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GENERAL _INTRODUCTION

Ascorbic Aecid

Long before the isolation and exystallization of vitamin C

the deficiency disease caused by its lack was known, Scurvy
was the scourge of sea-faring men ever since they relied on
stored food during long voyages. The disease was by no

means restricted to sailors and it tookaheavy toll of human
lives in time of war and famine when fresh food was scarce.
People like Hawkins ( 1 ) end Lind ( 2 ) rightly appreciated
the usefulness of lemon jJjuice and fresh vegetables in prevent-
ing and curing this malady. In the early twentieth century
while the concept of " accessory food factors " to be termed
later "Vitamine " by Punk ( 3,4 ) was in the air, Holst ( 5 )
was studying the etiology of ship-beri-beri by keeping
chickens and pigeons on bread, groats, and unpeeled grains.

He thought that convineing evidence regarding the etiology of
ship~beri-beri could not be obtained from experiments on
poultry so he experimented with mammalia, Holst and Frolich

( 6 ) observed that when guinea pigs were kept on a similar
diet they developed a disease similar to scurvy in man. They
considered the disease to result from the lack of a " gpeciszl
nutrient ", The discase was curable by supplementing the diet
with fresh cabbage, potato, apple, etes The work of the sfore-

said authors was of great significance not only because of its
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conformity with the vitamin hypothesis but also because of the
fact that for the firet time an experimental animal which re-
quired ascorbic acid had been found, This discovery was of
great assistance to the workers of later date, because, during
the isolation and the determination of the chemiecal nature of
vitamin C, biological assays using the guinea pig had necess-
arily to be done frequently.

Twenty-six years ago Szent-Gyorgyli ( 7a ) while working in
Cambridge isolated a reducing substance from adrenal cortex,
cabbage, and orange. The reducing substance was a highly sct-
ive carbohydrate derivative, isomeric with glycuronic acid;

and after losing water formed a reversible crystalline lactone
anhydride with a formula GSHSOS « The exact constitution was
not known, but he proposed the name " hexuroniec acid ", Szent-
Gyorgyi at that time did not realize the identity of his sub-
stance with vitamin C. Five yeérs later Xing and Waugh ( 8 )
isolated the antiscorbutic vitamin in crystalline form and
identified their substance with that of Szent-&yorgyi'a

" hexuroniec meid ". Later in the same year Svirbely and Szent-
Gyorgyi ( 9,10 ) definitely established the antiscorbutic pot-
ency of " hexuronic acid " and the identity of the latter sub-
stance with vitemin C. Szent-Gyorgyi and Haworth ( 11 ) propos-
ed the name ascorbic acid ( AsA ). Harris and Ray ( 12 ) |
followed by other workers confirmed the work of King and Waugh,
Svirbely and Szent-Gyorgyi. The structural formula end chemical
properties have been worked out by Hirst end his colleagues ( 13,
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14,15 )« Other workers also contributed to the solution of this
important problems Synthesis was effected by Reichstein and his

associates ( 16,17 ).

Hirst and his coworkers ( 13,14 ), Borsook, Davenport, Jeffreys,
and Warner ( 21 ) demonsirated that, in vitro, asecorbic aecid is
converted to dehydroascorbic acid, diketogulonic aecid, threoniec

acid, and oxalic acid ( see below Ye

0=? 0= — COOH FOOH COOH
HO—{I§' e 0 3=0 H=C=0H cooH
Hoﬂ? 255555 o=é 0 —> ézo HO=C- H Oxalic aeid
H—(I} H-‘.{f—— H-IC- OH 2OH
HO_?-H HO=C=H HO~(C=- H l-threonie aeid
CH,0H H,0H CH,0H
l-ascorbic Dehydro-l-gscorbic  2:;3-Diketo-l-gulonic seid
acid acid

The immediate reversible oxidation product of ascorbie acid is
dehydroascorbic acid ( DHA )¢ Numerous workers ( 18-22 ) have
reported that dehydrogenated ascorbic acid ig reduced to asecorbiec
acid in vivo and is completely utilized as such, i.e. dehydro-
ascorbic acid has the same antiscorbutiec potency as ascorbic
acids There are certain findings, which lend credence to the
view that glutathione is responsible for this reduetion, and
will be discussed later. However, dehydroascorbic acid suffers
an irreversible non-oxidative chaﬁge, both in vitro and in wvivo,
and is converted to diketogulonic acid ( DKA ) ( 13,14,21,23,24 ).
Hirst et als ( 14.) have shown that.ths lectone ring once broken
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is not reconstructed easily in vitro, except by drastic treat-
ment with HI., In vivo there is no such mechanism for the re-
construction of the lactone ring, therefore, DKA is not enti-
seorbutically potent ( 21,23 ). Penney and Zilva ( 23 ) who
have extensively studied the in vitro and in vivo conversion
of DHA to DKA suggested that in the body ascorbic seid is
probably destroyed as follows:

In the saﬁe year Rosenfeld ( 26 ) published a paper in which he
guestioned the existence of DKA as a normal metabolic intermed-
igte in the catabolism of ascorbic acids According to the
latter author the reversible oxidation product of =mscorbic aeid
undergoes an intramolecular stabilization resulting in, probably
the formatlon of enolized DKA lactone; catalytic amount of
phosphate induces hydrolytic splitting of the 6-carbon chain

of the latter compound and as e result of which oxalic seid is
formed guantitatively and possibly oxalyl threose., (See below).

Ol —
0=C |
_ CO0E
'O—L : P°4( pH 7 )L + ( threose )
Il v CooH
R g Oxalie acid
I ac
HO-{I}- H
CH,0H

Enol-lactone diketogulonie
acid



Recently Damron, Monier, and Roe ( 24 ) suggested that aseorbic
acid is not converted to IHA or DKA in the course of its normal
metabolic destruction, although, when large doses of AsA or DHA
are administered then these compounds are destroyed via the
pathway proposed by Penmey and Zilva ( 23 )s At the pregent
moment, the significance of DKA ag a metabolie intermediate in
the normal catabolism of AsA is polemical, however, the former
compound as a chemical entity and the produet of irreversible
biological transformation has-géined acceptance in the litera-
ture ( 13-15, 21,23,27 )s S

Although Rosenfeld ( 26 ) suggested from the results of his in
vitro experiments that oxalate is the end-product of ascorbie
abid metabolism, it was not until very recently that convineing
experimental proof for such conversion in vivo has been furnish-
eds Burns, Burch, and King ( 25 ) administered ascorbic aeid
1abeied with 014 $0 guinea pigs and measured the amount of c?4
eliminated in respiratory CO, and in urine, They found that

in 24 hrs. on the average 28% of the glé appeared in the respir-
atory €O, end 5% in the urine; out of the latter 30-60% was
present in the urinary oxzalate. The above experiment is strong-
ly suggestive that the conversion of AsA to CO, is a main route
of its metabolisnm andlthat oxalate is an end-product oflascorbic

acid metebolisms

Very recently King and his group ( 28-31 ) working with gluaose'140

have ghown that D-glucose is almost certainly a precursor of
ggcorbic acid in enimals, and since the yield of labeled ascorbie
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acid from glucuronic acid is high, it indicates that glucuron-
ic aecid is an intermediate in the normal route of ascorbiec acid
formations Isherwood, Chen, and Mapson ( 32 ) have provided
evidence which suggests that a similar conversion tekes place in
plantse

The ease with which the reduced form of the vitamin reacts with
numerous oxygen carriers and undergoes reversible oxidation-
reduetion that blochemists have been trying to associate it
with various engyme gystems taking part in cellular respiration.
Unfortunately hawever,-to date, most of the attempts to link
ascorbic acid with any definite engyme system have ended in
failure, ' |

The known facts about ascorbic acid have been summarized

recently by Harris ( 33 ) and are cited below:

(L) In ascorbic acid deficieney there is functional derange-
ment of the formetive cells of the body ( odontoblasts,
emeloblasts, cementoblasts, osteoblasts ) and they stop produc-
ing normal type of new tissues ( dentine, enamel, cement, bone ).
Hormal'productian of collagen is also hampered in ascorbic scid
deficiencys

(2) It has been proved almost certainly that ascorbic acid

takes part in two well defined chemical reactions ( a ) conversion
of folic aecid to folinie acid, ( b ) the metabolism of tyrosine

and related amino-acidse

A new aspect of chemical role of ascorbic acid has been suggested
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quite recently by Becker, Bureh, Solomon, Venkitasubramanian,
and King ( 34 )« They have shown that cholesterol metabolism
is deranged in seorbutic guinea pigs.

Glutathione

The discovery of glutathione as a chemical subgtance dates back
further than that of the ascorbic acidQ In 1888 de Rey Pailhade
( 35,36 ) showed that aqueous extracts of yeast have the power
.to reduce sulfur to hydrogen sulfide, ILater he observed that
many animal tissues possessed the same property. de Rey
Pailhade called the substance responsible for this effect

" Philothion ", However, it was forgotten for a long time, _
until Hopkins ( 37 ) isolated this substence from yeast, muscle,
liver ete., He thought the substance to be a dipeptide contain-
ing glutamic acid and cysteine, and suggested the present_name
to maintain a link with de Rey Pailhade's " Philothion ",
Hopkins suggested that glutathione (GSH ) plays a role in the
oxidation-reduction system in animals. Stewart and Tunnicliffe
( 38 ) synthesized glutaminyl-cysteine and regarded it as
jdentical with Hopkin¢s material, Hunter and Eagles ( 39 )
prepared glutathione according to Hopkinds method and they could
not corrovorate their finding with that of Stewart and Tunni- '
cliffe; ‘their analytical results indiceted that glutathione
was not a simple dipeptide of cysteine and glutamic éoid and
that there was & third amino-acid present, possibly, seriine in
ester linkage; although, they had no experimental proof to
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support their contention. Hopkins ( 40 ) reinvestigated the
problem and found that, in addition to glutamic seid and
cysteine, glycine was also presents Through the work of
Hopkins ( 40 ) Pirie and Pinhey ( 41 ), Kendall, MacKenzie,
and Mason ( 42 ), Harrington and Mead ( 43 ) the structure of
glutathione was established finally as gamma-glutamyl-
cysteinyl-glycine,

co HH.?H.GO H?
tza | GHESH fﬁg
?H,HH2

CO0H

gamma-glutanyl-cysteinyl-glycine

The universal distribution of glutathione has been recognized.
It is present almost exelusively in the intracellular fluid.
Rapkine ( 44-46 ) first formulated the role of glﬁtathione in
eell division and cell growth. He showed that in sea urchin
eggs the concentration of glutathione falls soon after
fertilization and that subsequently there is a considerable
increase about 45 minutes after fertilization., However, the
mechanism of action of thiols in cell division or growth is

not known as yet.

Lohmann ( 47 ) showed for the first time that glutathione acts
as a coenzyme in the glyoxalase system and the activity of
which is dependent upon the amoﬁnt of glutathione present.
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Recently Racker ( 48 ) has worked out the details of the mechan-
ism of this aection of glutathiones No other enzyme system has
been diseovered where glutathione acts as a coenzymeys Hopkins

and Morgan ( 49 ) found wide distribution of glyoxalase in

living organisms ( vertebrates, invertebrates, and higher plants ).
The metabolic significance of glutathione-glyoxalase systen,

however, is not clear at the present time,

Glutathione plays a protective role in animal organisms, There
are a number of enzymes which need the presence of -SH groups
in their protein moiety for activity, a number of these enzymes .
are connected with the oxidation of aminoscids, carbohydrates,
end fats. If the -SH groups of these enzymes are attacked by
substances which destroy the -SH groups, glutathione restores
the sulfhydryl groups either by withdrawing the destroying
agent or reducing the -SH groups if the latter are oxidized.
Thus glutathione is a protective or reactivating agent ( 50 ).
Within this protective role, probably, falls the action of
glutathione against the induction of alloxsn and dehydroascorbie
ecid diabetes ( 51 )« Soluble thiols of which glutathione is
perhaps the most representative example has been suggested as
responsible for the meintenance of the " sieady state "; and

the regulation of the energetic processes of the eells ( 50 ),

Numerous other papers have been publighed on the possgible
biological function of glutathione but, to date, nothing has
been definitely established.

The metabolism of glutathione has been studied quite extensively
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in recent years with the aid of isotopic components of the
tripeptides Waelsch and Rittenberg ( 52,53 ) demonstrated the
rapid inecorporation of isotopic glycine and glutemiec aecid into
the glutathione of liver and intestine of rabbits and rats,
The rate of incorporation of the two aminoaeids into gluta-
thione is far quicker than into the proteins of the same organs.
According to the aforesald authors the half-lifetime of gluta-
thione in vivo ig 2-4 hours. Other observers have since con-
firmed the rapid turnover of glutathione both in vivo and in
vitro ( 54,55 ). Bloch and his associates ( 54,56-58 ) have
reported the enzymic synthesis of lebeled glutathione from
cl4giyeine and W 2glutanic acid in liver slices and homogen-
ates, Their studies strongly indicate that adenosinetriphos-
phate ( ATP ) participates in the synthesis of glutathione,

The enzymic splitting of glutathione into its component amino-
aeids has been reported by a number of workers ( 59-63 ).
Recently Olson and Binkley ( 63 ) have separated the enzyme
regponsible for the hydrolytic cleavage of gamma-glutamyl
linkage from the one reéponsihle for the hydrolysis of

cysteinylglycine,

In a recent review Barron ( 50 ) has concluded that glutathione
may be oxidized in the cells by cupric ions, cytochrome
e-cytochrome oxidase, and Hy0,=peroxidase. Ames and Elvehjem

( 64,65 ) purported that eytochrome ¢ is mainly responsible for
the oxidation of glutathione; in the absence of the aforesaid
engyme the oxidation of glutathione is effected, possibly, by
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a coenzyme I-linked enzyme systems The influence of coenzyme I
on the oxidation of glutathione, in the presenece of cytochiome
¢, is only secondary in nature. They observed that ascorbie
acid increased the rate of oxidation of glutathione by tissue
homogenates both in the presence and in the absence of eyto-
chrome ¢ However, since on further addition of ascorbic aecid
the oxidation rate of glutathione did not inerease, they re=-
garded the stimlating action of ascorbic acid on the rate of
oxidation of glutathione as catalytic, Conn and Vennesland

( 66 ) have demonstrated the presence of an enzyme in wheat
germ which catalyzes the reduetion of oxidized glutathione

( 688G ) in the presence of triphosphopyridine nucleotide

( TPN ). Mapson and Goddard ( 67 ) have also expounded the
exigtence of such an éenzyme in a rumber of plant tissues.

