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Plascoquine (plasrmochin, pawaquin) wus the first
synthétic antimalarial drug, and it aroused a gré&t deel
of interest when it beczme availacle in 1926, Dixon
(1933) estimuted that st least 415 pespers relating to
plasmoquine h:d appezred in the first 4 yeurs following
its introduetion. Thereafter the volume of communications
decressed somewhat untlil fresii interest wzs stimulaied
by the Second world war s&nd the soresn war with fighting

in naiariou.. sreas.

Huenolysis in some putients trocted with
piacmoquine hud been reported from the ezrliest .ays of
its clindicel use. Hrom time to time attempts were made
to explaln why some individusls were gensitive Lo the
drug, wheceas most pailents did not develop haevolytlc
zaremia, However, 1t was ocniy in 1884 thut any real
progress w:s made in the undsrstanding of the condition,
In th:t yeur Seutliery Lern, :lving znd their co-woriers
st the .rmy alaria deseourceh unit =t Stuteville
Fenitentinry, Illinols, publishied the first of a series

of ps.ers wvhich Lurgely eluciduted the problem of
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pissmoguine sensitivity. ihese workers est:blisi.ed tuat
suseeptibility to usemiolysis was due to & new variety

of intrinsie red cell defect, ch.rscterised by sever:l
blocherzical abnormalities, but morphologically indistine
gulshable frow the norwal by conventional technicues.

‘the trait is believed to be harmless under normel circume
stunces, but exposure to & number of extraneous substinces
inclucing primaguine and plasmoguine results in massive
huemolysis. The condition is xnown todey as 'primacuine
sensitivity' or 'glucose-G-phoszhate denydirogenzse
deficiency'. iuny uspects ol the metcbolism of these
abnorzal cells are still beln; intensively studied, since
in this way insight into nosral erytirocyte metzbolism

is guined. In zddition, the exact way in which the drugs
produce haewolysis is still not unequivocally <stablished.



In 1926 Huhlens (1926) and Sioll (1826) first
described the use of plasmoguine in human malaria, and
one of boli’'s original patients, a syphilitic under
treatment with therapeutic vivax malaria, developed
methaemoglobinuria on plasmogquine in & dose of 75 mgms.
daily (Sioli, 1926). In the same ye:r Cordes reported
plasmoquine haemolysis in the trestment of natural
msleria (Cordes, 1926 (a)j 1926 (b)), and further reports
followed almost immediztely (Eiselsberg, 1927; Cordes,
1927; Brosius, 1927 tanson-Bahr, 1927). In an attempt
to explain the haemolysis Kosikott and Seno (1928) carried
out osmotic fragility tests on the red cells of 3 patients
with pluamoquina haemolysis, but did not find any abe
normality. Cordes (1923), Menk (1928), Brosius (1928)
and Manikawa (1923) reported further instances of haemolye
tic apnaemia. Of great interest in the light of later
developments is the rpport of Falma (1823), who observed
ideing bodies in the red cells of an individual with mild
haemolytic :naemia associated with the administration of
plasmoquine., However, the significance of the observation
was not appreciated until the independent demenstration
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by Beutler, Uern ¢nd .lving in 1954 of the associetion
between Heinz body formation cad drug sensitivity.

Reports of pamaquine haemolysis continued to
appear (3aermann and :mits, 1929§ Freimun, 19293 kligler
and {eitler, 19293 Hanai, 192b; Huisman, 1932 Baner Jee
and DBrahmacheri, 1933; Blackie, 1935). There was
confusion between pamagquine huexolysis and blackwater
fever., Manifold (1931) ascribed 3 cages of haemolysis
in 1915 indien patients treated with pamaquine to blacke
water fever, although no husroglobinuria was observed in
1208 British patients, Amy (1934), reviewing 10 cases of
haemoglobinnria on the Indian frontier associated with
plasmoguine treatment, pointed out that the caczes had
ogeurred in districts not regzarded ss blackwater areas,
and that all czse: hid ocecurred in Indisns not British
troops (which was very unlike bl ckwater)., Furthermore,
faleiparum maiaris hed not been demonstrited in all the
cases, Neverthieless, siuzy rejected the possibllity of a
racial idiosyncrusy to the drug, znd concluded that
"the sooner plasmoquine is connscted up with blacikwater
fever in much the same way as quinine is now, the better".

However, ferngn-iiflez (1936) made a clear distinetion
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between the two conditions in his review of 5i cuses of

bluckwater fever.

Investigating hls ciuse of pamaguine hwmernolysis,
Ficacel (1838) found normal osmotie fragility, blieeding
and clotting times, und a norrmal Donathe-iLardsteiner test.
The administration of pamaquine 2€¢ days after the
original exposure rcsulted in a second, though milder,
haerolytic episode. 4my and Boyd (1336; reported hzemo-
globinuria in s British soldier in Iniia assocclated with
the taking of jlasmoquine, whilc haesolytic ancemia with
haemoglobinuris on the.4th dey of exposure to plasmoqgulne
“G8 cbserved by Jein (1337). lis putient, zn Indlan
501d1ér, was taking the drug prophylzctic:1lly, snd there

was no evidence of asscclated nularia,

Stauss (1939) reviewed the litcruture on plasmo-
guine toxiclity, and concluded tinat hsemoglobinuria was
rare, He mseribed tue reported case: to overdosage, and
claimed that in doses of 1¢ mgns./10 Aa. body weight per
day, piasmoquine was nonaasenolytic: however, haemolysis
hed in fuct been reported with this dosage (Manifold,
19313 Amy, 1934 Sein, 1037 ete.).
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The Second Worid war and the Korean war, with
the necessity for meintaining armies in malarious areas,
rekindled interest in pamnquin and the never antimalaricls,
and further attempts were made to unravel the mechanism
of pamaquine haemolysis. Mer et al. (1941) studied the
lysis of red cells by bile in vitro without discovering
the mechanism of drugeinduced haemolysis. Mann (1943)
described an agglutinin in the serum of hia patient,
and thus thought that plasma factors were responsible,
Zylmann (1844) attempted without success to produce in
vitro haemolysis with plasmoquine, OSwantz and Bayliss
(1915) noted that ail 10 subj-ets with haemoglobinuria
following pomequine adminigtration were Negroes, although
the number of Caucasians treated had been much greater.
In their patients the Donutheiandsteiner and Kahn tests
wers negative, Birnbaum et al. (1946) found that
pamaguine, quinine and atabrine accelerated bile haemolysis
in vitro.

In 1947 Dimson snd KeMartin studied 25 Indian
soldiers with pamaguine haemolysis znd reported that the
intradermal injection of pamaquine did not produce an
allergic reaction., In vitro haemolysis could only be
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produced by conesutritions of the drug far in excess of
therapsutic dosage. 7The administration of pamaquin to
thelr patients 30 days after the original hu:enolytic

eplsode produced a second, milder, haemolytic resgponse.

faldman et al. (1947) studied 2 cases of haemolysis
anong 1l Nezroes given panaquine. a4 second massive
haemolysis was produced by re-administrstion of the drug
3 months after the originsl episode, iied cell fragllity
wzs found tc be norumsl, and heemolysis could not be
produced by incubatlon of the putient's cells in noraal
plasma containing paraquine, or normal ceils in the

patient?s plasma,

Earle et sl, (1943) distinguished between two
toxic effects of the drug, methaemoglobin formation end
haemolysis, snd noted that the latter was much more
common in tpigmented subjccta' (Negroes and Chinese),.
Ksemolysis was not related to the concentr.tion of
pamaquine in the plazma, and a study of mechanicul zad
vsmotic fragility, i:ougslutinins, haenolysins, cold
hnemagglutinins and autoagilutinins reyealed no abnormality
iheir conclusion was thet the drug ncted as & precipitating

fuctor, producing haemolysis when certuin predisposing
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factors were present, although the nature of the latter

remained obscure,

Iurchetti (1943) reported the import:nt obiervie
idon that psmaquine sensitivity was faemllial in nsture.
dowever, the significance of his communicution was

ignored for some years.

