at various

concentrations

A 10% ghost suspension in 0.125 M NaCl and 20 aM

P04 buffers, pH 7.4 was mixed with retinol at various
concentrations and incubated at 37°C. GAPD

activity was assayed as described in figure 2.
Enzyme activity is expressed as a percentage of
maximal activity observed in contro! samples
incubated in buffsered isotonic solution for the

same period of time and exposed to 0.2% Triton

X-100 immediately before the GAPD assay.
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complete restoration of GAPD activity. Damage occurred most
rapidly immediately aftar the addition of retinol and then
more slowly until a nearily constant valtue was reached
(figure 4). With n,.56 mmoltas of retinol per litras lcss of
activity occurred at ar average rate of 57 p;r minute for
the first five minutess 1.57%7 per nirute for the following 25
minutesy, and 0.06% per minute for the remainder of the six
hour incubation period. Azuma and Yoshizawa (1971) found a
similar pattarn in the hemolysis of erythrocytes by
retinaldehyde., Damage proceeded mcst rapidly in the first

10 minutes and was virtually complets after 30 minutes.

Loss of Glyceraldehyde-3-phosptate cdekydrcgenase
activity caused by asccrbate

The time course fcr loss of GAPD activity with various
concentraticns of ascorbate is shewr in figure 5, Following
six hours of incubatior 2% 37°C, 0.01» 0.1, 1.0 and 5.0
mmoles of ascorbate per litre of ghcst suspension typically
caused 2 loss of ohservablte GAPFD activity equal to 20s 47,
66 and 887% of the control sample, 10 miltimotar ascorbate
compietely removed observable snzyme activity by the and of
six hours. When 0.5 aF DTT was acced after incubation the
activity of GAPD was restored to corntrol levels, Initiatl
damace caused by ascorbate occurred much more rapidiy than

eaquimolar concentrations of retinol, aven though effective
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Figure 4. Effect of retinol on the initial
and subsequent rates of glyceraldehyde-3-phosphate

dehydrogenase destruction

A 10% ghost suspensicn in 0.125 M NaCl and 20

mM PO4& buffer, pH 7.4 vwas mixed with retinol at
various concentrations and incubated at 37°C.

GAPD activity was assayed as described in ftigure
2. The initial rate of damage to GAPD represents
the tirst 30 minutes of incubation., Subsegquent
rates illustrate the second 30 minutes and final 5
hours.

38
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Figure 5. Time course for loss of
gliyceraldehyde—-3-phosphate dehydrogenase
activity with ascorbate at various

concentrations

A 10% ghost suspension in 0.125 M NaCl and 20

mM PD4& buffers, pH 7.4 Was mixed with ascorbate at
various concentrations and incubated ay 37°C.
GAPD activity was assayed as described in figure
2. Enzyme activity is expressed s8s 8 percentage
of maximal activity observed in control samples
exposed to 0.2% Triton X-100.
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damage was considerably less following the first half hour
of itncubation. With 0.5 mmcles cf ascorbate per litres
damaqge occurred at a2 rate of 97 per minute during the first
5 minutess 0.43% for the following 25 minutess and 0.02% per
minute for the remaining & hours. The damaging effect
appeared to reach 3 maximum within 30 minutes and subseguent
rates of darage wWwere negligible wher ccmpared wWith the

inttial effect (figure H).,

Effect of temperature cn loss of
Glyvceraldehyde—-3-phosphate dehydrogenase activity

Since the release of hemoglobin from earythrocytes
treated with vitamin A is prevented at temperatures beslow 2;,
C (Dingte and Lucys 1962), the temperature—dependence of
loss of GAPC activity was investigated., Figure 7 shows that
damage to the enzyre induced by 0.5¢ mmoles of retinol per
litre of ghecst suspension was suppressed by 53% when the
medium was kept at OOC. In the case of 5 mM ascortate there

o
Wwas no slowing of GAPD inactivation at 0 C.

Fffact of nitrogen and 100% oxygen cn loss of
Glyceraldahyde~-3—phosphite dehydrogenase activity

Although an envircnrent of 1C0% nitrogen did not

preyant the initial decrease ir GAPP activity caused by 0.556
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Figure 6. Effect of ascorbate on fnitial and
subsequent rates of glyceraldehyde—-3-phophate

dehydrogenase destruction

A 10% ghost suspension in 0.125 M NaCl and 20

mM PO4 buffer, pH 7.% was mixed with ascorbate at
various concentrations and incubated at 37°C.
GAPD activity was assayed as described in figure
2. The initial rate of damage to GAPD repressnts
the percent activity lost per minute in the first
30 minutes of incubation. Subsequent rates
iltustrate the second 30 minutes and final 5
hourse.
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Figure 7. Effect of temperature on toss of
glyceraldehyde-3-phosphate dehydrogenase activity

during incubation with 0.56 mM retinol

A 10% ghost suspension in 0.125 M NaCl and 20

mM PO4 buffer, pH 7.4 Was treated with 0.56 =M
retinol and incubated both at 37°C and in an ice
bath at 0°C. GAPD activity was assayed as
described in ftigure 2, and is expressed at a
percent of the maximal activity observed in
control samples exposed to Triton X-100.
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mM retinols, it did exert a protiective effect following the
first hour of incubaticn and at the end of six hours anzyme
activity was approximatsly 3,7 times greater that in normat
atmospheric conditions. Incubaticn under 1007 oxygen also
had no effect on initiat GAPD destructions however it
enhanced subsequent dagage and the sctivity remaining at the
end of 5 hours was only one half cf that seen 1r normal
atmospheric conditions {(figure 3). Incubation cf ghost
celis witheocut retinol in the presence of oxygen also caused
extensive damage to the enzyme GAPD corfirming previous
reports by Horn and Haugaard (1966), (Qoservable acttvity
following six hours of exposure to 10C7 oxyagen was onily 187
that of the control level, fnzynme activity in the presence
of % mM ascorbate was not significarttiy affectsed by
incubation under nitrogens, and 1C0% oxygen resulted in only
a margiral accetsration of inactivaticr of the enzyme

(figure 9).