Rell and Lehninger ( 68 ) have shown that g TPN-linked gluta-
thione reductase exists in kidney, liver, spleen, heart muscle,
brain, skeletal muscle, blood cells, and blood serum, The
gpecific activity of the enzyme decreases in the order listed
above. Accoxding %o Rall and Lehninger the aforesaild enzyme
shows specificity for both GSSG end TPNH, and effects the

reduetion of the former as follows:

T, + G88G¢ —— 268H + TIN

At the present moment there is no unanimity of opinion regard-
ing the state of glutathione in blood and tissues, although the
foregoing literatures show that there exist, in vivo, mechanisms
foi the oxidation and reduetion of glutathione,



Glutathione and Ascorbic Aeid

Glutathione and ascorbic ascid have been closely associated
in the minds of the biochemists because of the ubiquitous
distribution of both, the close similarity of their
properties with respect to the ease with which both are
oxidizeé and reduced, and the tremendous concentration of
both in embryonic tissues wﬁere synthetie processes oeccur

at a great speed ete. Szent-Gyorgyi ( 7a ) in the earliest
communication on " hexuronic acid " observed that oxidized

" hexuronic acid " is reduced by animal tigssues and con-
current with the reduction of the former a progressive
diminution of the nitroprusside reaction tskes places He
concluded that oxidized " hexuroniec aecid " is reduced by
glutathione, fixed thiol groups, and other unidentified
factors. In a later publication Szent-Gyorgyi ( 7b ) pur-
ported the presence of an enzyme " hexoxidase " in plant
tissues which catalyzed the oxidation of " hexuronic acid ".
He reported that the former, in the absence of the latter,

is without any effect on glutathione, On the other hand,

if " hexuronic acid " is present then glutathione is viecar-
iousgly oxidized. Hopkins and Morgan ( 69 ) amplified the
idea and demonstrated that, when ascorbic acid and gluta-
thione are present together in the presence of ascorbic aeid
oxidase, ascorbic acid is completely protected from oxidation
by this specific oxidase, and glutathione is directly oxidized.
In the above gystem when reduced glutathione disappears almost



il B

completely then ascorbic acid is oxidizeds They explained the
above protective action of glutathione on the basis of active
hydrogeﬁ transfer from two molecules of glutathione to each

~ activated molecule of ascorbie acid, and thus keeping the
lattej in the reduced form. Their observations also include
such faets that glutathione protects ascorbic aecid from
eataljtic oxidation by copper, and that dehydroascorbic acid
is reduced by glutathiones According to the aforesaid authors
glutathione inhibits copper induced oxidation of ascorbiec acid
by forming a compound with copper and thereby preventing the
effective contact between copper and ascorbic ascide In the
above paper it was further suggested that glutathione in very
high eoncentrationé might protect ascorbic acid from oxidation
in the liver tissues. KXertesz ( 97 ) could not confirm the
work of the above authors. Crook and Hopkins ( 71 ) repeated
and extended the work of Hopkins and Morgan ( 69 ) and fully
confirmed the original work. At a later date Crook ( 98 ),
Crook and Morgan ( 72 ) further substantiated the original
elaim by partisl separation of ascorbie acid reduetase from
oxidase and demonstrated the faet that the former was resﬁonaible
for eatalyzing the reduction of dehydroascorbic acid by gluta-
thione,

Roe and Barmum ( 73 ) observed that whole blood, blood plasma,
and washed red cells of different species when incubated with
dehydrogenated ascorbic acid reduced the latter to asecorbie
acide On the other hand, Na-fluoride treated or heated plasma



and tungstic acid filtrate of whole bBlood lost the power to
reduce dehydroascorblc acid to ascorbic acid, They concluded
that dehydroascorbic acid is reduced by an enzyme present in
the blood of humans, guinea pigsy and ratss Borsook, Davenport,
Jeffreys, and Warner ( 21 ) suggested on the basis of their

in vitro experimental findings that glutathione is perhaps
mainly responsible for the reduction of dehydroascorbic aecid
‘in some animal tissues. Schultze, Stotz, and King ( 74 )
ecould not confirm the work of Roe and Barnum ( 73 ) and they
concluded that dehydroascorbic acid is reduced by a reversible
reaction with glutathione and fixed -SH compounds of the
tigsuess Barron ( 50 ) believes that the reduction of dehydro-
ascorbie acid by glutathione as suggested by Borsook et als
does not take place under physiological conditionss Recently
in human subjects Prunty end Vass ( 70 ) have shown statistioc-
ally significant negative correlation between the values of
plasma ascorbic acid and reduced glutathione levels in the red
cells after the administration of large doses of ascorbic acid,
Purthermore, they have pointed out that a f£all in the reduced
glutathione of blood is accompanied by a rise in the oxidized
glutathione in the sbove casess

To date, no enzyme system which eatalyzes the oxidation-
reduetion of ascorbic acid, such as has been found in plants,
has Dbeen definitely established in animal tissues, Although,
glutathione has been suggested as the prineipal reducing agent
for the weduction of dehydroascorbic acid in animal tissues,



the case is far from being deeisively proved.

Oxidized ascorbic acid and glutathione have been related in an
entirely different biochemical role in recent years, i.e, in
relation to the production of experimental disbetes and its
prevention ( 75 ).

The gradual unfolding of our Ikmowledge about ascorbic acid and
glutathione is fascinating and it has been very briefly summar-
ized in thips reviews, In the subsequent sections literatures,
"whiech have a direct bearing on the problems studied, will be
discussed more fullys



PART 1

INVESTIGATIONS ON THE POSSIBLE EXISTENCE
OF DEHYIROASCORBIC ACTD IN RABBIT PLASMA
AND ITS ATTERATION BY INJECTION OF ALLOXAN




Sinee the discovery by Dunm, Sheehan, and MeTetohie ( 76 ) thet
alloxan esuses & seleetive neerotio degeneration of the betaw
egella in the islets of Langerhans of the pancreas, numerous papers
have beern published on the possible role of alloxan in the
etiology of human disbetess To date, it has not been proved
decisively thet slloxan existe normelly in the bedy ( 77 ), or
that it appears in gignificent amount undeyr ebnormal metabolie
conditiong, notwithetanding that there are some gsuggestions to
that effeet ( 78 )s Nevertheless, alloxan has been a very
helpful tool to the biologists as a means 0f producing experi-
mental disbetes and for following many of the compliested
metabolic derangements associated with that condition. Vexy
recently Patterson ( 79,80 ) has shown that the intravenous
injection of dehydroascorbic seid into rets results in the
production of disbetes. He pointed out the stwuetural resem-
blenee of the dehydromseorbic aeid molecule to that of alloxan,

{see below): . 4
HN 0 0 co
H? co
|
CH,0H

oc 0 OH—C-H

2
Alloxan Dehydroascorbic acid
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| Princiotto ( 81 ) has extended Patterson's observation by
making rabbits diabetic with dehydroascorbic aecid, Unlike
alloxan, ascorbie acid is definitely knmown to be a normal
constituent of the body tissues and one of the chemiecal
properties of ascorbic acid is that it is fairly easily
oxidized reversibly to dehydroascorbic aecid k 13=15 )s
However, till the recent publication of the paper by
Stewart, Horn, and Robscn ( 83 ), ascorbic acid has been
generally thought o exist mainly in the reduced form in the
body ( 21,84,85 )« Stewart et als reinvestigated the problem
and suggested that dehydroascorbic acid exists in the human
plasme and that diketogulonic acid does not exists They
further found confirmatory evidences in their experiments
with ACTH, Cortisone, and'Salicylate adminigtration which
altered the iatio of ascorbiec acid to déhydroascorhic aecid
(86 )

It has been suggested that alloxan combines with or oxidizes
reduced glutathione ( 82 )y If, reduced glutathione is res-
ponsible for méintaining ascdrbic acid in the reduced form

in enimals, as has been suggested in plants by Hopking and
Morgan ( 69 ), then, there is a possibility that alloxan by
combining with or oxidizing reduced glutathione mey indizectly

cause the formation of dehydroagcorbic acid.

The immediate purpose of the work in this section is, therefore,
to investigate whether dehydroascorbic acid exists in the plasma



of other animals besides human end whether the diabetogeniec
action of glloxan is due to or assoeiated with the formation
of dehydroascorbic acid.

EXPERIMENTAL

Rebbits purchased from recognized dealers and subsequently
inbred in this laboratory were used throughout the work of
this thesgis, During this experiment they were maintained
on a daily ration of bran, oats, hay, and water ad libitum,
In a few preliminary experiments it was observed that the
ascorbic acid level in the plasma of such animals was very
low, Since the purpose of the experiment was to observe
whether dehydroaseorbic aeid-was present in significant
emount in the plasma of rabbits, and whether the concen-
tration of the aforesaid substance altered by alloxan in-
jeetion, the vitamin C concentration in the plasma of the
experimental animals was raised by supplementing the diet
with cabbage. In this way the estimation of ascorbie acid
in the plasme was facilitated end experimental errors
minimized.

Technigue of Blood Collection:

The apex beat of the heart was palpated and as close to it
as possible & hypodermic needle was pushed into the thoracie
cavity towards the throb at an angle of 45° from the long
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axis of the rabbit's body till the blood eane out in spuxfs,
which indicates that the left ventricle is pierceds If the
right ventricle is piereed then the flow is much slower end
when the anricles are punctured the flow is of even types

The outflowing blood was collected in a heparinized syringe,
In one bleeding approximately 20-40 ml, of blood were collect=
ede The same animal was used again gometimes, provided it
received no other form of treatment and at least seven weeks

elapsed between two bleedings.

Blood obtained by the above procedure was centrifuged for
10-15 minutes; ascorbic acid and total ascorbic acid deter-

minations were made in the same sample of non-hemolyzed plasma.

llethods

Asecorbic acid was estimated by the modified indophenol method
of Stewart, Horn, and Robson ( 83 ). Total ascorbic acid was
estimated by the method of Roe and XKuether ( 87 ), and Mapson
and Ingram ( 88 ).

Recoveries of the pure .substance added to plasma by the
indophenol method ranged from 95-100% and by the Roe and
Kuethex's phenylhydrazine method from 98-101%, When 12
determinetions were made by the indophenol and phenylhydrazine
methods on the same sample of plasma containing no ascorbic seid
and to which 1 mgdbof ascorbic acid wags added the recoveries

were as follows:
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Methods lMean Range Standard
' Deviagtion
Indophenol 0954 mg. 04925-140 mg. +0,0297

per 100 ml, per 100 ml,

Phenylhydrazine 0,981 mg. 0+95-1602 mge 0,034
per 100 ml, per 100 ml,

The principles of the above methods may be recalled briefly:
A, Indophenol method: .
The reduetion of the dye 2 1+ 6 - dichlorophenolindophenol by
ascorbic acid is complete within 30 seconds and other reducing
substances noxmally present in the plasma do not react with
indophenol within that short time and under the specified
conditionss Henece the indophenol method measures the amount

of reduced aseorbic acid present in the plasma.

Bes Roe and Kuether's method for total ascorbie acid:

All the reduced ascorbic acid is converted by ectivated chare
coal to dehydroascorbic acid. When the latter substance is
incubated with 2:4-dinitrophenylhydrazine it is converted to
diketogulonic aeid ( 23,89 ) and couples with 2:4-dinitro-
phenylhydrazines €he resulting osazones are dehydrated with

85¢% H2804 and a red color is produced which is measured photo-
metricallys It should be noted that any preformed dehydroascorbie



acid and diketogulonic acid also react with phenylhydrazine
to form osazones, Therefore, this method measures ascorbie

acid plus dehydroascorbic acid and diketogulonic acid.

Cs Hapson and Ingram's method for total ascorbic acid:

Esch, coli reduces dehydroascorbic acid t0 ascorbic acid under
anaerobic conditions, at pH 6.2 and 35%, Henee eny inerease
in indophenol rcducing power of plasma after Esch., coli treat-
ment is believed to be due to the reduction of dehydroascorbic

acid to ascorbic acids

RESULTS AND DISCUSSION

The results obtained by the indophenol and phenylhydrazine
methods are gpoken of as indophenol and phenylhydrazine wvalues
in the course of this discussion. In the Tables the column
DHA ? shows the difference between the phenylhydrazine and
indophenol values; & plus sign is used when the former is
higher than the corresponding value of the latter and a minus
gign indicates the reverse.

The analyses for ascorbic acid and total ascorbic acld in

the plasma of rabbits whose diets were supplemented with
cabbage are presented in Table la. It can be seen that

in most cases the phenylhydrazine values are lower than

the indophenol values and that the differences are often
greater than would be expected as a result of experimental
error. These results are quite different from those obtained



IABLE 1la

Concentrations of Ascorbic Acid and Total Ascorbic Acid in

the Plasma of Rabbits Maintained on a Diet Supplemented

with Cabbage
AgA-~=- Agecorbic acid
DHA-=-- Dehydroascorbic acid

Very high cabbagee--- Cabbage ad libitum every day of the week
lMedium cabbage—w==--- Cagbbage ad libitum thrice a week

Rabbit Body Indophenol DHA Phenyl- Treatment
No. Weight method 2 hydrazine
me thod
AsA Total AsA
e mgZe PET mge PET mZe PEY
cent cen¥ cent
5 1450 2612 +0e13 2425
6 2000 1465 -0405 1.6
7 1600 1455 0.2 VS IR
8 1500 1.87 —042 1.67
9 1500 0495 -04125 0.825
10 2100 0,925 -0,175 0475
11 1550 0.92 -0.07 0.85
12 1320 0.7 ~0,075 0625
17 - 0,775  -0415 04625  GSRiaR
18 - 06575 -0el 0+475
5 1640 1.22 -0s17 1,05
6 2150 1,82 -0,02 1.8
19 - 0495 +0,02 0497
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in the humen plasma by Stewart, Horn, and Robson ( 83 ), It
seemed likely thaet some substance from cabbage, which when
asgimilated and circulated in the plasma of these rabbits,
was responsible for giving such falsely high indophenol
valuess Long, Miles, and Perry ( 90 ) sugzested that cabbage
probably contains a factor of -SE nature. It was argued,
therefore, that, if cabbage contains a factor of sulfhydryl
nature the latter substance would reaet with indophenol but
not with phenylhydrazine, and as a result of this a falsely
high indophenol value would be obtained and the true differ-
ence, if any, between the phenylhydrazine value and the indo-
phenol value would be masked, On the other hand, if ascorbie
acid and total ascorbic acid were measured by the same method,
then, interference would be present in both cases and if
dehydroascorbie acid existed then the total ascorbic acid
value would be higher than the ascorbie aeid wvalue, It was,
therefdre,decided to reduce the dehydroascorbic acid by a
suitable reducing agent and to estimate the total asecorbie
acid by the indophenol method. The first cholece of reducing
agent was H,S as originally applied by Stewart et al. ( 83 )e
In the course of this investigation it was found that when
dehydroascorbic™ acid was added to plasma %o give a conecen-
tration of 0.5 mge% and the metaphosphorie acid filtrate wes
submitted to st reduction under the conditions mentioned by
the aforesaid anthors, only 30% of the dehydroascorbic aeid

4+ Dehydroascorbic acid was prepared either by aeration in
presence of copper or according to Patterson ( 79 ).
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could be recovered as ascorbic anid'by the indophenol method,.
The reason for such low recovery is that the pH of the meta-
phosphoric acid filtrate is approximately 1.5 and at that pH
HES does not reduce dehydroascorble acid quantitatively.
Levenson, Rosen, and Hitchings ( 91 ) also reported such low
recoveries of DHA at pH l.5« At this stage, the recoveries
of known amounts of DHA, added to plasma, were determined in
metaphosphoric acid filtrates at pH 3.5 and 37° according to
Levenson et als ( 91 )¢ At the level of 1,0-1,5 mg. of DHA
per 100 ml, plasma the recoveries were iOD-lOE%. Stewart et
al., ( 83 ) have reported that human plasma contains 0,07-0.3
mge% of DHA. When H,S recoveries were determined at the
latter levels, under the conditions of Levenson et al,, con-
gistently higher recoveries were obtained._ Since H,8 reduces
many other substances besides DHA ( 92 ) such snomalous
results may be expected, and small amounts of DHA cennot be
estimated accurately in the presence of biological materials
by its use. The next choice of reducing agent was Esch, 6011
as applied by Mapson and Ingram ( 88 ') and Stewart et al. ( 86 ).
In Teble 1lb are presented the analyses for ascorbie aecid and
total ascorbic acid by the indophenol, phenylhydrezine, and
Eschs coli methods in the plasma of rabbits whose diets were
supplemented with cabbage. The results are almost similar to
those in Table la and need no further comments A% this point
attempts were made to reduce dehydroascorbie acid, added to
rabbit plasma, by Ecche coli. It was observed that the same
culture of Esch, coli whieh reduced DHA quantitatively in



TABLE 1b

Concentrations of Ascorbiec Acid and Total Ascorbie Acid in
the Plasma of Rabbits Mainteined on g Diet Supplemented
_ with Cebbage
%gﬁ:::: %gggggigsggi%ic acid

Very high cabbage Cabbage ad libitum every day of the week.
Medium cabbage - Cabbage ad libitum thrice & week

Reabbit Body Indophenol DHA Phenyl- Egchscoli Treat-

Nos Weight method e hydrazine method ment
method Total AsA
AsA Total AsA
e Mg PET mgs PET mZs DET mgs pEr
cent cent cent cent
14 1940 1.07 -0s09 0.98 0.,662
HMedium
21 1980 142 +0.02 1.22 1.0
cabbage
22 2000 le1 -0s1 140 04925
g % § 2050 . 1.07 -0.,02 1.05 1,1
13 1850 0.8 +0,02 0.82 0,75
Very
19 2500 0465 0 0,65 0.6
high
17 1100 3i25 —0&4 2.85 3&05 )
cabbage

i8 2200 2+25 -0405 2e2 2.0




aqueous solutions failed to do so in the presence of plasma,
In view of the latter finding no further attempt was made to
estimate DHA by the difference between the indophenol and Esch.

coli values.

Since the above experiment failed to show whether there was

any interference due to the cabbage factor, another attempt

was made to analyze the plasma of rabbits,which were deprived
of cabbage for different lengths of time, for ascorbic seid and
total ascorbie acid. The data are shown in Table 2, It is
clear that the results show the same trend as those in Table

la and Table lbs This experiment partielly, but not wholly,
excludes the possibility of intérference by the cabbage factor.
To exclude such a possibility completely, it was deemed necess-
ary 10 analyze the cabbagé for ascorbic acid and total aseorbie
acidlhy the indophenol and phenylhydrazine methods. The results

were as follows:

Indophenol method : 3 : 40.4 mge AsA per 100 g.
Phenylhydrazine method : 3 42.5 mge AsA per 100 g.