Hockwald et al, (1952, observed hae:clysis in 17
of 110 Segroes given primsguine mgms, 30 daily for 14
days. There were no similur epiasodes in Caccasian
subjrcts, 1These workers est:iblished that an individual
who was sensitive to primaguine was also secnsitive to
other 8eaminoguinocline deriv:tives, such as pamaguine,
They found no correlation between methaemoglobin formation
and haemolysis, snd showed thnat the erythroeytes manifested
normel osmotle fragility. Eimilar observeitions were
reported by Jones et al, (1933),

Gennis et al., (1954, ré-administered primaquine
O days after the huermolytic epilsode t:s one of thelr 2
subjects, and mistegenly conciuded thet prinacuine had not
been responsible for the original attacd since it fsiled

to produce a recurrence. The reason for the temporary



Page ©

insensitivity to the drug shortly after a hesemolytie
episode was not understood until the publicstion of the
work of the Chlesgo group (iern, Beutler and Alving,
1954,

Mupther reﬁorts of haemolysis during this period
without experimental wor« were publiched by “mith (1943;,
w«est an. ijlenderson (lv4i), ihirlby (1944), Braun and
de Vries (lu44), Loeb (1u45), Hardgrove and ..pplebsum
(1946), .eng (1948), and Coastney et al. (1250),

U to 19854, then, the nature of Z-aminoquinoline
haewolysis remained obscure, although observ:tions
indiesting the genetic basis of the condition had been
pubiished. The varying racial susceptibility to the
condition had been observed by sever:sl worsers (Swantz
and Bayliss, 19453 Dimson and cMartin, 1946j ~tc) but
this had been explained at the Conference of the Medieal
Epeciallists Central Command and North-iWestern Arumy, at
~ahore in 1344 as a consequence of the lower body weight
of indians and 3urmese compared with British troops.

The familisl nature of susceptibility had aiso been
observed by Turchetti (1948;, However, very little
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progress in understanding the condition hsd been made
in spite of a considerable amount of investigation,

In 1954 Dern and his co=workers published the
first of a series ol yapers which :uccesded in slucidating
the problem to a large extent, Firstly, they showed thst
susceptibility to haemolysis was a Characteristic of the
cells of sensitive individuasls, and not due to a plasma
factor (uvern, ue}nstdin et al., 1954). This was achieved
by cross~iransfusion experiments. when 516r~labelled
celis from & sensitive gubject were introduced into the
circulation of u compatible normal recipient,the labeiled
cells rapidly disappeared from the circulation when
prinacuine was exhibited., In contrast, iabelled normal
cells introduced into a susceptible individual were not
destroyed when the r:cipient was given primsquine. Lern,
Beutier and alving (1954; then investigated the insene
sitivity to further haemolysis which had besn obgerved
shortly after a haemolytic episode (Gennis, 1954)., They
administered ;rimaguine to susceptible volunteers in the
“tuteville Penitentiary, and did not stop the adminise
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tration even when massive haemoiysis developed., In
spite of the continued exnibitioh of the drug haemolysis
ceasad on sbout the 1l0th day, ¢nd thercafter the hsemo-
globin rose to normal levels by the 20th « 3C0th day.
ihezse workers showed that the resistsnce which developed
was due 1o a change in the eprythrocytes rather than to
the developrent of a detoxifying system slsewhere in the
body, since lebeiled cells from a subjsct in the
'resistunt phase' were not destroyed by primsguine when
introduced into s compatible normal circulstion. In
addition, cells from & secund sensitive subject were
promptly destroyed by primaguine when in the circulation
of a sensitive individuzl in the ‘'resistant phase’,

In a third paper, Beutler, Dern and slving
(1854)(a) studied sensitive srythroeytes du.ring all phases
of the haemolytiec episode, Ho esbnormality in morpholoiy,
antigenic characteristics, susceptinility to acid hsenoe
lysis, type of haeroglobin, mechanical, osmotic or
chemical fragility was detected, apart from the appear=-
ance of Heinz bodies in the cells st the commencement
of haemolysis, on sbout the 4th dzy of administration.

ihe Heing bodies were a trznsient phenomenon, disappearing
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as haemolysis progressed., It thus seemed thzt the red
cell abtnormality of primagquine sensitivity was different
from previously described intrinsic red cell defects,

Beutier, vern and alving (1954)(b) then showed
that only the older cells in the circulation of & sus-
coptibie individual were destroyed when primaquine was
exhibited, IThis was established by labelling erythrocytes
entarin, the circulation from the merrow over a few days
with 59?0, thus tagging s particular ‘generstion' of
¢ells, The administration of primacguine during the 3rd
week after the sppearance of the labelled ceils produced
the ususl haerolysis, but did not result in the destructe
ion of any of the tagged cells. & secund course of
primagaine when theilabeiled cells were 80 days old,
however, did result in their destruetion, It was thus
“hown that the resisztance to hememolysis which devslops
during c.atinuous administration of primaguine was due to
the elimination of the vulnerable srythrocytes f{rom the
eirculation, i.e, the older cells., Unce only the younger

cells remained haemolysis ceased,

Dern, Eeutier and Alving (1u55) then showed that
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colls sansitive to primajuine were also sensitive to
other subsi:nces, suca as acetanilid, sulphanilamide,
phenylhydrazine, phenaoatin, sulfoxone ajd thiazolsulfone,
ihey next described a method of production of iHeinz
bodies in vitro, and showed tast sensitive cells formed
Heinz bodlies which differed morphologically from the
Heinz bodies formed in noramsl ceils (Beutier, Dern and
Alving, 1958). The test could be used to predict
priraquine sensitivity, 2nd was the first in vitro
method of diagnosing the sondition to be described.
Although Josephson et al, (1953) have challenged the
validity of the Heiny body test, their objsetions e: not
be accepted :zince they used oxalated blood with no added
glucose 4 hours after collection. If the tecinigue
recommended by Beutier ot al, is followed the test is
valid, slthough several rore r:cently described tests

for primaquine sensitivity are mor$'coaycniaht.