Loss of Glyceraldehyde-3-phosphate cehydrogenase
activity caused hy ascerbate and retirol

Figure 10 illustrates the effects of 0.56 mM retanot on
GAPD activity in the presence of both high {1 mM) and low
(0D.01 mM) ccncentrations of ascorhate., Loss of en2ym=
activity was initially much more rapid in the presence of

both 1 mM ascorbate and 0,54 mM retinol! than with either



Figure 8., Effect of nitrogen and 100% oxygen
on loss of glyceraldehyde-3-phosphate

dehydrogenase activity induced by 0.56 mM retinol

Incubation media consisting of 0.125 M NaCl,

20 mM PD& buffer» pH 7.4 and 0.56 M retinol were
bubbled for 15 minutes with eithar 100X oxygen or
100% nitrogen. The surface was flushed for a
further 5 sinutes, and ghost cells were added to
make a 10% suspeoension. Flasks were sealed with
rubber stoppers and the surface was re-flushed
with the appropriate gas mixture following the
withdrawal of all samples. GAPD activity was
assaysd as described in figure 2 and is expresssd
as a8 percent of the meximel activity observed in
control samples exposed to Triton X-100.
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Figure 9. Etfect of nitrogen and 100% oxygen
on loss of glyceraldehyde-3-phosphate

dehydrogenase activity induced by 5 mM ascorbate

Incubation media consisting of 0.125 M NaCl.»

20 mM PO4& buffers pH 7.4 and 5 mM ascorbate were
bubbted with either 100% oxygen or 100% nitrogen
for 15 minutes. The surface was flushed for a
tfurther 5 minutes and ghost cells were added to
make a 10%Z suspension. Flasks were sealed with
rubber stoppers and the surface was re—flushed
with the appropriate gas mixture following the
withdrawal of all samples. GAPD activity was
assayed as described in figure 2» and is expressed
as a percent of the maximal activity observed in
control samples incubated in buffered Isotonic
solution for the same period of time and expossd
to Triton X-100 immediately before the GAPD assay.
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Figure 10. Loss of glyceraldehyde-3-phosphate
dehydrogenase activity in the presence of

ascorbate plus retinol

A 10X ghost suspension in 0.125 M NaCl and 10

mM PD4& buffer» pPH 7.4 was mixed with 0.56 aM
retinol and either 1.0 or 0.01 mM ascorbate,
Incubation was at 37°C. GAPD activity was assayed
as described In figure 2 and is expressed as a
percent of the maximal activity observed in control
samples incubated in buffered isotonic solution for
the same period of timeo and exposed to Triton X-100
inmediately before the GAPD assay.



FIGURE 10

80.00 100.00

80.00

up.00

GRAPD ACTIVITY (ZMAX)

20.00

.00

°ofoo 0.7S 1.50 2.25
TIME (HOURS)

LEGEND

%  0.S6 mM RET
®  0.S6mN RET, 1 mM ASCORB
X 0.56mM RET, 0.01 mM ASC

53



54

alone and leveled ¢ff in one hour tc agpproximately 607 of
the value with retinol atons, This effect was observable
Wwith ascorbate concentrations greater than 0.5 mM and the
axtent of damage was determined by the amount of zscorbate
presant, The additive effect of 10 nM ascorbate was so areat
as to complaetely destroy any observsbie activity within one
half hour. In three cut c¢f four repsated experiments, 0,01
mM ascorbate produced 8 protective ef fect which was
sigrificant at the 0.0% level of corfidence. At 0.1 mM™
ascorbate the pfotective and damaging effects cancelled 2ach
other out» and the result was a net zero effect on

retinol-induced GAPD destruction.

Eftect of A -tocopharol cn loss of
Glyceraldehyde~3-phosphate dehydrogenase activity

Incubation of ghosts with D.1l1€é» 0.23 or 0.56 mM
tocopherol did not alter GAPD activity from control values.
Inclusion of 0.11¢ and 0.56 mM ol-tocopherot in the
incubaticn medium with 0,56 mM retinol had a protective
effect on GAPD which mgintained enzyme activity at the end
of £ hours at a level 307 higher than with retinol alone.
Althcugh the effect of higher tocopherc! concentrations was
not observable 1n the first half hour c¢f incubation, 0.116
mM produced immediata results (figure 11). Protectivsa

effects ware not seen with tocopherol acetate (0,106 mM)
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Figure 11. Effect ot A ~-tocopherol on loss of
glyceralidehyde-3-phosphate dehydrogenass activity