The above experiment shows that the phenylhydrazine wvalue is
higher than the indophenol value in the cabbage. These results
in common with thoge in Table 2 negate the idea that the higher
indophenol values than the phenylhydraszine values in the plasma
of rabbits, whose diets were supplemented with cabbage, (Tables
la and 1b), were due to interference by some substance from

cabbage«



TABLE 2

Concentrationsof Ascorbic Acid and Total Ascorbiec Aecid

in the Plasma of Rabbits Deprived of Cabbage

AgsA=-== Agcorbic aecid
DHA-~=- Dehydroascorbic acid

Rabbit Bo Indophenol DHA Phenyl - Treatment
No. Weight method ? hydrezine
method
AsA Total AsA
Se mge per ng. per mng. per
cent cent cent
13 1330 0+475 +04025 045 Complete deprivation
of cabbage for 5
days
14 1500 04525 0 04525 Same
15 1300 04375 0,125 0425 Complete deprivation
of eabbage for 7
days
16 2000 1.02 . -0,02 1.0 Same
20 2000 04225 +04125 0435 Complete deprivation

of cabbage for 15
days
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It was considered important to know whether results similar
%o those in Tables la, 1b, and 2 could be obtained in the
plasma of rabbits whose diets were supplemented with synthetie
ascorbic aeid instead of cabbages The data are shown in Table
3« These results show that the phenylhydrazine values are
higher than the corresponding indophenol values in all cases
but ones It should be pointed out in this context that the
results of this experiment do not necessarily sugsest that
since cabbage was excluded from the diet of these animals and
there was no interference from the cabbage factor, therefore,
the phenylhydrazine values were higher than the indophenol
values. If there was any interference with the indophenol
method by the cabbage factor then it would have been detected
when ascorbic acid and total ascorbic acid estimations were
done in the cabbage by the indophenol and phenylhydrazine
methodss ILack of speecificity of one or both the methods of
ascorbic acid estimation appears to be the explanation for the
obgerved difference between the results of ascorbic acid
egtimation in the plasma of rabbits fed on cabbage and those
fed on synthetic ascorbic aeids Since the phenylhydrazine
method measures both dehydroascorbiec aeid and diketoguloniec
geid it is difficult to decide whether the higher phenyl-
hydrazine velues then the indophenol values ( Table 3 ) are
due to dehydroascorbic acid or diketogulonic aeid. Because
of the lack of specifieity of the H,S reduction it cannot be
applied to differentiate between the two substances (when
present in sueh small smountsl Further along the text this



TABLE 3

ConcentrationSOf Ascorbic Acid and Total Ascorbic Acid in

the Plasma of Rabbits Maintained on a Diet Supplemented with

Synthetic Ascorbiec Aecid

AsA-~-- Agscorbic acid

DHA~==- Dehydroascorbic acid

Rabbit Body Indophenol DHA Phenyl- Treatment
ko. Weight method ? hydrazine
S method
AsA Total AsA
Ee mge PET mnges per mgs per
eent - cent cent
20 - 0 +0425 0.25 10 mg, AsA/day for
T days
21 - 0s4 +0435 0,75 10 mg. AsA/day for
7 days
23 - 0s4 +04175 0,575 10 mg. AsA/day for
5 days
75 mg. AsA/day for
2 days
50 mg. AsA/dsy for
5 days
24 1400 1.15 +04175 1,325 50 mg. AsA/day for
15 days
54 - 0,35 +0.15 045 50 mg. AsA/day for
17 days
55 - 05 0 0.5 Same
56 - 0.125 +0.195 0.32 Same
48 - 0.95 +0,18 1.13 Same
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difference between the phenylhydrazine and indophenol wvalues

will be referred to as " apparent dehydroascorbic acid ",

There is no specific direct method available for the accurate
estimation of small amounts of dehydroascorbiec aecid in
biological meterials, Hence it is almost impossible to supply
an incontrovertible proof for the existence of small amounts
of dehydroascorbie aeid in biologiecal materialss The preced-
ing éxperiments have pointed out the limitationg of indirect
procedures for the megsurement of small amounts of dehydro-
ascorbic acid, Nevertheless, if consistently higher values
had been obtained by the phenylhydrazine method than by the
indophenol method then it could have been stated, with some
reserve, that the differences were due to dehydroascorbic
acide Since the phenylhydrazine values are not significantly
higher than the indophenol values in the majority of cases,
except those reported in Table 3, it cannot be conecluded
that dehydroascorbic acid exists in rabbit plasma.

At this stage, it was decided to investigate the effect of
alloxan injeetion, if any, on the level of " apparent
dehydﬁoascorbic aeid " in the plasmd of rabbits whose diets
were supplemented with synthetic ascorbic acid. The results
of such estimations are presented in Table 4. Sinece alloxan

' disappears from the circulation within a few minutes ( 93,94 ),
it was thought that any change in the ascorbic acid concentration
in the plasma would be manifested within a short time after .
alloxan injeetions Bearing this in mind, the first experiment



IABLE 4

Concentrations of Ascorbic Acid and Total Ascorbic Aecid in
the Plasme of Rabbits Injected with Alloxan and Maintained
on a Diet Supplemented with Synthetic Ascorbic Aecid

AgA==w= Agscorbic acid DHA-—-= Dehydroascorbic aeid
Rabbit Bo Indophenol  DHA Phenyl- Blood _
Hos Weight method ? hydrazine Sugar Treatment
method
AsA Total AsA
gs nge® ng.% nge% mge%
12 1680 1.03 -0438 0.65 - 50 mg. AsA/day for

15 days. Receilved
200 mg/Kg. alloxan
in one inj. Blood
taken 15 min, after
inj. :

8 1550 1.0 0 1.0 414 50 mg. AsA/day for
15 days. Received
400 mgs alloxan in
% inj. over a per-
iod of 7 days.
Blood taken on 4th
day after last inj.

7 1650 0.487 +0.063 0455 358 50 mg. AsA/dsy for
: lg days. Received
660 mg. alloxen in
4 inj. over a per-
iod of 1l days.
Blood taken on 5th
day after last inj.

4 1790 0725 -0.225 045 416 50 mg. Asd/day for
23 days. Received
200 mnge e 311 Om
in one inj. Blood
taken on 4th day
after lasgt inj.

3 1140 0.412 -0s137 0+275 459 50 mg. AsA/day for
25 days. Received
200 mg. /Xg. alloxan
in one inj. Blood
taken on 6Gth day
after last inj,
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was done on rabbit No. 12 which received 200 mg./Kg. of
glloxan in a single injection and blood was drawn by cardiae
puncture 15 minutes after the completion of the injeetion for
ascorbic acid analysess When indophenol was added to the
plasma filtrate of the above rabbit the spectrophotometer
indicated a very rapid fading of the residual color of the
indophenol within 30 seconds and afterwardss The rate of
fading in the above case was far quicker than the rate of
fading of indophenol when standard ascorbiec acid was added

to the latters Also the filtrate when incubated with phenyl-
hydrazine formed a preeipitate which was insoluble in 854
52304. As a vesult of which the phenylhydrazine method

gave very low value ( see Table 4 )o On subsequent invest-
igation it was found that when alloxan ( an amount that

would be present after injeection of 200 mg./Kg., assuming

no logss and the blood volume to be 100 ml., per 1000 g. body
weight ) was added to pure ascorbic seid solution ( 1 mg.% )
and the same solution was estimated by the indophenol and the
phenylhydrazine methods, 35% higher ascorbic acid was recovered
by the indophenol method; 43% lower ascorbic acid was recover-
ed by the phenylhydrazine method. In view of this it is sur-
prising that Siliprandi ( 95 ) using the indophenol method of
Mindlin and Butler ( 96 ) could observe a fall in the ascorbie
acid concentration immediately after alloxan injeetiqn. No
mention has been made by the above suthor of any interference
with the indophenol method under the above condition., Another
very curious thing that does not escape notice is that
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Siliprandi could observe the presence of alloxan in blood
for more than an hour, The latter finding is quite con-
traxry to the well established faet that alloxan is destroyed
within a few minutes after injection ( 93,94 )« In view of
this interference with the indophenol and phenylhydrazine
methods by some reduction produect of slloxan, possibly
dialuric acid ( 82,94 ), no further attempt was made to
measure =seorbic seid within a ghort period after alloxan
injection.

However, it was of interest %o otsexrve the level of " apparent
dehydroascorbic acid " in the plasma of diabetie rabbits.
Aécorbic acid and total ascorbic scid snalyses in the plasma
of rebbits Nos. 8, 7, 4, and 3 ( Tavle 4 ) were done after the
rabbits were disbetic for different lengths of time, In con-
trast to the results in Table 3, those in Table 4 show that
although the rabbits are meintained on synthetic ascorbie

acid there is no " apparent dehydroascorbic acid " in their
plasma, Often the indophenol values are gignificantly higher
than the corresponding phenylhydrazine valuess These figures
could be interpreted as indicating a possible removal of
dehydroagcorbic acid accompanying the diabefes produced by
previous alloxan injection, and such an interpretation would
have a numbex of interesting consequences, However, if slloxan
exists in significant amount in the blood of digbetic animals
as has been suggested by Loubatiers ( 78 ) the above type of
results may be expected on that account and this seems a more

probevle explenation. Certainly there is nothing to suggest s
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production of dehydroascorbic eeid in permanently diabetie

rabbits and this is really the significant point,



PART II

STUDIES ON THE JODOMETRIC AND GLYOXALASE METHODS FOR THE

ESTIMATION OF GLUTATHIONE BLOOD AND TISSUES
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PART II

Studies on the Iodometric and Glyoxalase lethods for the
Estimation of Glutathione in Blood and Tissues:

INTRODUCTION

The methods for the estimation of glutathione in blood and |
tissues can be classified, according to the types of reagents
used, as follows: ( a ) Iodine ( 99-106); ( b ) Nitroprusside

( 107-111), ( ¢ ) PFerricyenide ( 112, 113 ), (d) Arsenophos-
photungstic aeid ( 114, 115 ), ( e ) Phospho-18-tungstiec aecid
(116)y ( £ ) Glyuxalase ( 117, 118 ), @and ( g ) Silver nitrate
( 119, 120 ).

Although glutathione can be estimated accurately, in pure solut-
iong, by most of the above methods, only the glyoxalase method
is reliable when applied to biological materials. Substances
which usually interfere with the glutathione estimation, in
biological materials, by one or the other methods mentioned
above are uric aeid, ascorbic acid, cysteine, ergothioneine,
and phenols, The glyoxalase method is claimed to be entirely
free from interference by any of the above mentioned subatances
( 47, 117 )« The specificity of glutathione in the glyoxalase
system depends oﬁ the reduced form of the intact tripeptide

( 60, 117, 134 )+ In the 1930's Lohmann ( 47 ) showed that
glutathione acts as a coenzgyme in the glyoxalase system and the

enzyme activation is dependent, within a certein range, upon the



glutathione concentration, Woodward ( 117 ) exploited the

idea and developed a manometric procedure for the estimation

of glutathione ( GSH ) in blood and tissues., At that time she
could not employ this method for the estimation of oxidized
glutathione ( GSSG ), after reduction of the latter by metals,
because of the toxicity of most of the metals towards glyoxalase
or because of incomplete reduction of the oxidized glutathione

by the metals, However, in 1939 Dohan snd Woodward ( 118 )
successfully reduced GSSG by electrolytic reduction and showed

by recovery experiments that the GSSG can be estimated quantitat-
ively in biological materials by the combined use of electro-
lytic reduction and the manometric method, In that paper they
reported that the GSH content of Blood and tissue filtrates

of rats and rabbits remained the same before and after electro-
lytic reduction and it was concluded that blood and tissues

do not contain any oxidized glutathione, It is interesting to
note that a similer suggestion had been made previously by
Tunnicliffe ( 99 )« However, Thompson and Voegtlin ( 100 ) who
used Tunnicliffe's iodometric method of glutathione estimation
and employed metallic magnesium for the reduction of GSSG in
blood and tissue filtrates, observed a 5% increase in the titrat-
ion values after Mg reduction and concluded that most of the
glutathione exists in the reduced form and less than 10% is pres-
ent in the oxidized form. At a still later date, Schelling ( 113 )
used the more specific ferricyanide method of Mason ( 112 ) for
the estimation of glutathione. He subjeeted 1:5 Folin-Wu blood
filtrates to nascent hydrogen reduetion with Mg powder and observed
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a definite increase in® thiol values ( sometimes 100%) after
such reduction; but he was not convinced that the inercase
was due to the reduction of GSSG. Schelling did not make any
definite comment on the presence or gbgence of the oxidized
glutathione but aseribed the higher thiol values after lig.
treatment to the reduction of some other substances besides
glutathione which were intexfering with the method., Fujita
and Numata ( 105, 110 ) applied Hy8 for the reduction of GSSG
in blood and tissue filtrates and estimated the total gluta-
thione by the lodometric and nitroprusside methods., :They
reported the presence of considerable amounts of GSSG in

blood and tissueses Dohan and Woodward ( 118 ) critieized the
work of Fujita and Numata ( 105 ), on the basis of their find-
ing that H,S is retained in the dilute ( 1:20 ) filtrates and
such traces of H,S can consume sufficient iodine %o lead to
considerable errors when the results are calculated as GSSG
per 100 ge of tissues However, a number of other papers have
appeared on the glutathione contents of tissues and blood

( 121-128, 133, 179 ) since the publication of Dohan and Wood-
ward'e paper; but there is no general agreement on the question
of the exigstence of oxidized glutathione in tissues and blood.

This warranted a reinvestigation of the problem.

+ The word "thiol" is used rather loosely .in this text to
denote thiols and other compounds measured by the non-
specific iodometric method.



EXFERIMENTAL

Methods

Glyoxalase method for the estimation of GSH:

The method of Woodward ( 117 ) was used with minor modifications.

Reagents:

As Acetone dried yeast:

Freeh beker's yeast ( Distillers Co. Ltds, Edinburgh ) was dried
according to Alberﬁ; Buchner and Rapp ( 129 ) and stored in the
ice boxe The yeast was rendered glutathione-free before use by
sugspending 2«3 ge 0f acetone dried yeast in 80-90 ml, of distilled
water and centrifuging. The proeedure was repeated three times.
Finelly the washed yeast was made up as 33-36% suspension in
water ( the concentration of yeast was chosen such that with 0.5
mle of 20 mg«dh standard glutathione solution it produced approxi-
mately 200 mieroliters of CO, in 20 minutes ).

Be 1% Methyl glyoxal ( pyruvic sldehyde ) ( L. Light and Co, Ltd.,
Bucks, England )s HNade by diluting a 30% agueous stock solution,

Ce 0.2 M sodium bicarbonates ( AeRe ) ( BueDeHs )o
De 048 M sodium bicarbonates ( AsBs ) ( BeDeHe )o
Es % (Wﬁ ) sulfﬂsalicylic geid (BUB‘HI ).

F. Glutathione., ( Yeast Research Outstation, Distillers Co., Itd,,
Gienochil, Menstéie, Clackmennanshire; and Distillers Co.
(Biochemicals ) Ltd., Fleming Road, Speke, Liverpool ).

A fresh 20 mge% ( w/v ) stock glutathione ( purity 99.8% ) solution
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was prepared every day. The stock solution was diluted to malke

5 and 10 mge% solutions.

The glyoxalase activity was measured at 25° in a circular WVarburg
machine, Warburg flasks with a single sidearm ( capacity

0¢8~140 ml, ) and a total volume of 15-16 ml, were useds The
following were pipetted into the main chamber of each flasgk:

0.5 mls of yeast suspension, 0.2 ml. of methyl dyoxal, 0.4 ml.

of 0.2 M sodium bicarbonate, and water to make the total fluid
volume, including the measurements in the gidearm, to 2 mle 0.5
nl, of standard solutions containing 5; 10, 20 mgs of glutathione
per 100 ml, were measured into the sidearms respectively. The
standard glutathione geolutions were not neutralizeds 045 ml, of
3% sulfosalieylic acid ( SSA ) blood or tissue filtrate was neutral-
ized in the sidearm with 0.8 M sodium bicarbonate ( the requisite
amount being determined by a separate titration using methyl orange
as an indicator )¢ The standerds and the unknowns were run in

duplicate.