Blocnemical study of the sengitive cells then
followed (Deutier, Dern, Flaaagan z2i¢ alving, 1958),
The reduced glutathione (G ) content of sensitive cells
was found to be slightly below normal, and it was found
that poisoning of normel cells with lodoacetate or
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arsenite (which bind the sulphydryl groups of GSli)
caused them to produce the type of Heinz bodies in the
in vitro test which were chaiacteristic of sensitive
cells, This suggested that the slight Gt deficlency
of sensitive cells was closely conn:cted with the |
mechanism of primaguine haemolysis. Ulycolysis, catalase,
carbonic anhydrase and cholinesterase were alsgo studied
and reported to be normal. However, later work (Iarlov
and Kallermeyer, 1959} hus estabiished th:t there is a
deficienoy of cstalase activity in sensitive cells,
wvhich can be demonstrated only when the very rapid ree

action 1s slowed down,

4 major discovery was the demcngtration of
defective glucose=6-phosphate denydrogenaze sctivity by
cargon and his oo-workers in 1956. following on the
demonstration of diminished Giii in sensitive ceclls,
these workers showed that activity of the enzyme gluta-
thione reductase was normal in haemolysates of sensitive
cells, as assessed by the rate of formation of GUH from
added oxidised glutathione (G 5G) and reduced coenzyme I1
(ir8H). In the presence of glucose=6«phosphate (G6P) and
glucose~G-phosphate cehylirogenase (G6PD),IPN 1s reduced
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to TPNH, so that substitution of TFN with GGP for

IPNH in the sbove experimuant provides o measure of
Gﬁ?D_activity. when this was done a marked defect of
06PD mctivity was found in sensitive cells. Cubstitition
of 6=phosphogluconic acid for GEP restored the rate of
GiH formation to normal, implying normal S-phosphogluconic
dehydrogenase activity,

Shortly afterwards usehrier, rellermeyer, Carson
and alving (1957) reported that glutathione reductase
activity was in f:=ct greiter in huemolysates of sensitive
cells than in normal ¢slls, This was interpreted as a
compensatory phenomenon: because the hexose monophosphate
shunt pathway is the only «nown mechanism for the reduction
of TFN in erythrocytes, znd since glutathione reductase
is Til-dependent, deficiency of GEFD (the first enzyme
on the shunt pathway) results in defective reduction of
glutathione. Hence increased Gi3C reductase activity
would tend to compensate for the deficiency of IPN
reduction. The metabolic pathways involved are shown
in the diagranm.

Of great intercst in view of the relationship of
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cell age to primaquine haemolysis was the demonstration
by Marks (1957) of lesser activity of both G6FD and €=
phosphoglueonic dehydrogenase in older colls compared
with: younger cells.

A second in vitro test for primaquine sensitivity
was then described by Beutler (1957). It was shown that
the incubution of blood from susceptible individuals with
acetylphonylhydrazine~(1n the presence of oxygen) resulted
in a marked fall in the conpentration of Glii, whercas
the CGili eontent of normal blood rem:ined unaltered,
ihis 'G.H stability test' was found tc be accurate in
predicting primaguine sensitivity, aﬁd nore reliable
than the Heinz body test. 1t is still a standard test
for primaquine sensitivity. |

In attempting to elucidate the mochanism of red
cell destruction in sensitive persons in the light of
these discoveries, Beutler, Robson and Buttenwieser
(1957) estimoted GSit, GS3G and total glutathione in
blood from sensitive individuals during incubation with
acetylphenylhydrazine in vitro. Wwhile the concentration
of Giii decressed, the level of G:iiG increased slightly

¥
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at first but later also fell. The tot:l glutathione
content disinished less rapidly than did the GUll level.
The GGii conceatration did not decrease if oxy:;en was
excluded. It wis concluded that G H was destroyed by &
process of oxidation. BReutler and his coe-workers also
showed that scetylphenylhydrazine alone did not oxidise
GCil, but thut oxyhoemoglobin fncubated with acetylphenyle
hydrazine formed a new coxpound which would destroy GCil.
Hethaemoglobin and curboxyhaemoglobin cculd not be sube
stituted for oxyhuemoglobin, and the oxyhzemoglobin
derivative could not be identified., In & further series
of experiments these workers showed thet the GSH of
normal blood becume 'unstable' on standing unless glucose
was added. In uddition, the GIH instability of normal
cells incubated without glucose for 4 hours could be
restored to normal by adding not only glucose, but aiso
inosine. However, lactute, malate, pyruvate, fumarate
or ribose were not effective, It thus seemed that Gti
stability was ddpendent upun the metzbolism of glucose
via the oxidative pathuvay.
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In addition to the drugs reported by Dern et al.,
(1935) listed on page /3 , several further haemolytic
agents have been recognised, Aimbro (1957) and Kimbro
ot al, (1957) found the condition in 2 Negroes who
developed huerolytic anaemia while taking nitrofurantoin,
and showed that the concentration of GIH fell on incuba-
tion of their blood with nitrofurantoin in vitro. ZThey
were unable to show the formation of Heinz bodies with
this drug, however. <inkham and Childs (1957)(a) demone
strated glutathione instability of the red cells of 4
Negro patients who had developed haemolytic anaemia after
exposure to naphthalene, 0On in vitro incubation with
naphthalene the GSH was not altered, aslthough when
certain naphthalene derivztives were tested it fell
abruptly. It vwas suggested that certain metabolites of
naphthalene were responsible for the haemolysis rather
than nephthalene itself., Haphthalene haemolysis was
also reported by Dawson et al, (1853), Zinkham and

Page 19
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Childs (1958)(b) also showed that a vitamin K anslogue,
menadione sodium bisulphite (a naphthalene derivative)
had a similsr aetion, In addition, sulfisoxasocle
('Gantrisin’) was found to produce Heinz bodies in vitro,
but not to lead to destruction of Giie. These workers
also noted that the blood of all infants in the
immediate postnatzl period manifests glutathione ine
stabllity. This wss leter shown (o be a manifestaetion
of hypoglycasemia, u2né ¢an be corrected by the addition
of glucose before incubation (Zinkham, 1953).

Kellermeyer ot al. (1958, have added furoxone,
agulfidine, Aynex &nd aspirin in large doses to the
1list of drugs which mey provoke haemolysis. Szeinberg,
Kellermcyer et al. (1960) observed haemolytic Jaundice
in a GEPD deficient individusal reiated to the taking of
aspirin, and found that the GiH of his red cells fell on
incubation with high concentrations of aspirin in vitro.
However, in view of the high incidence of the trait in
Israel these workers are surprised that haemolysis
assoclated with aspirin is not more often soen,'ena they |
wonder whether a second hitherto unrecognised factor
might not have been involved in this case. Houston and
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Barlow (1989) have réported haemolytic anaemia assoclated
with the taikking of phenacetin, in a second communica~
tion Sseinberg et nl. have reported differences between
different sulphonamide drugs with regard to the frequency
with which haemolysis is provoked by the drugs in
sensitive individuals (izeinberg, Sheba et al., 1960),

In their experience sulphapyridine invariably causes
haemolysis while gsulphadiazine does s0 only sometimes.

In a recent review, Tarlov et a2l., (1962) have
added mep:crine (Atabrine), dimercaprol (BAL), probenecid
(Genemid), uwsthylene blue and trinitrotolucne to the
group of haemolytic drugs. These workers ttate that
certain drugs will produce huemolysis in primaquine
sensitive Caucasians but not in sensitive legroes. In
this category are chloramphenicol, quinidine and quinine.

Recently it has been ¢laimed that haexolysis may
be provoked by f{uctors other than drugs or other
chemical stbstances. GSzeinberg, Sheba et al.(1960G) have
observed haerolysis in sensitive subjocts assocliated
with unspecified virul anc bacterisl infections, while
Harks (1960) has reported haanclysis in 4 sensitive
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individuals with virus hepatitis and 3 with infectious
wononueleosis, Gant and wWinks (1961) have observed
hgemolytic anaemia in a primaguine sensitive subject
complicating diabetie acidosis in whom there was no
evidence of infection or of exposuri to drugs.