caused by 0.56 mM retinol

10X ghost suspensions were pre-incubated for

30 minutes with 0.12 mM tocopherols 0.56 aM
tocopherols or 0.106 mM tocopherol acetate.
Sufficient retinol was added so that final retino!l
concentration was 0.56 =M mmoles/litre. GAPD
activity was assaysd as described in figure 2, and
is expressed as a8 percentage of ths maximal
activity observed in control samples incubated in
buffered isotonic solution for the same period of
timo and exposed to Triton X-100 immediately before
the GAPD assaye.
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which actuatly enhanced the damagung effact of retinol, The
enzyme damage induced by 1 mM ascortate after 6 hours was
decranased by 10 and 257 with 0.56 and 0,116 mM tocopherol

respectively (figure 12),

Development of lipid "peroxidation”" in the presence of
retinol

Formation of lipicd peroxides as a function of time and
exposure to retinol is shown in figure 13. In contrast to
the sudden effect of retinot on GAPL activity, which di7d nct
progress substantially after the first hour, its effect on

lipid "peroxidation” was slower and mofre progressive.

Development of ligid "peroxidation" ir the presence of
ascorbate

The developmant of absorbance 2t 532 nm as a function
of time and different concentrations of ascorbate is shown
in figure 14, The level of lipid peroxides 2t 0,01 mM
ascorhate did not changa aporeciably fotlowing the first 5
minutes of incubation and was not significantly greater thar
control vatues. With concentraticns grsater than 1.0 mM
ascecrbate, the initial valus remained constant for & hours

and then doubled by 24& hours,. It is of intarest that »a

- [~]
concentrated ascorbate solution wills, if left at 37 C for 24
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Figure 12. Effect of A—-tocopheraol on loss of
glyceraldehyde-3-phosphate dehydrogenase caused by

1 mM ascorbate

10% ghost supensions were pre-incubated for 30
minutes with 0.12 mM tocopherols, 0.56 aN
tocopherols or 0.106 mM tocopherol acetate,
Sufficient ascorbate was added so that final
concentration was 1 amole/litre. GAPD activity
Wwas assayeod as described in figure 2» and is
expressed as a percent of the maximal activity
observed in control samples incubated in buffered
isotonic solution for the same period of time and
exposed to Triton X-100 immediately before the
GAPD assay.
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Figure 13, Progress of lipid "peroxidation®
in ghost membranes with retinol at

various concentrations

A 10% ghost suspension in 0.125 M NaCl and 20

mM P04 buffers pH 7.4 was mixad with retinol at
various concentrations and incubated at 37°C. 2
ml aliquots were mixed with 10X trichloroacetic
acid and 0.,67% thiobarbituric acids placed for 10
minutes in a boiling water baths cooled and
centrifuged. Complete spectra of the supernatant
were measuresd between 420 and 600 nm. Absorbance
at 532 nm is plotted as a function of time of
incubation of the ghost cells in the presence of
retinol.
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Figure 14. Progress of lipid "peroxidation”
in ghost membranes with ascorbate at

various concentrations

A 10% ghost suspension in 0.125 M NaCl and 20

mM PO4 buffer, pH 7.4 was mixed with ascorbate at
various concentrations and incubated at 37°C.
Lipid peroxides were measured as described in
tigure 13,
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hourss assume a yeliowish—-orange color with an absorbance
peak at 508 nm, This results in a stight interference with
measuremeﬁts taken at £32 nm and a characteristic peak was
not chserved at any of the ascorbate concentrations tasted,
with the resutt that atsortance at 532 nm was a siight
underestimate {approximatety 137%7) of the amount of lipid

"paroxidaticn".,

Fffect of temperature cn lirid "percxidation”

Cootirg ths incubzton mediur tc O°C did not hinder the
davelcoment of licid peroxidation at any of *he retinol
concantrations tested., With 5 mM ascorbate a decrease in
temperature simitarily had no sffect during the first six
hours of incubations hcwasver 24 hour 1BA readings at 5,C
Wwere only one third of those at 37°C. This may be explained
in part by the fact that decrosased temperature stows the
oxidation of concentrated ascorbate solutions, thereby
eliminating the peak a8t 508 nm, As the appesarance of
dehydroascorbate and the doubling of "gperoxidation”™ ncrmaily
occurr at the same time, and because decreased temperature
inhibits both sffects, it is likely that the two are

causatiy reliatesd,
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Effact of nitrogen and 1C0Z oxyaen on lipid
"paroxidation"

In the presence of 1007 oxygens the lipid
"peroxidaticn" caused bty 0.56 mM retincl incresased to 1.5
times that in normal atmospheric corditions within the first
S minutes, After 6 hours the value was doubled and after 24
hours under oxygen ths absorbance was 3.5 times that in
normz2]l atmesphere. Nitrogen inhibited oaroxidative damage,
but onily by approximately 50% (figure 15)., The presence of
1007 oxygen Wwith 5 mM ascorbate did not affect TBA readings
during the entire 24 hcur i1ncubation period. Nitrogen also
had no effect during the first 6 hourss but ahsorbance
reacdinas at 24 hours wera approximately 50% less than in
norzal atmospheric conditions. That nitrogen did not appear
completely able tc inhihit oeroxidative changes presumably
indicates that complate anasrobic conditions were nol

attained.