In running a typical estimation the following procedure was
adopted: All the reagents for the main chamber were pipetted
firste The standard solutions of glutathione and the requisite
amounts of 0,8 U NalCO0, ( for the neutralization of the sulfo-
saliceyelic acid filtrates ) were measured into the sidearms.
The flasks containing the standard solutions werec fitted to the
manometers. The unknown filtrates were pipetted into the side-
bulbs and the flasks were immediately fitted to the manometers.
The menometers and the vessels were flushed with a mixture of

954 N, and 5% CO, for 15 mimtes at 25°, After gessing, the
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manometers and the vessels were shaken for 1 minute, At the end

of whiech the contents of the side-bulbs were tipped in and the
shaking continued for 4 minutes with the stop-cocks of the mano-
meters open, The ghaking mechanism was stopped, the stop-cocks

were cloged and the fluild levels of the manometers were adjusted
guch that the left hand columns read between 0-20 mm. Shaking was
resumed again and readings were taken at 5 minute intervals for 25
minutes without stopping the shaking mechanism, The Pfirst five
minutes readings were discarded. A calibration curve was construct-
ed by plotting the mieroliters of €0, evolved in 20 minutes against
the glutathione concentrations. The unknowns were read off from the
curve and the glutathione concentrations caleculated according to the
dilutions of the filtrates, The concentration of glutathione in the
unknowns was kept limited to 10 mgs of glutathione per 100 ml,

A yeast blank with no glutathione was inecluded in each estimation
and the readings of the standards and the unknowns were corrected
for blank gas evolution. When the number of unknowns were greater
than that could be accommodated with the standards, then a separate
yeast blank was repeated with the unknowms.

Iodometric estimation of GSH and GSSG:
The method of Woodward and Fry ( 101 ) was followed.

Electrolytic reduction for the estimation of oxidized glutathione:
b sulfbsalicylio aeid ( SSA ) blood and tissue filtrates were sub-
jeeted to electrolytic reduction as described by Dohan and Woodward
( 118 )s After electrolytic reduction the total glutathione

estimations were done by the glyoxalase and iodometric methods.
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The details of the eleetrolytic reduetion will be deseribed in

the appropriate sectionss

Cholce of 8 osalicylic Acid Concentration for the Blectrolytie
Reduction of Blood Filtrates:

In a few preliminary experiments it was observed that when 5 ml,
of 1:5,2% sulfosalicyliec acid blood filtrate were reduced for
10 minutes with a current density of 4426 milliamperes per qu
eme, the filtrate became alkaline to methyl oranges If gluta-
thione estimation was done in such a filtrate by the glyoxalage
method, the GSH value was consideraebly lower after than before

reduction ( Table 5a ).

TABLE S5a

- GSH mg.%
Before After
3842 3346
58«1 4540
4242 1745
2245 2040

Unfortunately, the exaet pH values of the above filtrates after
the reduction were not measured; sinece the filirates were
alkaline %o methyl orange the pH values must have been above 4.0,
At this stage, it was decided %o determine the exact pH values, |
of blood f£iltrates before and after reduction, using various acid
concentrations and reduetion conditions. The results of such

experiments are presented in Table 5bs It can be seen from the
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above table that the pH values of 2% and 2.%% SSA blood filtrates
rise above 3.0 even after reduction with a low current density

of 2,49 milliamperes per sqe cme and with a high current density
of 4+%2 milliamperes per sq. cms the pH values go near oi above
404 It should also be noted that both the initial and the

fingl pH values show wide variation., Such variations ﬁay be
expected because of the fact that different blood samples have
varying buffering capacities, which influence both the initial

pH and the pH after re&ﬁation. Voodward and Pry ( 101 ) showed
that glutathione undergoes considerable autoxidation within an
hour at pH values over %.0. Table 5b shows that the pH values

of 2+%% SSA blood filtrates rise above 3.0 under all conditions
of reduction; ppecially when the filtrates were reduced with a
high current density the pH values ranged from 3,5-5,68s Taking
the above factors into consideration it is not surprising that
gome loss of GSH was observed sfter electrolytic reduction with a
high current density ( Table 5a ), Furthermore, it should be
noted in the latter table that the loss of GSH is not the same

in all the casess This is in harmony with the fact that filtrates
ghow wide variation of pH wvalues after reduction (Table S5b ),
therefore, the loss of GSH shall not be the same in all casess

It will be shown later, where reduced and total glutathione

( after electrolytic reduction with a low current density )
esgtimgtions were done Uy the glyakalaae method, on the same sample
of blood deproteinized by 2.%¢ or 3 SSA, the oxidized glutathione
value was lower in the former than in the latter,
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During an experiment in which several reductions ave done, the
filtrates stand for an hour or more after the electrolytie

- reduction, before the total glutathione contents are estimated
manonctrically. Since the gbove results indieate that loss of
GSH oceurs, after electrolytic reduction, in 2% or 2,%% SSA blood
filtrete, it is not safe to submit such filtretes to the electro< :
lytic reduction if the total GSH is o be estimated by the glyox-
alase methods In view of the fact that 7% SSA blood filtrates
maintein the pi around 2.0 at high oy low current densities

{ Teble 5b ) and at that pE no loss of GSH occurs for a consider-
able length of time ( 101 ), %% SSA is preferable o 2% or 2.%
S8As  During the course of this work numerous 3% SSA blood
filtrates were reduced with high and low current densities, and
although the exact pH values were not measured in each case,

none of the filtrates became alkaline to methyl orange.

Effect of pH on the E;ggggg;xjic Reduection:

Portions of 7% SSA were brought o pH 048, 1.0, 1.2, ls4, 1.6,
l.B,Iand 240 by means of dilute Hgl and NaZHPG4. Oxidized
glutathione wasg added to these solutions to make a final con-
eentration of 20 mg, of GSSG per 100 mls 5 mls of each solution
were reduced for 10 minutes with s current density of 4432 milli-
amperes per sqe cme and the degree of rveduction was determined by
the iodometric methods 100% reduction was observed in all cases.
When the aﬁove golutions were left after the electrolytic re-
duction for 12 hours, 13-17% loss of GSH was observed at pH 2
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( pH 3.5 after reduction ), while in the others only 2-%% loss
of GSH occurreds, This experiment shows that there is no optimum
pH for the electrolytic reduction; it proceeds equally well at
all pH values. This is in substantial agreement with Dohan and
Woodward ( 118 ); +they found the same degree of reduction in
1,8-3,4% sulfosalicylic acid concentrations,

Recoveries of Reduced end Oxidized Glutathione from Different

Hedia by the Glyoxalase Hethod:
The recoveries of reduced glutathione, when the latter was added

to plasma or whole blood,; by the glyoxalase method, are presented

in Table 6+ The average recovery from the plasma is 98.6% ( range
95-100% ) end from the whole blood is 97.4% ( range 93-102% ).

Taking into consideration the various Pfactors which influence the
glutathione estimation by the above method the recoveries are

guite goods Table 7 presents the recoveries of oxidized gluta-
thione, when the latter was added to plasme, by the combined use

of electrolytic reduction and the glyoxalase method of estimation,
Quantitative recoveries are obtained with current densities of

2449, 4426, and 4+3%2 milliamperes per sqs cms It can be seen from

the latter table that similar recoveries are obtained from both 3%

and 2:4% sulfoselicylic acid filtrates. This is due to the Pfact

that 1:5 plasma filtrates of 244% SS5A have lower pH than 1:5 blood
filtrates of the same acid, and consequently plasma filtrates do not
become as alkaline as blood filtrates under similar conditions of re_
ductions When Ho02 was used as an oxidizing sgent for the GSH ( 130 )
sometimes vexry low recoveries ( 88-90%) of GSSG were obtained, possibly
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TABLE 7

Recoveries of Oxidized Glutathione from Plasma by the Glyoxalase lMethod and Electrolytic Reduction

GSH = Reduced glutathione GSSG = Oxidized glutathione
. !
Media Oxidiz- GSS8SG  GSSG Estimat- Recovery ! Conditions of reduction
ing added calcul- ed as i
agent ated GSH | Acid Volume Cathode Salt Current Current Time of
| concen- reduced vessel bridge density reduction
| tration diameter bore current
| area
T AT M ek per cantsper cent ml. cm, . milli- milli- mine
amperes  eamperes
| per sg.cm.
g%ood Hg02 25 25 23,75 95 = 5 3.5 4,5 41 4.2 10
agia [}
]
1:5 i
" Ho0o 50 B0, 49,3 98,7 | 3 5 3.5 4,5 41 4.26 10
" HoO02 50 50 48,7 7.5 | 3 5 3¢5 4,5 41 4,26 10
. 02 30 30 2847 95.6 | 2.4 5 365 44,5 41 4,26 10
" HoO2 30 30 29,0 96,6 | 2.4 5 345 4,5 41 4,26 10
- HgOg 25 25 22,5 90.0 | 3 5 365 4,5 41 4,26 10
= HoO2 25 25 . 23,1 02.4 ! 3 5 345 4,5 41 4,26 10
s I 50 50 50 100 ey 5 S5 445 41 4,26 10
- Ig 30 30 28,8 96 Ll 10 365 445 24 249 20
L Iz 30 30 30 100 1 S 10 365 4,5 24 2,49 20
s Is 30 30 31 103 BT 10 SeO 4,5 24 2.49 20
" Iz 50 50 50 100 == 10 345 4.5 24 2049 25
» I2 50 50 5045 01 - | 3 10 345 4.5 24 2,49 25
: %2 50 50 49,0 98 = S 3¢5 4,5 44 4,352 10
2 50 50 50 100 1 S 5 Se5 4,5 L4, 4,32 10
1
]
I
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due to the oxidation of GSH beyond the disulfide stage. However,
when GSH was oxidized with the theoretical amount of N/100 iodine
solution, uniformly good recoveries were obtained. The presence

of HI does not interfere with the glyoxalase method.

Recoveries of Oxidized Glutathione from Blood, Plasma, and
Agueous Solutions after Zine Reduction by the Jodometric Method

GSSCG was added Yo plasma or whole blood to give oxidized gluta-
thione concentrations of 10! 15, 30 mg, per 100 ml, and the
solutions were made protein-free by 7% SSA. 10 mls of the 1:5

SSA filtrates were submitted to Zn reduction for 30 minutes.

The amount of reduction was checked through ilodate titration,

It was observed that only 69% of the added GSSG could be recovered
as GSH from the blood filtrates and 52% from the plasma filtrates.
Such inability of zinc to reduce GSSG quantitatively in the pres-
ence of plasma or serum filtrate has been observed by Dohan and
Woodward ( 118 )« In common with them, it has been observed in
the course of this work that zine ean bring about 100% reduction
of GSSG in aqueous 3% SSA solution; because of the low recover-
ies from blood or plasma and since Bine reduced samples cannot be
used for the estimation of total glutathione by the glyoxalase
method ( zinc iedueea samples are toxie to the glyokalase )
electrolytic reduction, which gave complete recovery, was ultimaete-
ly adopted as the standard procedure.
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Investigations on the Presence of Oxidized Glutathione in Blood:
Buman Blood:

Dohan and Woodward ( 118 ) mentioned in their communication that
the oxidized glutathione can be reduced by electrolytic reduection
to GSH and the latter caen be egtimated by the glyoxalase method
as well as by the iodometriec method ( 101 )« Purthermore, they
recovered added GSSG quantitatively from red blood cells and red
blood cell Piltrates by the combined use of electrolytiec reduction
and the iodometric method of estimation. It is rather surprising
that no attempt was made by the above authors to estimate any
oxidized glutathione that might normally be present in blood by
the latter procedure. In some pilot experiments 3% sulfosalieylie
aeid blood filtrates were subjected to eleetrolytic reduction and
the glutathione values before and after reduction were estimated
by the glyoxalase methods Consistently higher GSH values were
observed after than before reduetion, It was of interest, there-
fore, to meke a comparative study on various blood samples de-
proteinized by %% S84, reduced electrolytiecelly or by zine, end
egtimating the reduced and total glutathione values by the iodo-
metric and glyoxalase methods.

The following experimental procedure was adopted: Venous blood
samples from normal subjects and hospitel patients were drawn in
heparinized syringes and immediately upon eollection the semples
were deproteinized, For deproteinization 1 volume of non-hemolyzed

blood was added very slowly with agitation to 4 volumes of 3%
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sulfosalicylic acid and the mixture was thoroughly shaken,

S8ince the blood was not hemolyzed prior to deproteinization,
thorough shaking was essentigl to ensure complete extraction of
the glutathione from the disintegrated corpuseless Glutathione
and total glutathione ( reduced plus oxidized glutaxhione )
estimations were done on aligquots of the same filtrate as
follows: GEH was estimated by the iodometric ( 101) or glyoxal-
ase methods A 10 ml, portion of the filtrate was reduced by 30-40
nge of zinc dust and the total glutathione was estimated by the
iodometric methods Another 10 ml. of the filtrate were subjected
to electrolytic reduction with a current density of 2,49 milli-
amperes per Sqs emy for 20 minutes. 5 ml. of the reduced sample
were titrated with iodate and in the vemaining filtrate total
glutathione was estimated by the glyoxzlase method,

- In oxder to clarify the argumenis in thig section, several observed
facts have been recalled here. The iodometric method is non-
gpecific for GSH estimation and zine does not reduce GBSG.quantit-
atively in blood or plasme filtrate; on the other hand, the
glyoxalase method is speeific for the estimation of glutatﬁione

and the 688G is quantitatively reduced by the eleetrolytic re-
duetion in the presence of biological materials. Table 8

presents the analyses for reduced and total glutathiome, in
different blood filtrates, by various methods: It can be seen

from the latter table that the thiol values inerease after eleetro-
lytie reduction, irrespective of the method of estimation. It
night be argued that the increases in thiol values affer Zn
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or electrolytic reduction, as estimated by the iodometriec
method, may be due to substances other than glutathione.
However, reference to Table 8 shows that out of the sizteen
cases studied only in two eases ( No. 15 and 16) the gluta-
thione values, as obtained by the glyoxalase method, remained
the same before and sfter eleetrolytic reductions ‘On the other
hend, in the same two cases the thiol values obtained by the
iodometric method are higher after than before electrolytic
reduetions 1In those two cases in question, therefore, the
inereases in thiol valueg obtained after eleetrolytic reduction
by the iodometric method are in all probability due to substances
other then glutathiones In the rest of the cases, however, the
glutathione values obtained by the iodometric and manometrie
methods are higher after than before reductions Since the
glyoxalase method is extremely specifie for the estimation of
glutathione; it can be assumed that the ineresses in thiol
values, as estimated after electrolytic reduction by the mano-~
metric method, are due to the reduction of oxidized glutathione,
Hence the increases in thiol values,; estimated in common with
the glyoxalase method by the iodometric method, are also partly,
but not wholly, due to the reduction of oxidized glutathione.
The latter ctatement can be verified by comparing the results
obtained after Zn or eleetrolytic reduction by the iodometric
method with those obtained after electrolytic reduction by the
manometric method. Such comparisons are shown in Fig. 2-5, each
point in those figures represents the result of one estimation,
on the same filtrate, by each methods If the two methods give
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identical values then the points should f2ll on the line with
slope 1; if one gives higher results then the other then the
points would shift towards the method giving the higher results.
A similar comparative study has been made in Fig. 1 between the
reduced glutathione velues obtained by the iodometrie method

end those obtained by the menometric method, In the latter
figure the points are scattered slmost equally on both sides of
the middle line, which implies that the methods agree ﬁell and
probebly measure the same substance, Taking into aecount the
extreme specificity of the glyoxalase method, it may be assumed
that the substance measured by both the methods is glutethione,
The total and oxidized glutathione values given by the iodo-
metric method are higher than those obtained by the glyoxalase
method ( Figs 2-5)s The latter findings indicate that probably
during electrolytic and zinec reductions of blood filtrates,
subgtances other than oxidized glutathione are also reduced, and
when such filtrates are analyzed by the non—specifiéliodometrio
method these interfering substances consume iodine thereby giv-
ing falsgely high glutathione values, but do not activate the
glyoxalase system. Since GSSG in the presence of protein is
100% reducible by the electrolytic reduction but is only 70%
reducible by the Zn reduction, and interfering substances are
formed during both the reductions it might be expected that the
total and oxidized glutathione values obtained by the iodometric
method after electrolytic reduction of blood filtrates would be
higher than the corresponding values obtained by the same method
after Zn reduction; TFig. 6 and 7 show that such is the case.
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It can be concluded, therefore, that the iodometric method is
relisble for the estimation of GSH in blood filtrates, but is
unsuitable for the accurate estimation of total glutathione in
blood filtrates,

Rabbit and Bat Blood:

Blood samples were collected in heparinized syringes from the
abdominal aorta of rats and by cardiac puncture from rabbits.