ZaliSy

In 1943 Turchetti had remarked upon certain
sinilarities between favism and primaguine sensitivity,
and in 1956 Crosby had suggested that the recently re-
ported tests for primaguine sensitivity should be applied
to subjects with a hiatory of favism, In 1957 Lansone
and Segnl (1957), Sgeinberg and Chari-iitrou (1957) and
Sgeinberg et al.'(1957) raudd low blood GSH in these
patients, and subsequently demcnstrated positive Geii
stability tests (Szeinberg, isher and Shebs, 1958; and
deficiency of G6FL. (Szeinberg, Sheba and .dam, 1953 (a))e
This has been confirmed by other workers (Zinkham,
Lenhard and Childs, 19583 Gross, Burwits and Marks, 19684
Lorizza et al,, 1958). #final confirmation of the
1dentity of the red cell defect in favism and in
primaguine sensitivity is provided by the observation of
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larizza et al. (1959) that administration of primaquine
to an individual with & history of favism produced the
typicul haemolytic reaction. In addition, Bowman and
valker (1961) have shown that certain extracts of the
beans will cause a fall in red cell GSH on incubation
in vitro., Nevertheless, while it seems that all cases
of favism which have been exasmined tc date have mani-
fested the red ¢ell abnormalities associated with
primaguine sensitivity, it has been well established that
primaquine sensitive individuals have eaten fava beans
without suffering haemolysis (Roth and Frumin, 1960}
Greenberg and Wong, 1961),

While this thesis was being prepared the
opportunity to study a case of favism became available,
Favism i3 rare in South africa, only one other case
having been reported in the literature (<enior and
Braudo, 1955), That patient was s Greck immigrant, and
the present case is the first to be described in an
ifrikaans speaking white child., Because of the rarity
of the condition in ‘outh ifriecs, and becuuse many of
the typical features of favism are lliustrated, the case
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report is included here.

Gaae Matory

The pationt, a Eeyecar old white male child, was
first seen on the morning of 23,9.61, complainlig of
tiredness and intermittent abdominal pain of 4 days'
duration. The symptoms had progressively increased,
and the day before he was seen the parents noticed that
he was pale and put him to bed., The next daoy the child
was worse and medicui ald was sought,

No history of sigaificant previous illnegs was
obtained., uveventeen days previously he had been given
3 doses of & sulphouamide suspension for a mild upper
respiratory trsct infeetion. The day before the commene
cement of the present iliness (13,9,61) the fzmily had
eaten cocked broad beans which were subsequently identi-
fied as Vicia feba. These beans had been eaten regularly
by the famlily, inecluding the patient, for a month
previously, and the patient had been seen to eat rav
beans in the garden on several occasions prior to the
present episode without 1ll effect. Ailthough careful
enguiry was made, no history of exposure to asny other
possible haevolytic agent could be obtained,

On exumination there was marked pallor of the
mucous membranes with slight icterus of the sclerse, The
orai temperature was 99° F., the pulse rate 140 per
minute, and resplratory rute 30 per minute with
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prominent movement of the alse nasi, Examination of
the cardiovascular and respirstory _ystems was negative.
There was generalised abdominal tenderness but no guarde
ing, and the tip of the spleen was felt, The urine was
darik red in colour ané albumin was present (++++),

4 On examination of the blood the haemoglobin

coneentration was 6,7 Gm.4 and there were 2.3 million
erythrocytes/cu.,mm. The reticulocyte count wvas 16.5%.
The leucocyte count was 20,400 of which 24% were neutro-
phils. A normal number of platelets were sesn, and no
mzlarial parasites were cobserved, The red cells showed
diffuse polychromasia, znlsoe- and poikiloeytosis, and
some spherocytosis, Oceasionsl normoblasts were present.
No Heinz bodies were seen, The Coombs test wae negutive.
Osmotic fragility was normal and the DonatheLandsteiner
snd Ham tests vere negstive, The zerum bilirubin vas
3.1 mgn5 (total) and Schurm's test was positive. The
sereening test for erythrocyte glucose«Gephosphate dee
hydrogenase (G6FD) (Motulsxky and Campbell, 196G, showed
markedly deficlent enzyme nctivity.

Porphyrins wvere not found in the urine, but
oxyhzemoglobin was present in addition to the marked
albucinuria. On microseopic examination granular ocasts
vere seen, together with 8 pus cells and 3 red cells per
high power field,

By the evening of 23,9.,61 the child appeared
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even more distressed, and air hunger wias pregsent, A
seeond blood count showed similar £indings to those
previously noted. A transfusion of 1,000 ces. blood
was commenced and continued slowly over the succeeding
24 hours, In addition, cortisone was given parenterally
for the first 24 hours and then replaced by orali prede
nisone. The patient's condition rapidly improved. The
output of urine remsined good, and by 27,3.61 it was of
normal colour and free of albumin. On 23,9.61 the
haemoglobin was 9.5 Gmek. The glutathione (GSH)
stability test (Beutier, 1967), was negstive, the initisl
level of 34 mgms./)0C ml, erythrocytes not f2lling on
incubation with acetylphenylhydrazine. /4 temporarily
negative GCH gtubility test 1s not unexpected during or
immedistely after a haermolytic eplsode in sensitive
individuals (Szeinberg, Azher and “hebs, 1953), uuen
thetest was repeated 3 months later the initial soncen-
tration of 34 mgu.X fell to 4 mgms.k on incubation, a
markedly positive result.

On 2,10.61 the child was discharged from hospita:l,
lie haz since remained well, and a haemoglobin estimation
on 24.1.62 was normal for nis age (12.9 CGm.ile

an acute haemolytic episode m:y be provoked in
individuals with enzyme~deficient erythroeytes by
exposure to a vuriety of extrinsic sgents (Beutler, 1959),
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These include primaguine and pamaquine, ghenacetin,
vitamin A analogues, nitrofurantoin, certain sulphonae
mides and broad beans., iHaemolysis commences at varying
intervals after axposure to these different agents, but
in no case longer than 5 days. In the present cuse,
therefore; the adzinistration of the sulphoncmide pree
paration 17 days before the child was seen can be exe
ciuded as a precipitating fuctor. The ingestion of the
beans, however, occurred immediately prior to the onset
of the illness, and this time relationchip is char-cter~
{stic of fovism (Luicade, 1941). No history of exposure
to any other known precipitating agent could be obtained,
The absence of Heing bodiex in the erythroeytes during
the acute haemolytic crisis is a further point in favour
of the beans having been the precipitating factor. These
structures, which are almost certiinly derived from
denatured haemoglobin (Jandl et al., 196C) are typical
of the drug~induced huemolytic anaemias (Seutler, 1959)
but are not sean in favism (Greenberg and wong, 1981).

Certain other members of the patient's family
had eaten the beans without 11l eoffects although they
vere subseguently found to be¢ markedly ensyme deficient,
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The ingestion of favus beans by primequine sensitive
individuals without provoking haemolysis has been well
documented (Szeinberg, Sheba et al., 1957; Szeinberg,
Asher and ‘heba, 1953; Roth and Frumin, 1980), and re-
presents s further point of difference between the
haemolytic anaemias of favism and that produced by drugs,
since primaquine and the other drugs in sufficient dosage
will slvays c¢suse haemolysis in GEBFD deficient subjects.