Daevelopment of fipid "peroxidation” in the presence of
ascorbate and retincl

Tha presence of ascorktate had ro significant effact
either at high or tcw concentrations on lioid peroxidation
induced by retinol. aOnly in systems involving retinol and
10 nM ascorbate was there any observable increase in

absorbance at 532 nm and this occurred onily after 24 hours.
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Figure 15. Effect of nitrogen and 100% oxygen
on lipid "peroxidation® in ghost membranes in the

presence of 0.56 mM retinol

Ghost suspensions containing 0.56 mM retinol

were bubbled with sither 100Z oxygen or 100%
nitrogen as described in figure 8., Lipid peroxides
wars determined as described in figure 13.
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Fftect of X -tocophercl on lipid "peroxidation"

The tevel of lipid peroxides fcrned in 24 hours as a
result of 0.56 mM retinol was decreased by 667% in the
presence of D.116 mM tccopherols, an effect which was fairly
consistant throughout the entire incubation period. Higher
concentraticns of tocorherol were less effective 2nd,
altbcugh 0.56 mM tocophserodl initially caused a 407
inhibition cf obsarvabls lipid peroxidations by 21 hours
there was no significant difference in lavels with or
Wwithout the presence ¢t tocopherol (figure 1&6)., TEA
readings in the presance of 10 mM acscorbate chowed 2 siight
increase with tocophsrcts however by 24 hours this was
reversed and absorbance at 532 nm with 0.116 and G.56 mM

toccpherol was oniy 57 and 6#B7 of that with ascorbate alone,

Increase in memwbrane perwmsesabilty with retinol

Figure 17 illustrates the change in membrane
permeability as a function of time and retinoil
concantration. The effact of 1.12 oM retinol is not
included since the en?yme was extesnsively damaged, thus
reducing the reliabilty of permeabilty calculations. One2 of
the higgest problems encountered in daterminina GAPD

accessibilty in the mapner describeg is that the enzyme is
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Figurs 16. Effect of °(—tocopherol on lipid
“paroxidation®™ in ghost membranes in the presence

of 0.56 aM retinol

10% ghost suspensions were pre-incubated at 37°¢C

for 30 minutes with 0.12 mM or 0.56 M

oL —-tocopherol. Sufficient retinol was added so that
tinal retinol concentration was 0.56 mmoles/litre.
Lipid peroxides were measured as in figure 13.
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Figure 17. Effect of various concentrations of
retinol on membrane permeabiity as measured by
accessibilty of glyceraldehyde-3-phosphate dehydrogenase

to substrates located outside the c¢sil membrane

A 10% ghost suspensicn in 0.125 M NaCl and 20

aM P04 buffer, pH 7.4 was mixed with ratinol at
various concentrations. GAPD activity was assayed
as described in figure 2. The fraction of total
GAPD activity which was accessible without Triton
X-100 to substrates added outside the cell membrene
is plotted as a function of time and exposure to
retinol. Total GAPD activity was estimated using
ghosts completely disrupted by triton X-100.
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progressively destroyed with time, Determination of
permaability thus becomas a comparison between two smali
values rather than a large value with triton and a small
value without. 0One way of overcomirg this 15 to perform the
assay with dithicthreitol (N"TT ), both in the presence and
absence of Triton X-10C, and to catcuiats permeability fror
values obtzined by this nrocedure. Inactivation of GAPD
would not, in this case, interfere with permeability
calcutationss as inclusion of DTT with triton and ghost
celts allows a more accurate measuremant of enzyme activity
in totally permeabis cells. If the membrane has been
damaged and made permeabie to substrates added on the
outsides then DTT Wwill anter and reactivate the damaged
GAPDD, The reaction without triton will proceed to the
extent that the DTT can pass through the membranse and
reactivate the enzyme, i.e. according to the permeabilty of

the membrane,

In cells which were tightiy sealed the extent of NADH
accumulatior was smalls and rates were taken as the average
between the extreme maximum and minimum possible veluses.
Low concentrations of retincol {(0.28 mM) did not increase
permeabilty to a large 2xtent, however the change in 5
repeated sxperiments was significant at the 0.05% levelt of

confidence when compared with controt vatues which
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maintained a 2.5% permeabhility throughout the test period.
8y 1 hour changes in permeabhility had procesded to 607% of
their final values and by the end of 3 hours of ircubation

the process appears corpleta,
Effect of ascorbate or membrane permeability

The changes in membrane permeabilty caused by various
concentrations of ascorhate are illustrated in figure 18,
Concentrations less than 1 mM ascortate caused very Iittle
change in permeability compared with controt samples.
Although 5 nM ascorbate apceared Yo caussa a‘sugnificant
increase in membrane permeabilitys there is a larce ameount
of scatter in the data, and it is likely that the effact is
dde to increased enzyme damage and cecreased reliability of
permaability calculaticns as descrited above, Data for 10
mM ascorbate could not be calculated because of extensive

enzyme damage.

Effect of temperaturs cn membrane permeabilty

The increase in permeability ceused by 0.56 mM ratinol
at 37°C is inhibited by incubatiaon at(f C as 1llustrated In
figures 19. Damage nrodued by 5 mM ascorbate was, however,

- [-] (-]
equzally great at 0 C as at 37 C.
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Figure 18. Effect of various concentrations of ascorbate
on membrane permeability as measured by accessibility
of glyceraldehyde-3-phosphate dehydrogenase to

substrates located outside the cell membrane

A 10Z ghost suspension in 0.125 M NaCt and 20

sM PO4 buffers pH 7.4 was mixed with ascorbate at
various concentrations. GAPD activity was assayed
as described in figure 2. The fraction of total
GAPD activity which was accessible without triton
to substrates added outside the ceil membrane is
plotted as a function of time and exposure to
retinol. Total GAPD activity was estimated using
ghosts completely disrupted by triton X-100.
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Figure 19, Effect of temperature on changes
in membrane permeabilty in the presence of