As soon as possible after collection the samples were deprotein-
ized with 3% sulfosalicylic acid as described for the human
bloodes GSH and total glutathione ( afier electrolytic reduet-
ion‘) estimations were done by the glyoxalase method. The
electrolytic reduction was carried out as follows: 5 ml, of

the filtrates were reduced for 10 minutes with a current density
of 4+26 or 4.32 milliamperes per sqe cms The results of this
experiment are presented in Table 9+ It is evident from the
latter table that considerable amounts of GSSG are present in

all the samples and the rat blood contains significantly higher
emount of GSSG than the rabbit blood, The difference may be
attributable to the variation in the GSH content of the arterial
and venous blood (101, 131, 132 )s This explanation is not quite
tenable in the above cases, because blood samples were collected
from the rabbits by a technique, deseribed in Part I, which en-
sures puncture of the left ventricle, therefore, the blood samples
were arterial, However, there ig another possibility that the
blood from different regions of the body may contain varying



TABLE 9

Glutathione Analyses of Rabbit and Rat Blood by the
Glyoxalase Method

GSH -- Reduced glutathione GSSG - Oxidized glutathione
The results are expressed in mg. per cent

Animal No, GSH GS8G Total GSH

Rat 1 16.3 21,2 3745
R 1643 234 39«7

¥ 3 2245 2540 4745
8 1649 20.6 35745

® 5 18.8 19.9 387

L SRR b Ay %, 20,5 38.0
Rabbit 1 2245 6.8 2943
O 350 13.2 48,2

" 3 5040 1350 43,0

" 4 25,0 21.3 46453

s 5 2440 12,0 3640

" 6 3443 11.9 4642
w3 22e4 Te3 297

A 4351 1049 5440

- 9 2440 1640 40,0

Gl 5847 Te5 4642
Raggégrglggd 275 175 45.0
Same after CO 55T 16.3 50,0
Raggigrglggd 2440 16,0 40,0

Same after CO 3046 16.9 47.5
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amounts of GS5G. In the absence of any ezperimental evidence
to support the later contention the difference is suitably ex-
plained as due to the species variation.

Effect of Carbon Monoxide on the GSSG Content of Blood:

Numata ( 132 ) observed that GSH is oxidized during the deprotein-

ization of blood with H?03. He suggested that the protein pre-

cipitation of blood or organs with high hemoglobin contents

nust be done in an atmosphere of carbon monoxide to prevent éuch
oxidations The recovery experiments of added GSH from the whole
blood ( Table 6 ) prove that no oxidation of GSH oceurs during
the protein precipitation of blood with %% SSA., However, to be
absolutely sure that such is the case it was decided to estimate
the GSH and total glutathione in the same blood sample, treated
and non-~treated with carbon monoxide before deproteinization, by
the giyoxalase methods The same experimentel procedure was
adopted for the deproteinization and eleetrolytic reduction as
reported for the rabbit and rat bloods The resulis of two such
experiments with rabbit blood are presented in Table 94 It is
interesting to note that both the GSH and total GSH values are
5«6 mg.% higher in the carbon monoxide treated samples than in
the non-treated samples; but the GSSG values in the carbon
monoxide treated and non-treated samples are practically the
game, Inecidentally it might be mentioned that aqueous solutions
of GSH, when estimated by the glyoxalase method, show the same
GSH contents before and after CO treatment., ZExperiments have
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not been done to investigate the nature of the interference

by CO; because such an unphysiological level of CO ( 100%
saturation ) is not ordinarily encountered whereby the specif-
ieity of the menometric method may be jeopardized. However,
the significant point of this experiment is that the oxidized
glutéthione values remain the same whether blood samples are

treated or not treated with CO before the deproteinization.

Migecllaneous Experimentsg:

These experiments were done with the hope that it might be
possible to find some explanation for the discrepancies between
the results of Dohan and Woodward ( 118 ) and the results report-

ed here,

Glutathione and total glutathione egtimations were done in
freshly drawn human blood samples by the combined use of
electrolytic reduction and the glyoxalase method, Heparin was used
as an anticosgulant. The samples were deproteinized with 2.%°
or %% SSA as previously described for the human blood. 10 ml,

of 1:5, 2.%% or 3t blood filtrate were submitted to electrolytice
reduction with a current density of 2.49 milliamperes per sqg.

en. for 20 minutesg; +the total glutathione estimations were done
as quickly as possible ( loss of GSH occurs if 2.%% SSA filtrates
are allowed to stand after the electrolytic reduction ). Three
such experiments were done and the following, 2.3, 4.2, and 1.6
mg.% GSSG were observed in 2,3%% SSA filtrates; the correspond-
ing GSSG values in %6 SSA filirates wexe 5, 5.3, and 5.3 mg.%.
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Thege experimenfs support the previous contention that 243%
S8A blood filtrates are unsuitable for the eleetrolytic re-
duetion; but they do not explain the inability of Dohen and
Woodward ( 118 ) 4o f£ind eny inereasse in GSH values of blood
filtrates after electrolytic reduetion by the glyoxalase
methods It is most unfortunate that they coneluded on the
basis of only two determinations that oxidized glutethione
does not exist in bloods In this context it should be pointed
out, of course, that Dohan et als submitted 5 ml, of 1:5, 2.3%
8SA blood filtrates to electrolytic reduetion with a eurrent
density of 442 milliamperes per sqgs ems for 10 minutes; in
our expérience such reduction conditions take the pH of these
filtrates to near 4 or above 4s As has been stated alreeady,
we found considerable loss of GSH at the latter pH; it is
curious that Dohan et als found no such losse In the absence
of any information in the peper of the sbove suthors sbout how
soon the estimations were done after electrolytic reduction,

it is difficult to draw any conclusion;

In the course of this investigation other factors were also
checked which might be responsible for the oxidatién of GsH
during the deproteinization of bloods Since the mixture of
blood and 3% SSA waé shaken for the complete extraction of

GSH from the corpuscles; it was decided to check if such
shaking caused any oxidation of GSHs Samples of blood were
deproteinized with and without shaking and the GSH estimations
were done by the manometric and iodometric methods. It was

obgerved that thorough shaking was essential for the complete
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extraction of GSH from the disintegrated corpuscles and no
oxidation of the GSH oceurs under such conditions.

Experiments were also done to find out if any oxidation of

GSH occurred between the collection and deproteinizgtion of
blood samples, It has been found that the amounts of GSH,
@SSG, and total glutathione remained the same no matter whether
the blood samples were taken direetly into 3% SSA ( cooled %o
0° or at room temperature ) or into a test-tube and then

pipetted into 3% SSA.

The preceding experiments seenm to exelude any possibility of the
formation of oxidized glutathione during the technical manipul-
ations of blood sampless Therefore, the GSSG; which is measured,
may be considered to exist preformed in the blood of human,

rabbits and rats.

Quegtion of the Existence of Oxidized Glutathione in Tisgues:

A suitable amount of fresh tissue ( 0.5-048 gs 0f liverge0Osd-
0s7 g+ 0f panereas ) was taken in 5-7 ml, of 3% sulfosaliecylie

acid and weighed., The sample was ground with acid washed
white sand in an all-glass mortar and pestle, The extraction
was repeated a few times and finally the whole ecoagulum was
transferred to a vglumatrie flask and made up to volume ( 25
ml, for liver and 10 ml, for pancreas ) with %% sulfosalieylie
acids The extract wes centrifuged and filtered, Glutathione
and total glutathione estimations were done by the glyoxalase
methods For the electrolytic reduction 5 ml, of the filtrate
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were reduced for 10 minutes with a current density of 4432
milliamperes per sqe ome The pH of the Piltrate, after
electrolytic reduction, under the above conditions, was below
La5e

The analyses for reduced and total glutathione in liver and
pancreas of rats and rabbits are presented in Table 104 For
the sake of comparison a few results obtained by the iodo-
metric method after Zn or electrolytic reduction of the above
filtrates are also presented, It is evident from the sbove
table that the GSH values obtained by the iodometrie method
arelhigher then the corresponding values obtained by the mano-
netric methods From these results it is concluded, that the
degree of interference by subgtances other than glutathione -
is greater in tissue filtrates than in blood filtrates when
glutathione is estimated by the lodometric methods It is
surprising, however, that the thiol wvalues show no rise after

. Zn or electrolytic reduction when estimated by the iodometrie
method; beecause the lodometric method is wvulnerable to inter-
ference by substances other than glutathione which might be
reduced in the course of Zn or eleectrolytic reduction, How-
ever, taking into account that not very many estimationg were
done, any atitempt to draw any conclusion regarding the above
iesue will be abortive. In common with Woodward ( 117 ) these
regsults indicate thet the iodometric method gives erroneously
high glutathione velues in tissue filtrates:s In agreement with
Dohan and Woodward ( 118 ) no consistent rise in the GSH values
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of the liver end pancreas filtrates after electrolytie
reduction could be observed in this experiment, It might

be mentioned in this context that the pH values of the above
tissue filtrates were well below 2.0 even after electrolytie
reduction with a high current density of 4.32 milliamperes
per sqe. cms Lower concentrations of sulfosalicylic acid may
be used safely for making tissue extracts, without going into
the risk of taking the pH above 3.0 after electrolytiec

reduction,

It is concluded, therefore, that oxidized glutathione does
not exist in measuravle amounts in the tissues gtudied in the

course of this investigation,

DISCUSSION

A comparative study on the iodometrie and manometric methods,
for the estimation of glutathione in blood and tissues, has
been done., Both the above methods agree fairly well on the
valuegs of GSH in blood. However, for the accurate estimatiop
of total glutathione in blood the method of Dohan and Woodward
( 118 ) requires certain modifications. In the course of this
investigation it has been observed that 2,3% sulfosalicylic
acid blood filtrate is unsuitable for the electrolytic reduct- _
ion; because the pH of the above filtrate rises above 3 and 4
when submitted to electrolytic reduction with current denﬁities
of 2.49 and 4.3%2 milliamperes per sSde. Cm. respectively. Since
glutathione is sutoxidizable at pH 3,0 ( 101 ), 2.F sulfosalicylic
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acid blood filtrates are best avoided for the eleectrolytiec
reductions On the other hand, if 3% sulfosalieylic aseid
blood filtrate is used for the electrolytic reduction, the

PH remains below 2,0 with a current density of 2,49 milli-
amperes per sde. cme and goes little above 2,0 with a current
density of 4.32 milliamperes per sg. cme At pH 2,0 gluta-
thione is stable for a considerable length of time ( 101 ).
Hence %% sulfosalicylic aecid is preferable to 2,3%% sulfo-
salicylic acid for making blood filtrates if the total gluta-
thione values are to be estimated after electrolytic reduction
by the manometric method. Using this modification congider-
able inereases in the GSH contents of blood filtrates were
observed. In view of the specificity of glutathione in the
glyoxalase system it is reasonable to assume that glutathione

is responsible for the increases in the thiol values,

Although Dohan and Woodward ( 118 ) could recover added GSSG
quantitatively from red blood cell filtrates and red blood

cells by the combined use of electrolytie reduction and the
iodometric method of eétimation, no attempt to estimate any
oxidized glutathione that might normally be present in blood,

by the above method was made by the aforesaid authors., In the
course of this work confirmatory evidences, regarding the
presence of oxidized glutathione, were sought by submitting
blood filtrates to electrolytic or Zn reduction and estimating
the thiol wvalues lythe iodat titration. Inecreases in thiol values

of bleod Ffiltrates were observed consistently after Zn or
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electrolytic reduction, irrespective of the method of estimat-
ion, Since the iodometric method is not specific for the
estimation of glutathione, the results given by the latter
method were compared with those given by the manometric

method ( Pige 2-5 )« If the ratio of the total glutathione
value obtained by the iodometric method after Zn or electro-
lytic reduetion t0 that obtained by the manometric method
after electrolytie reduction had been unity, then it eould

be concluded that in all probability the substance which was
measured by both the methods was.oxidized glutathione, Tig.
2-5 ghow that such is not the case. The total glutathione
values obtained by the lodometriec method after Zn or electro-
lytic reduction are higher than the corresponding values
obtained by the glyoxalase method after electrolytic reduetiom,
which suggests that when blood filtrate is reduced by Zn or
electrolysis, other substances are reduced along with the
oxidized glutathione and those interfering substances consume
iodine, thus falsely high total glutathione value is obtained.
It can be concluded, therefore, that the increases in thiol
values of blood filtrates as estimated by the iodometric method
after Zn or electrolyvic reduction are partly, but not whollj,
due to the oxidized glutathione, Hence the iodometric method
is uvnreliable for the accurate estimation of oxidized glutg=-
thione in Dblood, |

Experiments of different sorts were done to exclude the possibil-
ity that the oxidized glutathione as measured by the manometrie
method was formed during the technical manipulation of blood
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samples. All those experiments negatived such a possibility.

These experiments strongly suggest that oxidized glutathione
exists preformed in human, rat, and rabbit blood,

In contrast to blood, however, in tissues no measursble

amount of oxidized glutathione ‘could be detected, This find-
ing confirms that of Dohan and Woodward ( 118 ) and Herrmamn
and Moses ( 179 )s» In agreement with Woodward ( 117 ) these
experiments show that the iodometric method gives erroneously
high glutathione velues in tissue filtratess Emmor ( 133 )
on the other hand, found close agreement between the GSH
values of tissue extracts obtained by the manometric method
and those obtained by the iodometric methods He considered
that Woodward ( 117 ) obtained low GSH values in the tissue
filtrates by the glyoxelase method, because of the toxiecity
of sulfogaliecylic acid towards giyoxalase. However, his
experimental results showed that glutathione can be measured
accurately in the presence of sulfosalicylic acide In the
course of the present work it has been observed that neutrale
ized sulfosalicylic acid does not in any way affect the glyoxalase
systems The higher iodine consumption by the tissue filtrates
is most probably due %o the interference by ascorbic acid, as
has been suggested by Woodward ( 117 ), and possibly by other
thiol compounds. |



PART III1

INVESTIGATIONS ON THE BLOOD AND TISSUE GLUTATHIONE CHANGES

AFTER DEHYDROASCORBIC ACID INJECTION




w55 -

PART III

Investigations on the Blood and Tissue Glutathione Changes after
Dehydroascorbic Acid Injection:

INTRODUCTION

Almost every year, since the discovery of the diabetogenie
action of alloxan, numerous attempts to explain the mechanism
of the action of the latter substance have been published.
Leech and Bailey ( 9% ) observed e precipitous drop in the
blood glutathione of rabbits immediately after the injection
of alloxan, Since then, other observers have noted a similar
fall in the blood glutathione of rats and guinea pigs after
the injeetion of alloxan ( 135-137 )« ILazarow ( 138 ) elaimed
that the diabetogenic ection of alloxan can be prevented by a
prior injection of either glutathione or eysteine, but these
substances when injected after alloxan do not afford any
protection against its digbetogenic actions On the basis of
other experimental evidences Lazgrow ( 82 ) finally postulated,
that alloxan forms an addition compound with the sulfhydryl
groups of the essential enzymes of the beta-cells in the islets
of Langerhans of the pancreas, as a result of which the enzymes
are inhibited and death of the beta-cells ensuess The protect-
ive action of glutathione and other thiol compounds against the
toxic action of alloxan has been explained as due to the trans-
formation of the latter to a non-diabetogenic compound by the



former. Lazarow pointed out that alloxan reacts initially
with the blood glutathione, and the concentration of the
latter in the blood falls abruptly. Since the tissues ave
the secondary sites of the reaction the fall in the tissue
glutathione is not so markeds According to Lazarow, the
concentration of glutathione in the blood and in the beta
eells is of cruecial importance in determining the vulnersbil-
ity of animals t6 the diabetogenic action of alloxan,

It is of interest in this context to review some of the

recent publications, whiech lend credence to the sulfhydryl
theory of Lazawow, in relation to the production of diabetes
with substances other than alloxan, Conn and his group

( 139-141 ) observed a fall in the glutathione content of

blood during the induetion of diabetes in human subjects with
the adrenocorticotrophic hormone ( ACTH ), Hess, Kyle, and
Doolan ( 142 ) confirmed the work of the aforesaid suthors.
Lazarow and Berman ( 14% ) reported that cortisone injeetion
into rats, with the objeect of producing a diabetic state, is
agssociated with a2 drop in the blood glutathione; +the decrease
of the latter appears to correlate with the degree of cortisone-
induced glycosuria, Nath et als ( 144,145 ) claimed that the
subcuteneous injection of acetoacetic acid causes hyper-
glycemia, reduction of glucose toleranée, rise in blood laetie
acid, inactivation of insulin, and a drop in blood glutathione,
The blood glutathione fall is not manifested immediately follow-
ing the injection of acetoacetate but is observed some 90 min,
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after the injection of the disbetogenic substance, Grunert

and Phillips ( 146 ) have shown that weanling rats on a diet
deficient in sodium are more susceptible to the disbetogenic
action of alloxgn then on a diet adequete in sodium. They
traced the increased susceptibility of the Ha—defieient

animalsg to the low glutathione concentration in the blood of
these enimalss Illing, Gray, end Lawrence ( 147 ), Planchart
and Villalba ( 148 ) reported that the glutathione concen-
tration in the blood of diabetic patients is lower than that

of normal personss Conn, Louis, and Johnsgton ( 149 ) investig-
ated the role of glutathione in relation to the alleviation of
ACTH~induced diabetes in man, They found that when GSH was
injected intravenously into such persons the intensity of
hyperglycemia was temporarily reduced. However, the sulf-
hydryl theory of Lazarow ( 82 ) has not found universal support.
~Joiner ( 150 ) ecould not confiym the work of Conn et al.