ﬁensitivity to favus beans may vary from time
to time in the same Lnnividual.r As in.the present case,
g8 GG/l deliclent subjcet may sat the desans without 11l
effect on many differont ccemsions, and then eventually
haemnlyée (sacobs, 1950y wasserman and Chapman, 1951y
YicFhee, 1966). It has also been observed that indivicduals
formerly sensitive to the beans may spontaneously become
resistant (luisada, 1841),

Consideration cf these facts has led many workers
to conclude that other factors in addition to the red
cell defect must be involved in the pathogenesis of
favism, though the defective red cells seem to de
essentlial, 4in allergic basis has long deen postulated
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(Luisada, 1941) and s still current (3eutler, 1954),

The massive hsemolysis which may follow within seconds
after e sensitive subjeet inhales the pollen from
flovering beans (Luisade, 1841) seems diffiocult to
explain on other than an allergic basis. =Recent work,
however, has indieated that the additionasl faotor distine
guishing favism from primaquine haemolysis may be a
protective plasmas constituent, which is absent in those
enzyme-~deficient individuals who are sensitive to the
beans, Thus Roth and Frumin (196C) were able to produce
haemolysis in vitro by incubation of cells from a patient
with faviam with an extrzot of the beans. TIhis haemolysis
was prevented by normal plu:me, bul not by the patient's
own plasma, The patient's father had eaten the beans
without 111 effect although his erythrocytes were marked-
ly enzyme-deficieat, an: 1t was ol grext interest that
the f:ther's pls.ma 4lso prevented huemolysis in the in
vitro system., Further evidence is provided by the
experiments oi Vullo and Panizon (1959) and rPanizon and
Vullo (1961). Zhese workers labelled erythrocytes from
Pavism patients with Crot anc introduced them into the
circulation of compazibla normal recipients. when the
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recipient then ate fava beauns there wes usually no
destruction of the labelled cells, although in a few
experizents this did occur, «hen gensitive cells were
introduced into other favism sufferers, however, cone
sumption of the dbeans resulted in rapld disappearaince
of the tagged cells on every oceasion. Greenberg and
wong (1959), (1961} have coanfirmed thessc findings, and
in eddition shoved th:t administration of primaquine, in
contrast to ing - stion of the beans, produced rapld dise
appear:nce of the anzymee~deficlent cells from the circu-
lation of s normel individual., These observations were
conpatible with the ecncept of a protective plasma factor,
as suggested by the work of itoth and Frumin, aithough
other expl:aations (such as a different metzbolic
degradation of tho beans in favism :ufferers, are also

possible,

It thus seens that the pathogenesis o haerolysis
in cuesng o Laviem 1 complex., .1l cases s0 far tested
have manifested COrD deflclency and Geil dnstability,
Hdowover, since the beass do not csuse haemolysis in all
persons with tlhese delective red cells, snd since

gensdilvity to the bexns viries in the same indivicusl
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from time to time, other factors must ¢lourly be
operating.

A case of favism in 2 white South ..frican child
is reported, und the pathogenesis ol this disease is
briefly discussed.



CHAPTER 3
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In 1948 luprchetti had drawn attention to the
fariliai nature of sensitivity to pamaquine, snd the
marked difference in racial incidence had led several
workers to assume that the red cell defect would prove
to be genetic:lly transmitted (Beutler, Dern and -lving,
19863 Damesnek, 19:55). The first definitive stucdy of
the genetics of primaquine sensitivity was that of
Browne (1957) and Childs, Zingham, Browne, aimbro and
Torbert (1963), Investignting the relatives of individuals
with unstable GSi, they found that 78 of the mothers of
these persons showed some degree of GSH instablility,
while the incidence in the fathers was no higher than in
the general male populution (12x). This suggested that
the gene was sexe-linked, ané since the condition was
observed in 3 gonerations it was considered to be
dominant, Most of the females, however, did not manifest
the marked degree of GSH instability found in the msles:
on incubation of their blood with acetylphenylhydragzine
the GSil concentration decreased somewhat, but sometimes
the decrease was slight and only occusionally was it as

Page 32
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profound as in the males., The sons of those women

in the latter category all carried the trait, while
only some of the sons of the less severely affected
women manifested the condition. It was thus postulated
that the women with maried GSH instability were homoe
zygous for the trait while the less severely affected
females were heterozygous. The mode of inheritance was

thus via a sex~linked gene of intermediate dominance.

However, from a study of several familles,

Beutler (1960) has shown that not all females with pro=-
found GiH instability are homozygous, since certain such
individuals have borne sons who vere not primaquine
sensitive. Irujillo et al. (1961) established that the
marked degree of primaquine sensitivity in one such
heterozygous fenale was not due to an abnormal sexe
chromosome constitution suci as X0 or XY, and also that
there was no detectable morphological abnormality of the
Xechromogsome in this condition,.

The incomplete GSH instability of most affected
females was confirmed by Gross, Hurwitz and Marks (1958),
who found in addition moderately diminished G6PD activity

J
*
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in these individuals, and also by Larizza et al. (1958)
and by Sgeinberg, Asher and Sheba (1958). The lack of
close correlation in these females between the degree
of GSH instability and of G6FD deficlency and the
liability to haemolysis was pointed out by Alving et al.
(1958), who observed some females, sensitive to prima-
quine, with normal GSH stability, and also some with
normal GEPD activity. Thié has been confirmed by
Tarlov et al., (1962), who state that in only about 75%
of heterozygous females can diminished GEFD activity be
damonstratcd; In some heterozygotes haemolysis on
exposure to primaguine could only be demonstrated by
isotopic labelling, and Tarlov et al. suspected that
some vere not detectadle even in this way, since the
inecidence found in the Negro population was somewhat
lower than would be expected from the number of hemi~

zygotes.

Several reports of linkage between primaquine
sensitivity and eolour~blindness have recently appeared
(8iniscalco et al., 1960) ~dam, 19613 Porter et al.,
1961). Since colour-blindness is well known to be sex~
linked, these obmervations confirm the ezrlier theories
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(Childs et al., 19583 Alving et al,, 19583 Motulsky
et al., 1959 (a) ) that primeaquine sensitivity is transe
pitted via a sex-linked gene.

During the preparation of this thesis the distri-
bution of primaquine sensitivity throughout a very large
family was studied, &ince the mode of inheritance of
the condition is well illustrated the study is included
at this point,

¥aterials and liethodss Blood was collected in acld-
citrate~dextrose solution (ACD) and sent by road to the

lsboratory where it wns tested as soon as possible, but
in all cases sooner then 24 hours after collection, It
has been established that the tests are vzlid as much as
several days after collection of blood in ACD (Beutler,
1959), G6PD neotivity was estimated by the dye decolorie
gation technique of Motulsky and Campbell (19€0). The
glutathione (Goil) stability test was performed by the
method of Beutler (18587) as modified by flanagan et al,
(1953),. These tests are described in detail in Chapter 5,

Engyme activity was estimated on all specinmens.
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when defielent activity of GGFD was observed a GSH
stability test was performed. The GEH stability of

several of the samples showing normal ensyme activity

was also tested as a control,.