0.56 naM retinol

. A 10% ghost suspension in 0.125 M NaCl and 20

aM P04 buffers pH 7.4 was treated with 0.56 mM
retinol and incubated at both 37°C and in an ice
bath at 0°C. GAPD activity was assayed as
described in figure 2, Changes in permeabilty were
measured as described in figure 17.
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Effect of nitrogen and 1007 oxygen on membrane
permeability

Atthough incuba2tion under nitrogen did pot inkibit the
initial increase in permaability caused by 0.56 mM retinols
it did retard the process following the first hour of
exposure (figure 20). 1007 oxygen coubled tha membrane
perm2ability within 1 hour with retinoi, ascorbate and in

control samrples.,

Combined effect of asccrbate and retinol on membrane
permeability

Recause of extensive enZyme dawmage in the presence of
both ascortate and retinol it was difficult to determinpe
their combined effécts on membrane permeability, It
apoearss howevers that ascorbate does not have 2n effect on

the increased permeability induced by retinol.

Combhined effect of tocopherol and retinol on membrane
permeability

Figure 21 illustrates the increase in permeabilty
caused by various concen*rations of A -tocopherol.
Fquimolar concentrations of tocopherol and retinol resuilt in
approximately the same percentaqe increase in membrane

permeability. Figure 2?2 shows that these permeabiity
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Figure 20. Effect of nitrogen and 100% oxygen
on membrane permeability in the presence of

0.56 mM retinol

Incubation media consisting of 0.125 M NaCl»

20 mM PD4 buffers pH 7.4» and 0.56 mM retinol were
bubbled for 15 minutes with either 100 oxygen or
1007%Z nitrogen. The surfaces were flushed for a
further 5 minutes and ghost cells were added to
make a 10% suspension. Flasks were ssaled with
rubber stoppers and the surface was re-fliushed
with the appropriate gas mixture fotlowing the
withdrawal of all samples. GAPD activity was
assayed as described in figure 2. Changes in
permeability were measured as described in figure
17.
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Figure 21, Efftect ot various concentrations of °‘-tocophero|
on membrane permeability as measured by accessibility of
glyceraldehyde~3—-phosphate dehydrogenase to

substrates located outside the cell membrane.

A 10% ghost suspension in 0,125 N NaCl and 20 mM
P04 buffers, pH 7.4 was mixed with tocophsrol at
various concentrations and incubated at 37°C.

GAPD activity was assayed as described in figure
2. The fraction cf total GAPD activity which was
accessible without triton to substrates added
outside the cel)] wmembrane is plotted as a function
of time and exposure to tocopherol. Total GAPD.
activity was estimated using ghosts completely
disrupted by triton X-100.



CCESSIBILITY

a0

APD A

FIGURE 21

<" 00 1.50 3.00 4.S0
TIME (HQURS)

LEGEND

CANTAAL

0.12 mM TGCOPHEAGL
0.56 mM TACAPHEAOL
2.7 mM TACOPHEAGL

KM X

6.00

83



84

Figure 22. Combined effect of retinol and

KA -tocopherol on membrane permeability

A 10% ghost suspension in 0.125 M NaCl and 20

mM P04 buffery» pH 7.4» was pre-incubated for 10
minutes with 0.12 m#M tocopherol. Sufticient

retinol was added so that tinal retinol

concentration was 0.56 mroles/litre. GAPD activity
was assayed as described in figure 2. Changes in
permeability were measured as described in figure 17,
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changes are additive when tocophero!l anid retinol gre present
simultaneousty. Concertrations higher than 0,12 m¥
tocophern!l 40 not increase the permeabilty to any greater

extent when in combination with retinof.

Cell Size and Morphology

In contrast to whctla rad celis which have 2 volume of
34 cybic microns» frashly prepered ghost cells were found to
have electrical characteristics on the Coulter counter
corrasponding to an average volume of 47.5 cubic microns.,
They appeared soherical withk slight crenation as itlustrated
in Plate 1. Incubatior at 37°C for 24 hours did not
significantly alter cetl size or morphology. The addition
of retinol to the incubation medium, however, resulted in A
concantration-decendent increase in cell size» & phenorenon
which was aiso ohservatle when whole red cells were
incubated with various concentraticrs of retinoi. Plate 2
shows ghost cells after incubation for 6 hours with 0.56 nM
retino!. Crenation has disappeared and the cells appsar as
intact, smooth spheres with some degree of infoiding.
Unlike retirol, Aascorbete does not after the size of ghost
celis, however 1t dcas result in significant changes in celil
morphotogy. Within /& bkourss, 10 and 5 m™ ascorbate cause

ghost suspensions to change from a light rink to a
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Ptate 2, Phase contract photoaranh of erythrocyte v
ghosts followirg & hours of incubation

with 0.56 mM retinol
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brownish—red colors and by 24 hours this has progressed to a
distinct green. In adcitions there wWas increased turbidity
of the cell suspension and an incressed mass of sedimant
after centrifugation. Upon examinaticr under the rhase
contrast microscope, celis appear "speckled", although
Iargely still intacts and the extent of this developmant
depends upon the concentration of ascorhate present (Plate

3).