( 139-141 ). Grunert and Phillips ( 151 ), Ingbar, Otto, and
Kass ( 152 ) did not observe any change in the blood gluta-
thione following the injection of ACTH into experimental
gnimals. ILagarow ( 153 ) himself observed, that the injeetion
of glutathione into cortisone-diabetic rats resulted in a severe
inerease of glycosuria. He argues that the potentiation of the
digbetogenic action of cortisone by glutathione may be due %o
the proteetion of the former from destruction by the latter, _
Stoek, Currence, and Swenson ( 154 ), Caren end Cexne ( 155 )

found no abnormel value of blood glutathione in diagbetic

patients,
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The close similarity of the structure and properties of
dehydroascorbic acid to those of sllozan stimulated Patterson
to search for the diabetogenic aetion of the former compound.
He observed that the injection of dehydroascorbie aeid and
related substances into rats produced hyperglycemis and
glycosuria ( 79,80 ), but that diketoguloniec acid was not
diabetogenic ( 156 )« Like allozan-diabetic animals, dehydro-
ascorbic acid-diabetic rats developed cataract ( 157,158 ) and
the diabetic symptoms were ameliorated by adrenalectomy ( 159 ).
Patterson and Iazavrow ( 75 ) reported that the diabetogenie
action of dehydroasecorbic aecid can be prevented by a prior in-
jection of either glutathione; or cysteines The diabetogeniec
action of dehydroascorbiec acid ean also be preévented by previous
injection of atropine ( 160,161 )« From indireet experimental
evidence it has been suggested that the mechanism of the action
of allozan and dehydroascorbic aeid is similar ( 51,75 ).

The present work was undertaken to investigate the nature of
blood and tissue glutathione changes following the injection of
dehydroascorbic aeid, with a view to gaining some more evidence

on the posgible mechanism of the action of this substance.

EXPERIMENTAL

Before describing the actual experimental procedures, it is
felt desirable %o mention the dietary history of the animals,
gince diet considerably influences the production of experimental
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diabetes ( 146,162 )« Rabbits were maintained on pellets of
the following composition: Bruce and Parkes ( 163 )s Bran 15%,
Barley meal 20%, Ground-nut meal 15#%, Linseed cake 10%, Dried
meat and bone meal 8%, Dried grass mesl 30%, CaC0, 1%, NaCl 1.
The theoretical analysis of thisg diet is as follows: Crude
digestible protein 16454, Fat 4.6%, Soluble carbohydrate 33,74,
and Fiber 6+T#hs Bach rabbit received approximately 100 g4 of
the pellets per day, about 15 g« of hay per day and water ad
libitums Twice a week the rabbits received additional supple-
ments of cabbages

Wistar albino Glaxo rats were used, They were maintained on
rat cubes of the following composition and water ad libitum:
Wheat offal bran 17.,7%, Wheat ground 17,74, Sussex ground oats
17:7%, HMaize ground S.8%, Meat and bone meal 8,8%, Barley
ground 8+8%, Fish meal 4,5%, Dried skimmed milk powder 14%,
NaCl 0.4%, Cod-liver oil O.4%, Dried yeast 1.2%,

Blood was gollected by cardiac puncture from rabbits and from
the abdominal. aorta of rats. Heparin was used as an anti-
coagulant. Injections were given into the marginal ear vein

of rabbits and through the tail vein of rats; before each
injection blood was drawn into the syringe to make gure that
the needle was in the veins In a few preliminary experiments
the rabbits were sedated with nembutal but later this was

found unnecessary; the use of nembutal does not affeet the
results. Since blood samples were collected from the abdominal

aorta of rats, the animals were anesthetized by nembutal before
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laparotomy. Dehydroascorbic acid solution in 0,9% NaCl

(100 mge/mls) wag prepared according to Patterson ( 79 );

this solution containg traces of hydroguinone as indicated

by a positive test for the latter with Chloramine-T, . The
control animals, therefore, were injected with an ether-
extracted solution of pure hydroquinone ih normal saline to
similate the conditlons, with respect to hydroquinone, in

the DHA-injected enimals, To prepare the above solution 0,66g,
of pure hydroquinone were dissolved in 10 ml, of ether and
shaken for 15 mimutes with 10 ml, of saline. The saline
solution was removed and extracted five times with pure ether,
Finally the excess of ether was removed by suction and the
solution was used without any further treétment. It has been
obgerved in this work that the DHA solution prepared according
to Patterson ( 79 ) is reducible ( 95-98% ) to ascorbic seid
by H,8 at pH 3.5 and 37° ( 91 ). Unless otherwise steted,

the glutathione and total glutathione estimations in tissues
and blood were done throughout this work by the combined use
of electrolytic reduction and the glyoxalase method, Blood
and tissue filtrates were prepared with 3% sulfosalicylie

acid as deseribed in the last sections Por the eleetrolytic
reduetion 5 ml. of %% sulfosalicylic acid filtrafe were reduced
for 10 minntes with & eurrent demsity of 4.32 milliamperes per
sqe ems During the course of this work blood samples were
taken at varying intervals of time after dchydroascorbic acid
injeetions for glutathione analyses, and therefore, it was

expected that such blood samples would contain varying amounts



of DHA; since GSH donates its hydrogen to DHA ( 69 ) and it
also forms an addition compound with the latter ( 166 ), it was,
therefore, neceggary to test the validity of the glyoxalase
method in the presence of varying amounts of DHA., It was ob-
served that, when 0,125, 0.25, 0.5, and 1.0 mg, of DHA was

added to Warburg flasks contsining 0V5 mg, of pure GSH, the
glyoxalage reaction remained unaffected, It should be noted
that the highes% concentration of DHA used in this experiment
corresponds to the theoreticél amount that would be present

in 0,5 mls of 1:5 blood filtrate after the injection of 1 g,

of DHA per 1000 g+ body weight ( assuming no loss of DHA and
the blood volume to be 100 ml, per 1000 g. of tody weight ).
Blood sugar estimations were done by the method of Hagedorn

end Jensen ( 164 )s I%t was observed that the glucose values

in blood samples taken immediately or sometime after the ine
Jeetions of dehydroascorbie acld were high; on subsequent
investigation it was found that dehydroascorbic acid solution
gives a very high blank velue in this method of sugar estimation,
Blood sugar analyses, therefore, were dome 24 hours after the

injeetion of dehydroasgcorbic acid.

Effect of Dehydroascorbic Acid Injection on Blood Glutathione

Contents of Bebbits:

(0=Q)
Rabbits/weighing between 1500-2800 gs were given an initial

desensitizing dose ( DsDs ) and 15 minutes later a final dose
( F«Ds ) of dehydroascorbic acids The amounts of DHA that were



injected ave shown in the Tables 11 and 12, In some animals
the final dose was not injecied in one injection, but in parts
at 10-15 minute intervals ( indicated by spaces in the tables ).
This prdCedure was adopted because these animals are extremely
susceptible to the injection of dehydroascorbic aecid; a fact
which is a little surprising in view of the higher GSH content
of rabbit blood, as compared with rat blood. Sometimes in the
course of injections the animals showed signs of respiratoxy
fallure, and in these the injections were discontinued, the
animals being revived by artificial respiration before the
injections were continued agains Blood from the experimental
animals was collectedy before any injection and then at varye
ing intervals of time upon completion of the injection, and
analyzed for glutathione and total glutathione,

In a few preliminary experiments the glutathione and total
glutathione estimations were done by the iodometric method of
Woodward and Fry ( 101 )« The data ave presented in Table 11,*
It is apparent from this table that no significant fall in the
blood glutathione ( rabbitsNos 1, 10, 24, 13 and 14 ) within
15 minutes to 1 hour after dehydroascorbic acid iujeetion hes
‘taken place, However, Banerjee, Belavady, and Mukherjee ( 165 )
obgserved a fall in the blood glutathione of rabbits,; after the
dehydroascorbic aeid injection; using the same method of gluta-
thione estimation. Their observations are a little surprising
+ In Tablesll and 12 $hose ravbits marked "dead" under the
column heading Treatment died within 24 hours after the

injeétion of dehydroascorbie acid, and their blood sugar
values were not determined.
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in the light of the present findings and will be discussed
later, Incidentally it might be mentioned here that this
invegtigation wag started before the publication of the above
mentioned papers None of the animals ( rabbitsl, 13, 14, and
20 ) which survived the dehydroasecorbic scid injections

(Table 11 ) showed coansistent hyperglycemia; only rabbit No, 1
showed a slight rise in the blood sugar for a few days, and
when the dehydrosscorbic aecid injection was repeated snother
transient rige in the blood sugar was observed ( Fig, 8 ), but,
the truly diabetic type of maintained hyperglycemia was not
obgerveds In this animal the blood GSH was lower than could

be accounted for by expected errors of the analysis 24 and 72
hours after the injection of DHA - i.e¢4 when there was hyper-
glycenia, This may be significant; but unfortunately the
obgervation has not yet been repeated sinece none of the other
rabbits has shown comparable hyperglycemias A somewhat similar
fall in the blood GSH appeared in the control animels Nos 6, 23
in which case, however, it was within the border 1imit of
experimental errors. It is intexesting %o note that rabbit

Nos 20 which received 2 ges of DHA for three consecutive days
shows a itremendous rise in both the reduced and total gluta-
thione values of blood 15 minutes after the completipn of the
third injection, It is rather difficult to conclude from this
experiment whether the above observation is due o a true rise
in the glutathione content of blood or is due Yo the interference
from ascorbic acids; Since the rabbit was injected with massive
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Effect of dehydroascorbic acid on the bleod sugar
of rabbit No. I, The figure o shows the second
injeetion; the first injection ( 1.5 g. DHA ) was
given 4 days prior to the second injection.
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doses of DHA it is quite possible that the ascorbiec seid level
in the blood of this enimal was very high, However, as will be
evident from the results of the exzperiments reported below,
where glutathione estimations were done by the glyoxalase method
and the interference due to ascorbic acid was not present,
rabbite when injected repeatedly with DHA showed & similaw

rise in the blood glutathione values, Table 11 ghows that the
G88G values in the blood of the dehydroascorbiec acid injected
animals tend to rises The rise in the GSSG values of blood

is not characteristic of the DHA-injected animals; the
hydroquinone~injected animal and galine-injected animal also

show a similar trends

Since the method for the estimation of glutathione lacked
gpecificity in the foregoing experiments, it was decided to
repeat those experiments egtimating the reduced and total
glutathione in the blood by the specific manometric method.
The results of such experiments are presented in Table 12,

It is clear from this table that there is no significant fall
4in the blood glutathione ( rabbitsNo. 25, 26, 27, 28, 29, 38,
44 ) immediately following the injections of massive doses of
IHA. On the contrary, rabbit No. 29 which received repeated
injections of DHA shows, like Rabbit Nos 20 of Table 11, a
tremendous rise in the glutathione and total glutathione values
of bloods In this animsl the blood glutathione analyses were
done on the first day before any injection and after the final
doge at different intervals of time; agein on the third day
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before and after the third injection as indicated in the
tables The " O " fime in Table 12 gignifies that the blood
sample was drawn while the last portion of the DHA was in-
Jeected; this technigue is similar %o that of Leech and
Bailey ( 93 ) when they studied the effects of alloxan on
blood glutathione, No gignificant change in blood sugar was
obgserved in the surviving aenimals (rabbitsNos 38, 44 ).

Patterson ( 79 ) originally reported that rats could be made
diebetic with a single injection of 1.1 g« of DHA per Kg. body
weights Patterson and Lazarow ( 75 ) made rats disbetic by
injecting 0.7 ge¢ of DHA per Kgs of body weight for 3 comsecut-
ive dayse Tablesll and 12 show that the mortality rate in
rabbits is very high when dehydroascorblic acid is injected
around dose level of 1.1 gZ./Kg. It has been found in the
gourse of this work that, it is almost impossible to injeet
047 ge of DHA per Kgs into rabbits for 3 consecutive days;

out of the 10 rabbits tried only two survived - No, 20

( Table 11 ) end Nes 29 ( Table 12 ). Bﬁfortunately, the
latter rabbit died within an hour after the 3rd injection on
the third day, therefore, its blood sugar changes could not be
followed, and as has been stated elsewhere in the former rabbit
no significant ehanéé in the blood sugar wae observed, It was
decided, therefore, to injeet DHA repeatedly into rabbits in
small doses for longer periods of time. Rabbits Nos 33, and
34 ( Table 12 ) were injected for six consecutive days with
500 mg. of DHA. Twenty-four hours after the completion of the
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injections blood samples were teken for glutathione and sugaxr
enalyses, It can be seen from Table 12 that the hematoerit
value in the blood of rabbit No. 33 has decreased, but the
reduced and total glutathione values have increasedy in
rabbit Noe 34 the hematocrit value has decreased by 5% but

the reduced and total glutathione values remain unchanged,
These findings indicate that the glutsthiohe and total gluta-
thione contents have ineressed in the red cells., None of these
rabbits was hyperglycemic for five days after the injections.
Leech and Bailey ( 9% ) reported the same type of increase

in the blood glutathione after repealed alloxan injections in
small doges, This inereased glutathione produetion in the
body is quite conceivably an attempt of the latter to increase
its resistance sgasinst such toxic substances as alloxan and

dehydroascorbic acids

Prineiotto ( 8L ) reporied that rabbits when starved for 12-24
hours could be made diabetic by injecting 0.6 ge«/Kge of DHA in
four equal doges at 15 minute intervalses In this work the same
procedure was tried on rabbitsNo. 50 and 51 ( Tsble 12 ), These
animals were starved for 12 hours and then injeeted with the
aforegseid amount of DHA st the speeified time intervals. Blood
sugar analyses were done for four days after the injections and
varied between 84~110 mg.%. On the f£ifth day, after 24 hours
fasting, the same rabbits were injeeted sgain with the same
dose of DHA in the same ways Blood sugar anslyses were done
for the next four days and showed no change. Blood glutathione
enalyses were done after 12 hours fasting just before the first
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injection of DHA and agein on the 9th day after 12 hours fast-
ings Reference to Table 12 shows thaﬁ the hematoecrit values

as well as the glutathione and total glutathione contents of
the blood have decreased in these snimals. In these cages,
however, %he increase in the glutathione and total glutathione
values of blood as observed in rabbitsNos, 29, 33 and 34 is not
presents The most plausible explanation is thet the injections
of DHA were given too far aparis

Beduction of Dehydrosscorbic Acid by Rabbit Blood:

Several investigators have suggested that glutathione is respon-
gible for the reduction of DHA ( 7,21,69,74 )s» Since the preced-
ing experiments did not show any significant change in the blood
glutathione after dehydroascorbiec acid injection; it was, there-
fore, decided to investigete whether IHA is appreciably reduced
to ascorbic acid in the rabbit blood.

The following experimental procedure was adopted: In Vivo:
Rabbits weighing between 2100-2900 g were injected with 1000~
1500 mge of DHA in divided doses within 30 minutes, Blood
samples were collected before and 15 minutes afier the com-
pletion of the injections and analyzed for ascorbic acid and
$otal ascorbic acids Immediately upon collection the blood
samples were saturated with carbon monoxide ( to prevent oxidate-
ion of ascorbic ascid by hemoglobin during deproteinization ) end
then centrifuged. Ageorbic acid and total ascorbic acid estimat-
ions were done in the plasma and red cells by the indophenol ( 83
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and phenylhydrazine ( 87 ) methods. The latter method does not
differentiate between dehydrosscorbic acid ( DHA ) and diketo-
gulonic acid ( DKA ), hence H,8 reduction was applied to the
metaphosphoric acid filtrate, as described by Levenson et al,
(91 ), to differentiate between the two substances, In Part
I of this thesig it has been stated that because of the lack
of speeificity of H,8 reduetion it cannot be applied to
differentiate between DHA and DKA when these substances are
present in small amounts ( 0.07=0.3 mg.% ) in biologieal
materials, In this experiment, however, the concentrations of
DHA in the red cells and plasma, after DHA injection, were very
high ( vide infra ). A%t such high levels of DHA the figures
obtained after H,S reduction of the latter, by the indophenol
method are reasonably accurate; the interfering subétanoea
constitute only a fraction of the amount estimateds In Vitro:
Ascorbic seid or dehydroascorbic seid solutions in 0,9% NaCl
were added %o whole blood ( saturated with CO ) and incubated
for 1 hour at 37°. At the end of incubation pexriod the blood
was centrifuged and ascorbic acld determinations were done in
the red cells and plasma by the indophenol method ( 83 ).