2egultss The results are shown in the iable. Blood

from male members of the family was either normal or

| markedly positive to both tests. In the case of some

of the females, however, slightly abnormsl results were
obtained to one or both of the tests. The interpretation
of these results cannot be regarded as unegquivoecal in all
cagses. Tarlov et al, (1962) have recently discussed
methods of identification of female heterozygotes and

have concluded that none of the in vitro techniques
available at the present time is capable of detecting

more than'aoﬁ of the affected females, In their experience
the GSH stability test was falsely negative in X0 < 50%

of cases, and they quote Allison (1960) as having found

& high proportion of false negatives using the Motulsky
technigue. However, Allison regarded as abnormal only
those saemples not decolorized by 120 minutes, i.,e, he

used the same criterion which is applied to males. In

my hands the Motulsky test has given very constant results,
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norﬁal specimens decolorizing the dye within 75 minutes
at the outside, and usually githin 65 minutes, I have
thus regaerded decolorization times of greater than 75
rinutes as being of significance in the presence of &

normal haematocrit,

Similarly, ia normal blood the GSH concentration
after incubation ic seldom more than a few milligrams
per cent less thun before, and in my opinion a full in
the CSH level greater thesn this probably indicates ab~

'normality, particularly when associated with a low

‘initial concentration. i.e have thus congidered these

slightly abnorisl results to be indicative of the hetero~-

zZygous state. It is of interest that females whose blood

48 not aebnormal on in vitro testing may nevertheless be

sensitive to primaquine., Alving et al, (1953) reported

3 females with normal GEi stability who developed

haemolysis on administration of primaquine, and these
workers have also observed other sensitive females with

normsl G6PD activity,

The pattern of inheritance of sex-linked
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| 2« The family of a ehild with favism, illustrating

eritance of primaquine sensitivity as & sex-linked trait
of intermediate dominance, The initisls indic:ste individuals
referred to in the discussion.
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conditions is well known. /n affected male can only
have inherited the gene from bis mother, since it is
earried on the X-chromosome, Similarly, he can only
transmit the gene to his daughters, since his sons will
receive his Y-chromosome, not his Xechromos-me. Affected
females, however, may inherit from either parent, and
transmit to approximately 504 of their children of both

gexes.

In the present faumily this pattern is well
demonstrated as shown in the diagram, Thus the mother
of the propositus 1is affected, not his father; in
addition about half his siblings are abnormal, as ex~
pected. The mother could have inherited the gene from
either parenty in fact, her father, the grandfather of
the propositus, is affected. None of his sons, the
uncles of the propositus, manifest the condition, while
there is evidence that all his daughters are heterozy-

g0ous.

Both the brothers of the maternal grandfather
were found to be enzyme-deficient, Their sister, E.C,
(deceased) could not be tested, but since ocne of her
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descendants (M.C.) wes affected it can be assumed that
she too, corried the gene. Her daughter E.V. must also
be a carrier for the same reason, even though on testing
her blood neither G6PD deficiency nor GSH instability
could be demonstrated. £.V. i1s thus a heterozygote not
detsctable by these two techniques (Tarlov et al., 1962).

The family of greatuncle H.F. also manifests the
pattern of sex~linkage. Neither of the two available
sons 18 affected, while there is evidence that all the
daughters (execept onas) carry the gene, Although the
results of the tests on M,0. and V.C, are not unequivoeal,
both have children who are definitely abnormal and there-
fore they must themselves be heterozygous. The exception
"ds W.0,, neither of whose sons is affected. However, it
is obviously likely that she too 1s heterozygous in spite
of the lack of definite evidence.,

The distribution of primaquine sensitivity in this
large family, therefore, is consistent with sex-linkage
end intermediate dominange of the gene. This being so
it is possible to infer that the grandfather of the
propositus ilnherited the condition from his mother (J,.F.),
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not his father. She 1s said to have been of French
extraction and to have come to South ifrics from
Mauritius. 7he incidence of primaquine sensitivity
varies widely in diffarent parts of the world (Beutler,
1969) and no reports of its 6ccurrencc in Mauritius or
in France have been ancountered. It is rare in the
wvhite population of South Africa (Zall and Charlton,
1962). |

SUMMARY
The available members of the large family of a
child with favism were tested for the associated red
¢ell defect.

The pattern of distribution o erythrocyte
glucose~6=phosphate dehydrogenage deficlency and glutae
thione instability in the fumily was found to be consise
tent with inheritance via a sex-linked gene of inter-
mediate dominance.
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BaClak JUCILENGE

The varying racial incidence of primaquine and
pamaquine haemolysis had been observed by several of the
earlier workers (Manifold, 1931y Amy, 1934 Swantz and
Bayliss, 1946 I'arle et al., 1948; etec,). Application
of the in vitro tests to differ-nt populations has
confirmed that the distribution of the trait differs
marikedly in different parts of the world. Thus it has
been shown by several workers that the incidence in
American Negroes is about 3 - 14i, whereas the condition
is very uncomzon in white Anericans (if special ethnic
subgroups, such as Sardinians, be excluded) (Beutler,
19575 simbro ot al,, 1957; Childs et al,, 1958 Alving
et al., 1958). Szeinberg, Sheba et al. (1958)(b) in
Ismael found the defective erythrocytes in ncne-Ashkenagie
subjeats only, with a higher incidence (20%) in Iragi
Jews than in Yemenite and North african communities (5:).
Beutler, Yeh and Necheles (1959) found no positive
reactors among 77 Chinese students in the U.S.A., and
1 positive ocut of 9 Thais. Hovever, Vella (1961) found
that 2.5 of Chinese in Singapore were positive, In
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addition, the trait was present in 0,6f of Malays and

3% of the Indian population of the island. Budtze

Olsen and Kidson (1961) found no individuals with G6PD
deficiency among Australian asborigines. Walker and
Bowman (1969) reported an incidence of 9.8¢ in Iranian
males, while the distribution in various parts of Africa
has been studied, Gilles et al, (1960) found 9
positives among 139 Ibo and 1l among 65 Yomba in Nigeria.
Allison studied the distridbution of the trait in both
East and West Afriea, and found a high incidence (15 «
23.) except in two East ifricen tribes, the Kikuyu and
the Masal, where the condition was found in less than 3
of individuals (Allison, 19603 allison et al., 1961).
This unequal distribution follows that of the sickle trait,
A sinmilar incidence of tiwese two conditions was also
found in the Congo (Sonnet and Michaux, 1960), where 21,5
of the males were deficient in GEPD activity and 21,.5%
carried the sickle trait. It has been suggested
(Motulsky et al., 1889 (b)j Motulsky, 19603 Allison,
1960) that both types of erythrocyte abnormality confer
a degree of immnity to faleiperum malaria, and that the
high incidence of the potentially lethal primaquine
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sensitivity and sickle disease in endemic malarious
areas throughout the world is a consequence of this
favourable action., It has been shown (Trager, 1941)
that plagmodia utilise both GSH and the oxldative
glucose pathway of the erytnrocyte, o that it 4is reason~
able to suppose that cells deficient in these respects
would be less hospitable to the parasite. Close porre-
lation between the altitude (and thus the incidence of
malsria) and not :nly GEFD deficiency but also
thalassaemia has been reported by Siniscaleo et al, (1961)
in various Sardinian communities. An interesting side-
light 1s the observation that in individuals with both
thalassaemia and GE6FPD deficiency a history of favism was
lass common than in those with primaquine sensitivity
alone. Tarlov et al, (1962) suggest that the chronic
haemolytic state of thalassasemia produces a cell popu~-
lation with a younger mean age, and therefore less
susceptible to the fava principle. In CGreece (Choremis
et al,, 1962) further support for the malarie hypothesis
has been reported, the incidence of GEPL deficiency
being much higher in the malariocus areas of Petromagula
and Pyrgos-amalias than in ..thens. Kidson (1961)
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reported an associetion between the enzyme deficiency
and malaria in New Britain and New Guinea, although

the sickle trait was not observed., However, Best (1959)
found no GEPL deficlency in a group of Peruvian Indians,
even though falciparum malaria wvas endemic in the
district,

In an attempt to show the protective effect of
the enzyme deficlency more directly, Allison and Clyde
(1961) measured the malarial parasite rotes and densities
in very young .frican children in Tangznyika, and found
these‘to be significantly lower in those children with
G6PL deficliency. They explained the equivoeal results
obtuined by Motulsky (1960) in a similar study as being
due to the effect of acquired resistance to malarias it
was in order to minimise this influence that Allison
and Clyde studied only very young children.