Incubation with {-tocophercl also results in an
incraasa in cell size. The changes in cell size caused by
squimolar concentraticrs of tocopherol or retinol are
approximatiy enualts ard when incubated together, the effect

appears to be additive as shownr in figurs 23,
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Piate 3, Phace contrast photogranh aof ervthrocvte
ghosts followinn & houre of incubation

with & mM ascorbate
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Figure 23, Conbined gffect of retinol and

C‘-tocopherol on ghost cell size.

10% ghost suspensions in 0.125 M NaCl and 20

mM P04 buffers, pH 7.4» were incubated at 37°C

with 0.56 mM retinol, 0.56 mM o{-toccpherols or both.
Coell volume was measured by the use of an

electronic blood cell counter: the Coulter Counter,

Final dilution of cells in the Coulter Counter was
50,000 times.
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DISCUSSION

At all concentrations testeds both retinol and
ascorbate caused a concentration-dependent inactivation of
the enzyme glyceraldehyde-3-phosphate dehydrogenase (figures
355). This enzyme, which is one of the major components
assoﬁiated with the erythrocyte meabrane, contains a number
of sulfhydryl groups which are highly susceptible to
oxidative damage (Carraway an& Shin, 1972; Tanner and Gray-»
1971). Since the effects of both retinol and ascorbate are
reversed by dithiothreitols a sulfhydryl compound which
reduces S-S5 bonds (Cleland, 1964), it appears that the
decrease in enzyme activity is associated with a reversible
oxidation of sulfhydryl groups. Tjioe and Haugaard (1972)
found the decrease in activity of crystall ine GAPD in the
presence of oxygen to be likewise associated with the
disappearance of sulfhydryl groups and to be reversed by

dithiothrei tol.

The fact that different concentrations of oxygen did
not affect the initial rapid rate of enzyme damage, but did
alter subsequent destruction (figure 8)» indicates the
involvement of two separate mechanisms in retinol-induced
GAPD destruction: (1) an initial rapid effect which likely

does not involve oiygen, and (2) a subsequent effect which
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does involve oxygen. Figure 4 illustrates these two
separate rates of damage while» in contrasts figure 6 shows
that a similar effect does not occur during incubation with
ascorbate. The biphasic pattern in the presence of retinol
closely resembles the two—step process for the hemolysis of
erythrocytes proposed by Dingle and Lucy (1965), al though
they based their classification on the effects of

temperature rather than oxygen concentration.

The inhibiting effect of decreased temperature on
membrane damage induced by retinol has been reported by
Dingle (1961) in lysosomess Dingle and Lucy (1962) in
erythrocytes, and by Lucy, Luscombe and Dingle (1963) in
mitochondria. A similar effect was seen in the present
experiment. Figure 7 illustrates that low temperatures
retard the loss of GAPD activity and figure 19 shows the
inhibiting effect on increased membrane permeability.
Although the decrease in membrane permeabiiity which
occurred at lower temperatures was virtuaily complete,
decreased temperature was not totaliy able to inhibit loss
of GAPD activity, indicating again the possibility of two
separate mechanisas in retinol-induced GAPD damage. By
comparing figures 7 and 8 it is possible to see that while
oxygen concentrations have no effect on the intitial enzyme

damage, & decrease in temperature does» and the latter
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maintains activity in one haif hour at a ftevel spproximately
4 times that at 37°C. Cxygen does not mediate its effect
untit after this time, which implties that the
temperature-dependent bhase of enzyme damage is a

pre—-requisite for the subsequent oxygen-dependent stage.

The effect of ascorbate appears to be complete in the
first 30 nihutes of incubation at 37°¢ since the level of
enzyme activity did not change appreciably beyond this point
(tigure 6). It is possible that this tevelling-offt is due
to an equilibration between dameging and repairing mechani sss
within the celi. As neither decreased temperature nor an
atmosphere of nitrogen had any significant effect on
ascorbate's action on GAPD, it appears that a different
mechanism is responsibie than is the case with retinol.
Further support of this is evident in figure 10. Whereas
high concentrations of ascorbate enhance the initial damage
caused by retinols lower concentrations decreased the
subsequent damaging effect. These data agres with the
reports of Krishnamurthy and Kartha (1673) who found
ascorbate at concentrations less than 0.3 mM to prevent
retinol—induced hesmolysis while higher concentrations

increasad the damage.
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The increase in mesbrane perseability caused by retinol
which has been observed by other workers has generally been
attributed to swellting of the membrane as a result of its
penetration by the hydrophobic portion of the retinol
molecule {Glauert et al.,» 1963). The increase in cell size
shown in figure 23 and the increased accessibility of GAPD to
substrates located outside the cell membrane (figure 17)
indicates that a similar process occurs in erythrocyte
ghosts. The retinol molecule has a bulky hydrophobic ring
system attached to a relatively long» rigid chain which is
terminated by a hydrophilic end group (figure 1). Banghanm»
Dingle and Lucy (1964) demonstrated that it is these
characteristics which produce retinol®s surface active
properties and its ability to penstrate bioclogicai
membranes. Incubation below 20°C, however, retards
penetration and expansion» and this may perhaps explain the
effects shown in figure 19. Penetraticn and expansion of a
membrane involve a concomitant increase in permeabiiity as
the natural components cof the membrane are forced apart to
make room for the intruding molecules (Lucy, 1972). At
decreased temperature, membrane structure is more rigid»
penetration is depresssd» and so also the increase in