Table 1% shows that when DHA is injected into rabbits the
ascorbic concentration in the red cells greatly increases.
The results of the in vitro experiment in Table 14 show that
the levels of the ascorbie acid in the red cells of rabbits
rise to a significant extent when the red cells are incubated
with DHA. Both the results of the in vivo and in vitro
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TABLE 14

Concentrations of Ascorbie Acid in Plasma and Red Blood Cells
before and after Addition of Dehydroascorbic Acid or

Ascorbic Acid to Whole Blood
AsA -- Ascorbic acid

DHA - Dehydroasecorbic

acid

Naterial snalyzed

Species Coneentration Ascorbiec aecid
and form of found
subgtance added

nge per cent mg, per cent
Rabbit 25 DHA Control plesma 0,9
Plasma after 2¢4
incubation
Gontrol red cells 03
Red cells after 1e5
incubation

Rabbit 24+5 AsA Control plasma 0+48

Plasma after 278
incubation

Control red cells 0435

Red cells after 0438
incubation '

Rabbit 2443 AsA Control plasma 0.48

Plasma after 251
incubation

Control red cells 0435

Red cellg after 0.38

inocubation




experiments strongly suggest that DHA is reduced to AsA in

the red cells, The results of the in vitro experiments in
Table 14 show that ascorbic acid does not enter into the red
cells of rabbits. Other observers ( 21,167 ) have also report-
ed that both in vivo and in vitro the erythroeytes of human,
eat, dog, rat, sheep, pig,and bovine are impermeable to AsA.
Hence the increase in the ascorbic acid content of the red
cells as observed in the in vivo and in vitro experiments

above is not due to the entry of ascorbic acid into the red

cells,

It is clear from the results of the gbove experiments and those
in the last section that, in vivo DHA is reduced to a consider-
able ﬂegree in the red cells of rabbits and concurrent with the
reduction of the DHA no sgignificant change in the blood gluta-
thione takes place. There is a possibility that the GSH is
regenerated from the G8SG very rapidly by the glutathione
reductase in blood ( 68 ); i.e. the second of the following

reactions is very effective:

(1) DHA + 2GSH —> AsA + @(SSG
(2)  GSSG + TPNH, —% 2GSH + TPN

However, Rall and Tehninger ( 68 ) have also shown that the
gpecific activity of the glutathione reductase in the rat
liver is higher than in the blood. Since in the course of
this work a fall in the liver glutathione of rats after DHA
injections under similar experimental conditions hag been
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observed ( vide infra ), the above possibility may be ruled out,
It can be concluded, therefore, that glutathione is not
responsible for the reduetion of dehydroascorbie acid in the
rabbit blood.

The data in Table 13 also show that the AsA concentration in the
plasma rises after DHA injection, The results in Table 14 show
that the ascorbic acid concentration in the plasma inereases
after incubation of whole blood with DHA, The rise in the
plasme ascorbic acid may be due to the reduction of DHA in the
plasma or to the passage of AsA from the red cells and other
cells in the body. Experiments have not been done to verify
whether rabbit plasma reduces DHA to AsA; Dbecause the main
object of this experiment was to observe whether glutathione

is responsible for the reduction of DHA and plasma does not
contain any glutathione, If DHA is reduced in the plasma the
reducing agent is certainly not glutathione.

It is easily discernible from Pable 13 that after the DHA in-
jections the total ascorbic aecid values in the plasma end red
cells are higher than the corresponding ascorbic acid values.
This indicates that the whole of the injected DHA has not been
reduced to AsA but is present either as DHA or DKA, Singe the
total ascorbic scid value,after the DHA injections,in the plasma
and red cells as obtained by the phenylhydraezine method are
higher than those obtained by the indophenol method after Has
reduction, it indicates that a considerable amount of the
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injected DHA has been converted to DKA. The degree of con-
version of the injected DHA o DKA is far greater in plasma.
than in red cells,

Effect of Dehydroasecorbiec Acid Injeetion on Blood and Tissue

Glutathione Contents of Rats:

Since diabetes could not be produced in rabbits with dehydro-
asecorbic acid, it was of interest %o lmow whether rats could
be made diabetic with the latter substance as has been claimed

by Pattexson ( 79,80 ).
; (O?m 9)
The following experimental procedure was adopted: Rgtalweigh—

ing between 145-160 g. were divided into twgdé:?ups in such a
way that the distribution of the body weight/remained approxi-
nately the same in both groups. One group was kept as control
and the rats in the other group were injected with DHA

( experimental )s The experimental animals were injected

with 0.7-0.8 ml. of dehydroaseorbic acid solution ( 100 mg./ml.)
per 100 g. body weight for three consecutive days. Before the
first injection the rats were desengitized with 0,3 ml, of the
above dehydroascorbic acid solution per 100 g. body weight.
The eontrol animels were injected with 0,7-0+48 ml, of ether-
extracted hydroguinone solution per 100 g. body weight. Both
the control and the experimentsl animgls were starved for 12
hours before the first injection. Because of experimental
limitations,; the control and experimental animals were not
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injeeted at the same time; +the experimental animals were in-
jected firsts From 4-10 days after the last injection, the
experimental animals were gacrificed a few at a time, The
animals were anesthetized with nembutel and laparotomized;
blood was collected from the sbdominal sorta for glutathione
and sugar enslyses, Glutethione anaiyses were also performed
in the liver and pancreas. The same experimental procedure
was followed for the control animals after hydroquinone in-
Jeetions The blood, liver, and pancreas were analyzed for
glutathiones The tissues ( pancreas, liver, kidney, thyroid,
and suprarenal ) were taken from control and experimental
animals for histological examination,

Table 15 shows that 1004 of the rats became hyperglycemic
after the injections of dehydroascorbiec aeid. Nevertheless,
the glutathione contents of the blood, liver, and paencress
of the control aniﬁalsjare not significantly different from
those of the digbetic animalss The total and oxidized gluts-
thione concentrations in the blood of experimental animals
are almost similar to those of the control animals. It is
interesting to note that the total glutathione values are
not consistently higher then the glutathione wvalues in the
liver and pancreas of both digbetic and normael rats. This
indicates that the oxidized glutathione is not present in
the tissues of control animals and it does not appear in the
tissues of diabetic ratss It is coneluded, therefore, that
in established dehydroascorbic acid-diabetiec rats the gluta-

thione concentrations in the blood, liver, and pancreas



TABLE 15
Glutathione Contents of Blood and Tissues of Control and DHA-Diabetic Rats
GSH « Reduced glutathione GSSG = Oxidized glutathione DHA - Dehydroascorbic acid

Control rats

Blood Liver Pancresas

e S

Mean GSH 19.2 £ 2,72 lean GSH 56,0 £ 5.9

1
I
1
I
Rat Control After GSH GSSG Tota Rat Control After GSH GSSG Total ERat Control After CSH GSSG Total
No. Sugar inj. GSH! No, blood inj. GSH | No. Dblood inj. 3 GSH
sugar i sugar blood i sugar blood
: sugar ! sugar
] i
mg.% 1118-% mg.% mg.f"a mg.%i . mg.% mg.% mé;-% mg-% m@-% i m&-% mso% m&‘;a% mg-% mg.%
]
31 102 102 18.2 25,6 43.8! 1 108 89 135.5 - - E . 105 - 48,3 - 4741
12 g8 = 17,5 24.4 41.9, 2 = 147 193.1 0 193.1 , 4 105 - 55.8 - 51.4
13 - - 20,7 23,1 43,8, 3 105 - 231.7 - w =gty 99 - 57,5 - 47,2
14 - - 22,5 22,5 45,0! 4 105 - 241.5 - - 18 107 140 62.5 - o
15 - - 24,4 23.8 48,21 5 99 96 147.6 - o
16 114 - 20,0 18.2 38,2 6 107 124 229,5 - 228,3)
1'? 98 - 18.0 19.5 37 .5 : 7 99 - 225.2 - b :
18 114 - 15.0 21.3 56.3: 8 107 140 200.7 - - |
19 105 - 18,8 25,6 44,4, 9 108 138 174.8 - 7.0 181.8 |
20" 105 - 175 20.5 sa.oi 10 107 124 199.4 - -
[}
: \
| |
| I
| I

Mean GSH 197.9 £ 36,1
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15 ( Contd.)

DHA=Diabetic rats

] I
Blood ! Liver i Pancreas
| 1
T T s
Rat Control After GSH GS3G Total | Rat Control After GSH GSSG Total '= Rat Control After GSH GSSG Total
Noe. sugar inj. GSH | Ko, Dblood inj. GSH 1| lioe. blood inj. GSH
sugar | sugar blood | sugar blood
‘ ! sugar ' sugar
: 1
mg.% mg.% m&-% ﬁgo; m&?-fﬂl T m&';i m&-% ESG% mS-%T: EGT%_ m@t% mGO% m&-f ms-%'
17 - 333 21,3 24.4 45,7, 3 126 378 179.6 O 179.,6 4 112 416 73,5 - 58,8
18 - 336 18.8 16.2 35.,0! 4 112 416 214.7 0 214.7 8 101 423 85,2 -  60.2
19 - 461 26.2 15,8 42.01 6 126 392 164.6 1.2 165.8 9 124 392 52,7 0 52,7
23 - 436 23,8 15,2 39,0, 7 118 423 218,0 = 2083 12 99 349 48,5 0 48,5
27 - 500 23.2 16,8 40.0! 8 101 423 237.3 34.4 271.7
28 - 235 18.2 20.0 38.2! 9 124 392 188.3 1.9 190.2
- | 13 94 428 204,55 = =
| 16 120 427 241,.5 - - E
1
] I -
Mean GSH 21.9 % 3,08 E Mean GSH 206,0 % 27.2 ; HMean GSH 64,9 % 17.4
L 1
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remain practically unaltereds

At this gtage, it was decided to estimate the glutathione

contents of the blood, liver, and pancreas of rats immediately
acd st vitro (PHT-2-74)

after DHA injections. In vivo/the half life of DHA is only a

few minutes ( 23,168,169 ) and therefore, it was expected that

any change in the glutathione contents of the blood and tissues

would be manifested within a short time after the DHA injeetion.

The experimental and techniecal procedure used was as follows:
Baxsf;eighing between 130-160 g were injected with 0.7 mls of
dehydroascorbic aecid solution ( 100 mg./ml.) per 100 g. body
weight for two consecutive dayss The desensitizing dose was
the same as in the previous experiment.s On the third day, the
rats were anesthetized with nembutal and injectéd with the
aforesaid amount of DHA, The animsls were laparotomized and
at 10, 15 and 17 minutes after the IHA injection blood, liver
and pancreas were collected respeetively for glutathione
analysess Blood samples were taken before the third injection

for sugar analyses.

The same experimental procedure was repeated on g control
group of rats of similar body weight which were injeeted with
ether-cxtracted hydroquinone solution ingtead of DHA,

It is clear from Table 16 that the glutathione and total
glutathione concentrations in the blood of the control animalg
are not significantly different from those of the experimental
animals, The glutathione concentrations in the liver of the



TABLE

16

Glutathione Contents of Blood and Tissues of Control and DHA-Injected Rats

GSH = Reduced glutathione

GSSG = Oxidized glutathione

DHA = Dehydroascorbic acid

ccntro; rats

Mean GSH 16,5 + 1,24

Hean CSH 216.0 : 14 ¢4

Hean GSH 68,9 & 3.99

| |
Blood : Liver 2 Pancreas

] ]
Rat Sugar GSH GSSG Totali Rat Bleod  GSH GSSG Total |, Rat Blood GSH ©GSSG Total
No.  before GSH | No.  sugar GSH | Ro. gugar GSH

3rd inj. - vefore - vefore
: Srd inj. ! 3rd inj.
(8 1
BB MBS MEeh  MEek | Mo BEe®  WEeh TEeh | ng.% MEeh MEeh WEed

1 124 16,3 23,7 40,0 | 1 124 221.0 0 2231.0 | 1 124 53 .8 - -
3 108 163 19,9 356.2 | 2 114 219.8 - - | 2 114 63 .4 - -
4 101 16,3 Rl.2 3745 ! ) 108 204.8 - - 3 108 60.1 - -
5 117 15,0 21.2 362 | 4 101 241.0 O 241,01 4 101 62.1 = =
6 113 16,5 19,1 35.6 | S 117 201,98 - - ! & 117 58,7 = -
7 - 18.3 19.9 38.? ! 6 113 293.8 - - ! 6 u3 54.5 - -

I |

i |

i H




TABLE 16 ( Contd,)

DHA-Injected rats

Mean GSH 17.1 % 1.74 Mean GSH 155.8 % 40.29 Mean GSH 74.7 & 18.25

1 i
Blood i Liver i Pancreas
1 [}
[} ]
Rat Sugar GSH GSSG Total | Rat Blood GSH GSSG Total | Rat Blood GSH GSSG Total
No o before GSH | No. sugar GSH | No. sugar GSH
3rd inj. : before ! before
i 3rd inj. i 3rd inj.
i _ !
TG o % TG BGek  WEeR | TE « 5 TEek  MGek  WEek | WEeh  WGek TMGeh  MBek
i I
1 402 18,5 28.5 42.0 | X 402 231,0 - 2151 | 1 402 96,6 - -
8 214 18,8 17.4 36.2 ! 7 363 132.2 - 1204 ! % 363 102,5 - o
° 328 14,0 17.2 31,82 | 8 214 137 .6 0.4 138.,0 1 8 214 69 .5 - -
10 230 36,3 19053 35.6 | 9 328 118,.7 - - 1 9 328 68,1 - -
11 122 18.5 19,0 37,5 ! 10 230 167 .5 - - ! 10 230 6l.2 - -
| ! 11 122 728 - -
1 [}
] B 3
| i
] ]
] ]
1 |
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DHA-injected animals are lower than those of the control
animalss This difference is significant ( P < 0,01 )¢ It
is interesting %o note that the glutathione contents of the
pancreas of the experimental animals are higher than thosge

of the control animalss This difference ig most probably due
to the variation in the water content, because, the whole
pancereas of g DHA-injeeted animal weighs less than that of

a control animals, The significance of these results will be

discussed laters

Effect of Dehydroascorbic Acid Injeetion on ILiver Glutgthione
Contents 0; Bats:

The above experiment has shown that the glutathione content
of the livexr falls after DHA injection., This observation has
been further verified by experiments of different nature .

The technique was as follows: A rat was laparotomized under
nembutal anesthesia and a suitable amount of liver tissue was
taken out for glutathione analysis. The bleeding was con-
trolled by mosguito hemostats and pads of cotton wools Then
the rat was given a priming dose of2025mgs, of DHA per 100 g,
body weight; 15 minutes later enother dose of 60-140 mg. of
DHA per 100 g« body weight was injecteds Another sample of
liver tissue was taken out for glutathione analysis 15 minutes
after the last injections The same experiment was repeated on
rats injected with normal saline,
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Similar experiments were done in vitros The experimental and
technieal procedure used was as follows: A. The whole liver
of a rat was extracted with phosphate buffer at pH 7«4 The
tissue debris was not separateds To the extract DHA was added
to make a concentration of 20 mgs of DHA per 100 mls in the
extracts The sample was incubated for 30 minutes at 370.,
Samples of the extract were taken out for glutethione analyses
before end after incubation with dehydroascorbic acids

Bs The whole liver of a ral was extracted with phosphate
buffer at pH T«4; the extract was centrifuged and filtered.

A sample of the filtrate was taken out for glutathione analysis.
The rest of the filtrate wag divided into two egual parts;

one half was used as control and to the other half DHA was
added to give a concentration of 100 mgs of DHA per 100 ml, in
the filtrate, Immediately upon addition of DHA a portion of
the filtrate was taken out for glutathione analysiss Both the
control and the sample to which DHA had been added were incubat-
ed for an hour at 37°: Aliquots of the samples were taken out
after 30 minutes and at the end of the incubation period_for—
glutathione analyses.

The results of thege in vivo and in vitro experiments are ahawn
graphically in PFigs 9« The top half of the figure shows the
results of the in vivo experiments and the lower half those of
the in vitro experiments. To facilitate presentation, the
concentrations of glutathione in the liver extracts are expressed

in mg. of GSH per 100 g. of liver.