CHAPTER 4




Deficient GG6PD gotivity in tissues other than
erythrocytes has been reported in primaquine sensitive
individuals. Thus Ramot, Fisher et al. (1959) found
decreased enzyme activity in leucocytea of sensitive
individuals in Israel, and this group of workers has
also reported similar findings with regard to platelets
(Ramot, Sgzeinberg et al., 1959) and saliva (Ramot,
Sheba et al., 1960). Recently wurzel et al, (1961)
reported decreased G6PD activity in platelets from
sensitive American Negroes. Zinkham (1960) has observed
deficient G6FD activity in lenses of sensitive subjects.
Whole body studies by Carson (1960) suggest a generally
diminished activity of the oxidative shunt pathway of
glucose metabolism, since formation of 01402 after
ihjection of glucose-leC1% occurs at only half the
normal rate. Further evidence of a generslly abnormal
metabolism in primaquine sensitive individuals is the
observation of Tarlov et al. (1962) that primaquine
sensitive Negroes have raised levels of serum cholesterol.
The administration of primaguine produced a fall in the
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econcentration of esterified cholesterol, although no

comparable effect was observed in normals.

YARIELLES QF GOPD DEFICIENCY

Marks and Gross (1959) have pointed out that
thers are certain differcnces dbetween G6PD deficiency
in american Negroes and in Caucasians. Thus enzyme
activity is normal in the leucocytes of primaquine-
sensitive Negroes (Marks, Gross and Hurwitz, 1959) and
reduced in Caucasians. In addition, affected Caucasians
have even less G6PD activity than affected Negroes, and
there is no decline of the already low activity with
cell ageing although this csn be demonstrated in the
case of Negroes. Recently, Tarlov et al. (1962) have
meintelned that certain drugs such as quinine, quinidine
and chloramphenicol will produce haemolysis in Caucaslans
only, not in Negroes. In addition, Oski et al. (1962)
have demonstrated a deficiency of phogphomonoesterase
activity in the erythrocytes of G6PD deficient Caucasians,
whereas in primaquine sansitive legroes activity of this

enzyme ¥as normal,.
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Lohr and Waller (1958), Newton and Bass (1958),
Zinkham and Lenhard (1959), and Shahidi and Diamond
(1958) heve demonstrated GSH inatadility and deficiency
of erythroeyte G6PD in patients with congenital non-
spherocytic haemolytic anaemia, i.e. persons with a
chronie haemolytic state in vhom no exogenous factor
appeared to be operating. This condition thus appears
to be a third variety of G6PD deficiency.

Most recently, Marks, Gross and Banks (1961) have
observed an Itallan fumily with moderately diminished
GEPD activity (the deficieney in other Caucasians being
much more marked) in whom the electrophoretic mobility
and the affinity for IPN of the purified enzyme was
different from the normal. Enzyme from other affected
Caucasians, affected Negroes, and a case of congenital
nonespherocytic haemolytic ensemia was normal in these
' respects. Marks et al. (1961) have also detected no
differences between normal and primaquine sensitive
G6PD with regard to affinity for TPN and GEP, competitive
and noncompetitive inhibitors, pH optimum electrophoretic
mobility, and various aspects of the stubility properties.
However, in an earlier study Hotulsky et al. (1959)(a)
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found that the pH optimum and heat lability of enzyme
from sensitive individuals was different from the normal.
Carson et al., (1956) had also found 'sensitive' GEFD

to be more heat labile than normal, Kirkiman (1959) has
reported no differences between enzyme froz primaquine-
sensitive subjects (presumably american Negroes) and
normals with regerd to stabilisation by various substances
in solution end anion-exchange column chromatogr:zphy
characteristica, However, enzyme from a case of congenlie
tal nonespherocytic haemolytic anzemia was significantly
different from both the hormal and primaquine-gensitivity
in Km values and pH optimum (Kirkmen et al., 1960),

It thus appeers that some of the varieties of
G6FD deficliency are due to qualitative differences
between the enzyme proteins. Recently Rimon et al., (1960)
have shown that stroma from normal erythrocytes is
czpable of activating G6PD frox primaguine-sensitive
cells, The inference is that, in the variety of primae
quine sensitivity seen by these workers in lsrael at
least, absence of a stromal enzyme activator may be the
primary defect rather than quantitative or qualitative
deficiency of GE6PD, Marks: et al, (1961) have been unsble
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to confirm these observations in American Negroes, and
have suggested that the effect of added normal cell
stroma is due to small amounts of contaminating GCEFD,
However, this suggestion has been refuted by Ramot et
al, (1961) for various reasons. A possible explanation
for the conflicting observations is thst the groups of
workers are dealing with different varieties of prima.
quine sensitivity.

The genetie implications of these different
varieties of G6FD deficiency have been discussed by
Childs (1961). Either control of GGPD is exercised by
at least three different genes, or else the variants of
G6FD deficiency are produced by only one mutant gene,
the effects of which arc modified by different genetic

environmnants.

In addition to the low G3H, G:Si instability,
deficient G6PD activity and increased GSSG reductase
activity already mentioned, further biochemical abnore
malities have recently been demonstrated. Thus Schrier
and Kellermeyer (1953) have demonstrated increased
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aldolase sotivity in primequine-sensitive cells. 7This
finding has been interpreted by these workers and by
Alving et al. (1958) as & compensatory phenomenon,
allowing a more rapid rate of metzbolism of glucose via
the anaerobic Embden-Meyerhof pathway, and hence a
greater supply of reduced DPH and of highwenergy phosphate
bonds. This enzyme is considered to be the rate-limiting
factor in this pathway, since ln normal red cells large
quantities of fructose diphosphate (its substrate) are
found whersas no triose phosphate (the next compound in
the pathway) is detectable {Schrier et al.,, 1959). Alving
et al. (1953) suggest tiat the additional DPKH formed by
increased glycolytic activity might be utilised by G:SG
reductase for the reduction of GESG in the absence of
adequate supplies of TPNH. The increased GSSG reductase
found in sensitive cells seems to be readily interpretable
as oompensatory., It has zlzo been reported by Larizza

et al, (1968) that lactic dehydrogenase activity is ine
ereased in primaquine sensitive cells, although this has
not been eonfirmed by Johnson and Marks (1958)., However,
another possible explanation of the increassed activity

of this enzyme and of aldolase in enzyme deficient blood
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is thse higher proportion of young cells present as a
consequence of the somewhat shortened cell life, as
suggested by Carson (1960).

et al
Schrier, Kellermeyer, Carton |(1958) showed that

the haemolytic action of primaguine was not due to
inhibition of GS8G reductase. Thie observation was cone~
firmed by Buzard et al, (1960), and extended to the other
known haeuolytie agents with the exception of nitro-
furantoin, which they found to inhibit GSSG reductase
both in normals and in sensitive individuals., This
property of nitrofursntoin may well account for the
haemolytic effect of this substance, therefore. The
absence of Heinz bodies in the red cclls during nitro-
furantoin haemolysis support the hypothesis that the
mechanism of erythrocyte destruction is different in the

case of this substance.