permeability.
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Tocopherol also has the abllitiy to permeate biological
membranes (Lucys 1972; Molenaar at a4l.»1972) and figure 21
shows its effect on permeability of the ghost membrane. When
tocophero!l and retinol are present together the effect on
cell slze and membrane permeability is greater than with
either moleculs by itself (figures 22,23), 1If penetration
and expansion ot the membrane alone were sufficient to
decrease GAPD activity, then it would be expected that
tocopherol wWould have the same damaging effect as retinol.
However, as this is not the case, since the presencs of
tocopherol alone in the incubation medium does not aiter
GAPD activity from control levels, it appsars that
penetration without subsegquent oxidation does not destroy
GAPD activity. The fact that lower concentrations of
tocopherol were abls to inhibit the initial damaging sffect
of retinol even though higher amounts were not is paralleled
by the greater efficiency with which lower amounts inhibit
the development of liﬁld peroxication {(figure 16). The
ineffectiveness of high tocopherol caoncentrations may
partially be explained by the formation of micelies or
macrophagic globules when tocopherol is present in large
amountss thus decreasing the effective tocopherol
concentration in soluticen, 0On the other hands it might alsc
be explained by the ability of tocopherol to stabilize

membranes in a physical manner. Lucy (1972} proposed that
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vitamin E stabilizes membranes by virtue of specitic
interactions between its phytyl side chain and the fatty
acyl chains cf polyunsaturated fatty acids. A small amount
of tocopherol may therefore suitably counterbalance the
disorganizing effect of retinol. Higher concentrations,
however» may actually add to the disorder and Anderson»
Roels and Pfister (1967) found that an increase in the
tocopherol/retinol ratio in rat erythrocytes resulted in
widespread distortion of wmeabrans structure. They concluded
that retinol counteracts the changes in structure and/or
function of biological membranes caused by different
concentrations of cX -tocopherol and that both vitamins were

intimately related to membrane structure and integrity.

Both high and low concentrations of tocopherol were
able to exert an effect on the oxygen-dependent phase of
retinol-induced GAPD damage. After 6 hours both 0.12 and
0.56 aM tocopherol show the same degree of protection
towards GAPD activity (figure 11) even though 0.12 =M
tocopherol is considerably more effective than 0.56 mM in
inhibiting ltipid peroxidation (figure 16). Lucy and Dingle
(1964) tound that tocopherol concentrations between 0,23 and
0.46 aM were less sffoective in inhibiting hemolysis than
were concentrations less than thiss, and this was probably

due to‘the fact that they followed the reaction for onily 15
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minutes. Krishnamurthy and Kartha (1973) found that
increasing concentrations of tocopherol afforded increasing
inhibition of hemolysis» howaver their concentrations were
less than 0.1 mN and the effect corresponded with the lower
amounts used by Lucy and Dingle (1964). If tocopherol is
functioning both as a stabilizer of physical membrane
structure and as an antioxidant, it is understandable how
Lucy and Dingle {(1964) found such a wide variety of
compounds with physical similarities to tocopherol to be
equally effective in inhibiting hemolysis for 15 minutes,
Figure 11 shows that tocopherol acetate causes an initial
protective effect on enzyme damage induced by retinol,
presumably the same effect as that seen earlier by Lucy and
Dingle (1964). Subsequent damage was enhanced by tocorherol
acetate, however, and although\tucy and Dingle (1964%)
emphasize the initial protective effect of tocopherol
acetate on erythrocyte hemolysis» they mlso report that
longer incubation with tocopherol!l acetate and vitamin A

resulted in extensive release of potassium and hemoglobin.

Incubation Wwith ascorbate results in no significant
increass in membrane permeability and also no increase in
cell size despite its effectiveness in intactivating GAPD.
Since ascorbate is not lipid soluble, it presumably has less

tendency to interact with the lipid portion of the membrane,.
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It appoars,’therefore that the initial rapid
disappearance of GAPD activity in the presence of retinol is
due to a penetration and disorganization of the ghost cell
membrane. This process is not affected by the presence or
absence of oxygen, but is retarded by a decrease in
temperature. The subsequent effect, wkich is enhanced in
the presence of 100X oxygens likely involves the oxidation
of the double bonds of the retinol molecule and a resultant
injury to neighboring structures in the membrane. Membrane
penetration without subsequent oxidation does not have the
same effect, as indicated by the failure of XA —tocophersl to
inactivate GAPD. A comparison of the progressive loss of
GAPD activity (figure 3) with increased membrane
permeability (figure 13) and the development of lipid
peroxidation (figure 17) indicates that the pattern of
permeabi lity parallels the toss of enzyme activity. Both of
these parameters level off following three hours of
incubation whereas "peroxidation” continues to increase with
further incubation and shows no tendency to level off,
Glauert ot al. (1963) found membrane penetration to occur
within seconds after introduction of retinol to a suspension
of red cells., Fisher at 3l. (1972) found that oxygen uptake
in a colloidal dispersion of r;tinol i ncreased followlnq one
minute of incubation and to reach a maximum batween two and

four minutes» which suggested that autoxidation of the
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retinol molecule begins immediately following impiantation
in the membrane. Lichti and Lucy (1969) and Lucy and Lichti
{1969) showed that retinol behaves as an etectron donor and
Wwill interact with several different electron acceptors,
therefore it is possible that it reacts with oxygen and
initiates a radical chain reaction. Bangham et al. (1964)
found retinol to interact more strongly with lecithin than
with cholesterol in monolayers composed of these two
substances, so If oxidized, the retinol motecule would be in
close proximity to the other labile etements of the
membrane. It is conceivables therefore» how a damaging free

radical chain reaction could be initiated.