It is eagily discernible from Pig. 9 that the glutathione
concentyration in the liver of both the DHA-injected animals

( DHA, and DHA, ) hag fallen to a significant extents On the
other hand, the saline~injected animals ( Saline, and Saline, p
under the same experimental conditions, do not show any change
in the livex glutathione concentration, It should be pointed
out in this context that the choice of saline instead of ether-
extracted hydroguinone solution for injection into the control
animals was purely arbitrary. It has been observed in the
courge of thig investigation that hydroquinone does not cause
any change in the glutathione contents of liver or blood.

Curve A in the gbove figure shows the result of 30 minutes
incubation of liver brei with DHA ( 20 mg. of DHA per 100 ml,
extract )s 4 definite Pall in the glutathione concentration
of the liver extract is clearly shown,

Curve B, in Figs 9 shows the effect of incubation, of liver
filtrate ( without cell debris ) with DHA ( 100 mge of DHA

per 100 mle filtrate ), on the glutathione concentration of

the liver filtrate. The parallel contrel of the same filtrate

( without DHA ) is represented by curve By. It can be observed

( curve B, ) that within 3 minutes of the addition of DHA the
concentration of GSH in the filtrate has started falling and
after 30 minutes of inecubation the GSH content is reduced to
zero value. On the other hand, some loss of GSH oceurs in the

control filtrate ( curve By ) within 30 minutes but after that
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IN VIVO: Glutathione concentration in rat liver before
and 30 min, affer DHA or saline injeetion. DHA;, B8O mg.
of DHA injected per 100 g. body wt.; DHA,, 164 mg. of
DHA injected per 100 g. body wh; Saline; and Saline,,

4 ml, of 0.9% NaCl injected.

IN VITRO: Glutathione concentration in liver extracts

{ liver extracted with phosphate buffer at pH 7.4 ) of
rats before and after incubation at 37° with or without
IHA., A, DHA was added to the extract to give a concen-
tration of 20 mg.%; By and Bp are the two halves of the
same extract; %o By no DHA was added and to B, DHA was
added to give a concentration of 100 mg.%.
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the loss of GSH is very small, The fall in the GSH content
of the control filtrate may be expected, becanse glutathione
is very unsteble at pH 7.4« However, the difference between
the control sample and the gample to which DHA was added is
quite marked, The changes in the asecorbic acid values of the
gample to which DHA had been added ( curve By ) axe shown
belows

Concentration of aseorbic meid before the addition of DHA mmm-
1746 mge/100 g of livex, :

Concentration of ascorbic acid after 30 min, incubation with
DHA =m—= 130,6 mg. per 100 g. of liver.

Concentration of aéeorbic aeid after 60 minutes ineubation
with DHA —=== 152,0 mgs pexr 100 g, of liver,

The results of this experiment and those of the previous section
strongly suggest that glutathione is regponsible for the reduct-
ion of dehydroascorbic acid in the liver,

Effect of Alloxan Injection on Blood Glutathione of Rabbits:

Leech and Bailey ( 93 ) originally reported that immediately
after alloxan injection a sharp drop in the giutathione con-
centration of blood ocourss They, however, did not use a
gpecific method for the egtimation of glutathiones It was,
therefore, of interest to repeat the work of the above authors
and to observe whether similar changes ean be demonstrated by
the specific glyoxalase method.



Py 5 0

The following experimental procedure was adopted: Rabbite(d~%)
weighing between 1500~3000 g, were injected intravenously with
200 mge/Kge body weight of alloxan. Blood samples were collecte
ed at various intervals of time for glutathione snalyses by the
glyozalase method as well as by the method of Benediet and
Gottschall ( 114 ) as modified by Potter and Franke ( 115 ).

The latter method was used by Ieech and Bailey and it measures
only GSHe .

It is eagily discernible from Table 17 that a preecipitous fall
in the blood glutathione immedistely after alloxzan injeetion
can be demongtrated by both the methods., The glutathione values
obtained by the method of Benedict and Gottschall are higher
than those obtained by the manometrie method, This is quite
conceivable, because, the former method is not speeific for
glutgthione, The total giutathione values obtained by the
glyoxalase method immediately after alloxan injeetion are lower
than before alloxan injection, This indicates that the reduced
glutathione has not been simply oxidized by the alloxan, but
the latter substance has formed, probably, an addition come
pound with glutathione as has been suggested by Lazarow and

his eoworkers ( 170,171 )« Dr. Robson, working in this
laboratory, has confirmed the above finding.



TABIE 17

Concentration of Glutathione in Rabbit Blood before
and after Alloxan Injection

GSH -- Reduced glutathione GSSG -- Oxidized glutathione

Rabbit No. Pime

Hemato- Glyoxalase Benediet and
and erit method Gottschall's
Weight in ge Total me thod
GSH GSsG GSH GSH
per cent mg.% mgeb @ mg.h ng.%
"Nos 35, Con'bl‘. 44‘ 52.5 20'0 7205 69¢6
1500 "0" min, 42 17,5 28.2 4547 3240
15 min, - - = - 275
Nos 36. GContrs 42 55.0 1?.5 67-5 TO00
1600 "0" mine 42 2%.1 el 2642 %2.1
Noe 37, Contr, 40 20 10.6 3046 -
2100 15 min, 39 9+4 15.6 25,0 -
Nos 40, Contx. 42 24:0 16,0 4040 -
3000 "O" min, 43 ° 27«2 TLe2 -
Nos 41, Contr. 48 25,0 21.3 46.3 ) -
2500 "0" min, 51 6:0 2251 2841 -
60 m. 43 21.0 17.1 98.1 -
Hoe 49, Contxr, 40 5040 13. 4340 -
1600 "Oo" min, 45 1840 6s4 2444 -




DISCUSSION

Soon after the discovery by Patterson ( 79,80 ) that dehydro-
ascorbic acid is diabetogenic in rats, Princiotto ( 81 ) claim-
ed that rabbits could be made diabetic with the same substance,
In a recent communication, however, Banerjee et al, ( 165 )
reported that they could not produce disbetes in rebbits with
dehydroascorbic acide It may be pointed out in this context
that, the experimental technique of Banerjee et 2l, is a little
different from that of Princiotto, Banerjee et al, injeected
dehydroascorbic acid intravenously into non-fasting rabbits at
a dose level of 1 g./Kgs Or 1.5 g¢/Kgs in two injections at 10
minute intervals; a dose which is diabetogenie in rats ( 79 ).
On the other hand, Princiotto starved the rabbits for 12-24
hours and then injected intravenously 0.6 g./Kg. of dehydro-
ascorbic acid in four equal doses at intervals of 15 minutes.
In the present work, dehydroascorbic acid was injected intra-
venously into rabbits at varying dose levels uging different
techniques including that used by Princiotto. In no ingtance,
however, rabbits could be made diabetie with dehydroascorbic acid.
Neither Patterson nor Lazarow has injected dehydroaseorbiec acid
into rabbits (personal communication). The results of the pres-
ent work and those of Banerjee et 2l. make it unlikely that
dehydroascorbic acid is diabetogenic in rabbits,

In the course of the present investigation, attempts were made

initially to measure the blood glutathione of rabbits, after
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dehydroascorbic acid injections, using the iodometric method

of Woodward and Fry ( 101 ). No significant change in the blood
glutathione was observeds ILater, however, the above method of
glutathione estimetion wes discarded in view of the faet that

the ascorbic acid level in the blood increases greatly after
dehydroascorbic acid injections and ascorbie acid at high con-
centration interferes with the iodometric method giving falsely
high glutathione value, In view of this, it is surprising that
Banerjee et al, ( 165 ) using the same method of glutathione
estimation ( 101 ) could observe a fall in the blood glutathione
of rabbits after dehydroascorbiec acid injeﬁﬁﬁgﬁsaﬂGﬁ%ﬁﬁﬁsrmore,
the half 1life of dehydroascorbic acid in vivo/is only a few
minutes ( 23,168,169 ); if glutathione is responsible foxr the
reduction of dehydroascorbic acid, then any change in the blood
glutathione ghould be apparent a few minmutes after the injection
of dehydroascorbic acids The observation of Banerjee et al, is
inconsistent with this idea since they reported the £all in the
blood glufaxhicne 1-24 hours after the injeetion of dehydroascorbie
acide The present author, however, using the specific glyoxalase
method for the estimetion of glutathione, did not observe any
significant change in the blood glutathione of rabbits during the
first hour after dehydroasebrbic acid injectionse On the other
hand, when dehydroescorbic acid was injected repeatedly into
rabbits, a rise in the blood glutathione was observed. A similar
rise in the blood glutathione of rabbits after repeated injections
of alloxan in smell doses has been observed by Leech and Bailey
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( 93 )¢ The significance of this change has been discussed

elsewhere,

It is well established that, in vivo and in vitro dehydroascorbie

aeid is reduced to ascorﬁic acid in the blood. wee— e
=== and tissues ( 18-24,73,74,173-176 )« In the present work
an increase in the ascorbic aecid concentration of rabbit erythro-
cytes has been observed both after the injection of dehydroascorbie
acid and after incubation of whole blood with dehydroascorbiec ascid.
The possibility that the increase in the ascorbic acid concentrat-
ion of the erythroeytes is due to the entry of ascorbic acid.inta
the red blood cells hes been excluded by in vitro experiments,
Sinece no significant change in the blood glutathione has been ob-
served after dehydroascorbic acid injections into rabbits, it has
been concluded that glﬁtathione is not ;esponsible for the reduct-

ion of dehydroagcorbic acld in the rabbit blood,

The resulte also indicate that when large doses of dehydroascorbiec
acid are injected into rabbits, a considerable portion of this sub-
stance undergoes an irreversible transformation into diketogulonie

acide

In contrast to rabbits, rats were easily and regularly made diabetic
with dehy8droascorbic acids This confirms the work of Patterson

( 79,80 ) and Patterson and Imgzarow ( 75 ). Histological studies

( seé appendix ) indicated that dehydrosscorbic acid-induced
diabetes is pancreatic in origin. The glutathione values in the
blood, liver, and pancreas of the permanently dlabetic animals



=82

were not significantly different from those of the control
animalses This is quite consistent with the faet that the turn-
over of glutathione is very rapid both in vitro and in vivo

( 52=55 )y so that the changes in the glutathione concentration
of blood or tissue which might occur immediately after dehydro-
ascorbic acid injections would not be menifested in the perman-
ently diabetic condition,

However, no significant change in the blood glutathione could be
obgerved in rats immediately after dehydroascorbic aeid inject-
ions; on the other hand, in common with other workers it has
been observed that alloxen causes a precipitous fall in the blood
glutathione of rabbits, This raises the question whether the
fall in the blood glutathione is of any significance in the pro-
duction of experimental diabetes, A.suIVEy of the literature
shows that ninhydrin, a non-disbetogenic substance, also causes
e fall in the blood glutathione which is similer to that induced
by alloxan ( 135 ). Purthermore, & fall in the blood glutathione
of guinea pigs immediately aitér alloxan injection has been demon-
strated ( 136,137 ), although these animals are resistant to the
disbetogenic action of alloxan ( 136,137,177 )» dJudging from
these facts it can be concluded that a fall in the blood gluta~
thione is not specifically related to the production of experi-
mental diabetes.

In the present work a consistent fall in the liver glutathione of
rats immediately after dehydroascorbic acld injectlons has been
observed; o fall in the glutathione content of liver extracts
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has also been shown to. occur on incubation with dehydroascorbie
acids This is probably due to the reduction of dehydroascorbie
acid in the liver by glutathione, It is of interest to note
that Bruckmenn end Wertheimer ( 135 ) did not observe any chenge
in the liver glutathione of rats immediately after alloxan
injection; Brada ( 178 ), on the other hand, observed a fall
in the liver glutathione of rats after alloxan injection,
Nevertheless, the significance of the fall in the liver gluta-
thione following alloxan or dehydroascorbic aeid injection in
relation to the production of experimental diabetes is obscure.

Immediately following the injection of dehydroascorbic¢ acid the
glutathione contents of the pancreas of rats were not significant-
ly different from those of the control animals, The data in the
lite:ature on the glutathione content of the panereas following
the injection of alloxan are subject to considerable controversy.
Bruckmann and Wertheimer ( 135 ) could not observe any significant
chenge in the glutathione content of the pancreas of rats follow-
ing the injection of diabetogenic dose of alloxan, Brada, ( 178 ),
however, found & gignificant fall in the glutathione concentration
of the pancreas of rats after alloxan injection, The present
author believes, in commor with Lagarow ( 82 ), that very little
information regarding the concentration of glutathione in the
beta-eells of the islets of Langerhans of the pencreas can be
gained from the results of glutathione analyses of the whole
pancreas, because the beta-cells constitute only a fraetion (045%)

of the total weight of the organs Unfortunately, however, at the



-84~

present time there is no method availeble for the quantitative
gseparation of the beta-cells from the acinar tissues of the

pancreas, so that in the present work only indirect methods
could be applied,



GENERAL CONSLUSIONS AND SUMMARY
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GENERAL CONCLUSIONS AND SUMMARY

1, The ascorbic acid and total ascorbic acid contents of the
plasme of rabbits have been estimated under different experimental
conditions. The limitations of the various methods used for the
accurate estimation of dehydroascorbic acid ( DHA ) have been
discussed. The results suggest that appreciable quantities of DHA
do not exist in the plasma of normal or of alloxan-diabetic rabbits.
2, The reduced glutathione ( GSH ) content of blood can be
estimated equally well by the iodometric and glyoxslase methods.
Only the latter method is rellable for the estimation of GSH in
tissues., By comparative siudy it has been shown that the iocdo-
metric method is unreliable for the accurate estimation of total
glutathione in blood. Certain modifications have been suggested
for the accurate estimation of total glutathione ( reduced plus
oxidized ) in blood by the combined use of electrolytic reduction
and the glyoxalese method. It has been demonstrated by the
modified technique that considerable amounts of oxidized gluta~
thione ( GSSG ) are present in the blood of humans, rabbits, and
rats. Unlike blood, tissues do not contain any measurable gquantity
of GSSG.

3 DHA 1s reduced %o a significant extent in the red blood cells
of rabbits both in vitroe and in fivo. Since no significant change
in blood GSH takes place concurrent with the reduction of DHA it
is concluded that GSH is not responsible for the reduction of DHA
in rabbit blood. When DHA is injected intravenously into rabbits

to‘give very high blood conecentrations, a considerable portion of



the DHA in plasma and in red blood cells appears to undergo an
irreversible change to diketogulonic acid.

4, It has not been possible to produce diabetes in rabbits by
the intravenous injection of DHA, whereas rats have been found to
be easily and regularly susceptible to the diabetogenic action of
DHA, The GZH contents of blood, liver, end pancreas of rats made
diabetic with DHA are not significantly different from those of
the control animals. GSSG does not appear in the tissues of
diabetic rats nor does the amount of this substance in the blood
of diabetlc rats increase.

5. The GSH concentration in blood of rabbits and rats does not
alter immediately after intravenous injection of IHA. In contrast
to this a precipitous, but temporary, fall in blood GSH of rabbits
after alloxan injection has been observed. The significance of
this fall in blood GSH has been discussed and it hes been con-
cluded that the fall in blood GSH is not specifically related to
the production of experimental diabetes.,

6. ‘The GSH content of rat liver falls immediately after DHA
injection but that of the pancreas remains unaltered., It has
been observed alsgo that GSH content of rat liver extracts falls
after incubation of the latter with DHA and it has been concluded
that GSH is responsible for the reduetion of DHA in the liver.
The significance of the changes in GSH concentrations of tissues

after injections of diabetogenic substences has been discussed.
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PENDIX

Histological Examination of the Tissues of Dehydroascorbic
Acid-Diabetic Rats: '

The liver, kidney, suprarenal, and thyroid of the diabetic rats
showed no significant histological changes, The islets of
Langerhans in the pancreas of the diabetic rats, however,
showed signs of degenerative changess From Fig. 11 the
following degenerative changes can be easily seen;

a) disruption of the normal structure of the islet, .
b) vacuolation or loss of cytoplasm of the islet cells,

¢) pyknosis and variation in size and shape of the nuclei,
In the actual stained section, however, some further changes
were observed; vize. the degenerative cells are almost all
beta-cells, the alpha-cells being relatively unaffected;
there is loss of normal peripheral arrangement of the alpha-
cellssy lymphoeytic infiltration is present in the islets.



FIG, 10. An islet of lLangerhans in the panereas of a
hydroquinone injected rat ( contrel ) X 550



PIG. 1.  An islet of rhans in the pancress of a
rat made diabetic with dehydroascorbic
acid X550
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