The lipid peroxidation which deve lops with retinol
{tigure 13) contrasts with the results of Krishnamurthy and
Kartha (1973) who found no production of TBA pigment even
when hemolysis was complete with 100 mM vitamin A. This may
be explained by the fact that they followed the reaction for
only 30 minutes, and that they used whole red cells rather
than isolated ghost celis. Incubation of whole erythrocytes
Wwith 0.56 mM retinol in the present experiment resulted in
considerably less TBA pigment than was the case with ghost
cells, and perhaps this is due to the removal of some
celtlular protective mechanisms during hypotonic treatment,

Although a large proportion of catalase and glutathione is



105

reported to be retained during hypotonic hemolysis (Nisioka,
1969)» ghost cells contained only 13% of the protein of
whole erythrocytes, and it is highly likely that at least
some of the protective proteins were removed. The fact that
tocopherol inhibits the accumulation of lipid peroxides
suggests that at least one of its effects on the ghost

membrane is that of an antioxidant.

Lipid "peroxidation® in the presence of ascorbate
follows a pattern similar to the loss of GAPD activity in
that the value it attains within the first hour remains
constant for the duraticn of the test period (figure 14%).
Unfortunately, it was not possible with the available
techniques to determine which occurred first
chronologically. As with retinoil, 0.12 mM tocopherol was
more effective in protecting agezinst GAPD damage than was
0.56 mM tocopherol (figure 12). Neither concentrations
however», was capable of totally preventing the initial loss
of enzyme activity. The means by which ascorbate initiates
its et;ect on GAPD is not clears however the following
conclusions may be drawn: (1) ascorbate produces a more
rapid initial effect on the enzyme GAPD than does an
equimolar concentration of retinols (2) this damage levels
off almost ismediately and is less within one half hour than

an equimolar concentration of retinot, (3) enzyme damage
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induced by ascorbate does not result in an increase in
membrane permeabilty, (4) less TBA pigment is produced with
ascorbate than with an equimolar concertration of retinol.
Together with these diffarences, the fact that ascorbate
exerts both a damaging and protective effect on GAPD
inactivation suggests that thes two vitamins produce their

efftects by tao two entirely different mechanisms.

The "speckled" appearance of ghosts seen under the
phase contrast microscope (Plate 3) is due to ths presence
ot intraceliular Heinz bodies, which are primarily composed
of the insoluble degradation products of hemoglobin, Harley
and Mauer (1961) also report Heinz body production ih the
presence of ascorbate, but even with extensive Heinz body
formations not more than 10X hemolysis was detected,
agresing with present results that ascorbate does not alter
membrane permeability. The greenish color present in 24
hours is likely due to such degradation products of
hemoglobin as choleglobin and sul fhemoglobin (Jandls Engle

and Atltlens, 1960).

In conclusions, the questions which were posed at the
start of this study may now be partially answered as

follows:
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1. Retinol in concentrations ranging from 0.28 to 1.12
mM has a destructive effect on the membrane of the
erythrocyte ghost which appears to be more debilitating than
on intact erythrocytes, possibly due to removal of
physiological protective agents during hypotonic hemolysis.
Ghosts thus provide an excellent model for studying
pro—oxidant damage to membranes and enzyme systems. Their
heightened sensitivity and lack of intracetlular components
made it possible to monitor damage caused by a variety of
substances, and to separate the variables invoived. In the
present investigation retinolt produced swelling of the
meabrane and an increase in membrane permeabilty, lipid
"peroxidation", and destruction of protein components,
These effects occurred in two separate stages: (1) an
initial rapid effect which was inhibited at iow temperatures
and did not involve oxygens and (2) a subsequent, slower
effect which was not affected by changes in temperature, but

which did involve oxygen.

2 Ascorbatevcaused an lnactivation of membrane
protein which was more immediate than that caused by an
equimolar concentration of retinol, even though effective
damage was considerably less following the first half hour
of incubation.,  As neither decreased temperature nor 100X

oxygen affected ascorbate-mediated damages, it was concluded
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that separate mechanisms are involved in the membrane
effects of ascorbate and retinol. Lipid "peroxidation"”
occurred only at high concentrations of ascorbate and there

Wwas no change in cell size or membrane permeability.

3. Although ascorbste at concentrations less than 0.1 =M
were proiectlvo against retinol-induced protein damage,
higher ascorbate concentrations enhanced the enzyme
inactivation, and at no time did ascorbate inhibit lipid
"peroxidation™ or alter the permsabi ity changes caused by
rotinol.cﬂg-tocopherol: but not A -toccpherol acetate,
caused 30% protection against protein damage and 70X
protection against lipid "peroxidation™ caused by both

retinol and ascorbate.

4. ol -~tocopherol caused swelling of the ghost membrane
and an increase in permeabillty similar to an equimolar
concentration of retinol, however it did not cause an
inactivation of membrane protein. Penetration of the ghost
memb rane tharefofe does not cause sufficient disorder in the
membrane to inactivate membrane-bound enzymes. From our
resultss, tocopherol is clearly acting as a protective agent
against the non-oxidative damage and also as an antioxidant.
The different time scales of these two events accounts for
the apparently contradictory findings of various workers

which stress one or the other of these roles.
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