The demonstration of increased I¥N (Sehrier,
Kellermeyer and ‘lving, 1953) and diminished TPRH (Tarlov
and Kellermeyer, 1969) in the abnormal cells was to de
anticipated as a gonsequence of the disorder of the
mechanism of TPN reduction consequent on the GEPD
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deficiency. Kellermeyer et al., (1938) have also shown
that DPiH, in addition to IPNH, is diminished, and that
the concentration of DPN is increased. The demonstration
by Tarlov and Xellermeyer (1958) tuat catalase activity
in deficient cells is only 55 = 73¢ of normsl was un=
expected, however. The activity of this enzyme, in
contrast to that of GEPD, wzs found to decresse still
further during primaquine administration to sensitive
individuals, although normals were unaffected. After the
haemolytic crisis the return of enzyme activity to normal
levels 18 very slow. Catalese is an iron-containing enzyme
and it has been postulated that the ferrous iron of
catalase is oxidised to the ferric form during the
oxidative danage to the cell produced by the haemolytic
agents (Tarlov et al., 1962). This process would parallel
the conversion of haermoglobin to methaemoglobin. Tarlov
et al, have demonstrated an 'anticatalase factor' in
the plasma of subjects 4 « 6 hours after the ingestion of
primaquine, It thus seems feasible to suppose that
deficiency of this enzyme may be of importance in the
mechanism of haemolysis, though Carson (1960) doubts
whether this degree of deficliency of catalase can be
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signilficant in view of tihe extremely ropid removsl of
hydrogen pcroxide by humsn erythrocytes. Indeed,
deficlency of this enzyme was initially overlooked because
of the speed of the resction (Beutler et al., 1955).

Johnson and Margs (1958) studied oxygeconsump-
tion and foymation of 14003 from glucono—l-;4c in normal
and in enzyme deficient cell:t. Gince certsin enzymes of
tie irebs cycle are not present in mature erythrocytes,
Mco, 18 formed from glucose-1-14C only by oxtdative
decarboxylation of the lecarvon via the pentose phosphate
pathvay. if the 6~carbon is labelled instead of the le
earbon only L2000 of the quantity of 15602 results.
Congumption of oxygen and formation of 15002 thus provide
measures of the activity of the shunt pathway, and this
was borne out by the result: obt:ined. The deficient
cells, with 170 of normal GEPL activity, consumed 35; as
mich oxygen and formed 5% as much l4C62 as norxal cells.
when the cells were subdivided on the basis of cell age,
it was found that young normal cells with 19,1 units GE6PD
activity consuzed 529 plL oxygen/hour/Gm haemoglobin,
vhereas 0ld normal cells manifested 18,0 Units GEPL and
consuned &% pl/hour/Gm. IYoung primaquine-sensitive cells
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contained 1l.4 Units G6FD and utilised 2:3 wi J,,vhercas
the old erythrooytes had only 2.2 Units of the enzyme
and consumed 47 pL O,. The decreuse in GEPD activity
with cell age reported by larks in 1937 was confirmed by
these observ:tions, and was shown to be associated wvith
a conslderzble decrease in the oxidative metabolism of

glucose.

Mohler and wiliiams (1961) have studied tiie
effect of phenylhydrszine upon the concentration of
adenosine triphosphate (AlF) in normal and sensitive cells.
v~nereas in thc preseace of glucose the ATP‘concantration
of normal erythrocytes remains constant on incubstion in
vitro, in enzyme deficient erythroeytes the level falls.
laege workers also noticed that phenylhydrazine increased
the utilization of glucose and produced an aceumlation of
pyruvic eseid, A similar effect of zcetylphenylhydragine
was reported by Sternschuss et al. (196l1). Sseinberg
and Marks (1961) found that not only acetylphenylhydrae
zine but also primaguine, nitrofurantoin, X « and /D ~

naphthol, fava beuns extract, ascorbic acid and cysteine,
increase the production of 14co, from glucose-1-14c, 1.e.
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increase metebolism of glucose via the shunt pathway.
ihe effect was shown to be due to oxldstion of TPNH,
nediated by ciaphoruse. IThis stimulation of the shunt
pathway by the haexolytic substunces is similar to the
effect of redox dyes such as methylene blue (ilarrop and
Bar:con, 1928}, and in fact Brewer and Tlarlov (1961) have
reportec thet methyleane blue does produce haemolysis in
primaguine sensitive persons. ihese workers also noted
that a degradation product ol primaquins stisulated the
pentose pho:phate pathway by oxldising 1rkH.

The addition of methylene blue markedly stimulotes
the reduction of methaemoglobin by normal erytihrocytes,
it is thought that under tihcse circumstznces IFllelinked
sethaemoglobin reduction is enhanced, Ross and lesforges
(1950) observed that the r:te of methaermoglobin reduction
in primaquine sensitive erythroeytes was not increszsed by
the pddition ol dye, and a test for pri-aguine aensitivity

baged on this differentefror the normal has been introduced
(Brever et al., 1960). It i3 claimed that this test is

more acgcurate in predicting s.sceptibility to heemolysis
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in heterozygous females than other methods (iarlav
ot al,, 1962). |

Since the agents which provoke haemolysis of
primaguine sensitive erythrocytes also cause methaemoe
globinaemia to a greater or lesser extent, and defective
reduction of methaemoglobin 18 2 characteristic of enzyme
deficient cells, it 1s reasonable to postulate that
methaemoglobin formation may be directly related to the
haerolytic process,

However, it is not yet eatircly clear whether
an increased concentration of methsemoglobin within a
cell reduces its ability to withstand stress, or whether
oxidation of haemoglobin occurs independently of the
weakening of the cell membrane. It has been stated that
the methaemoglobin content of erythrocytes is not
related to their susceptibility to haemolysis (Clark
and Morrissey, 1951), and that even sulphaemoglobinaemia
does not shorten red cell survival (Jope, 1948). In
his review of primaquine sensitivity, Beutler (1859)
stated that the processes were unrelated, but he has
recently investig:cted the problem directly (Beutler and

l
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Mikus, 1961). He has shown that in rats sodium nitrite
d1d not decrease the survival of mﬂcr-labollod cells,
although as much as 507 of the red eell haemoglobin wae
methaemoglobin., However, when instead of sodium nitrite
the methaemoglobin producing agent was para-amino=
propriophenone, a considerable shortening of red cell:
survival was observed even though rather less methaemo~
globin was produced by this substance than by the nitrite.
This together with the observations of Harley and Mauer
(1961), whieh are discussed below, suggests that the
agsociation between the oxidation of haemoglodin and cell
fragility is not & direct one. Beutler and Mikus note
that there must be specles differences, since the ery-
throcytes of mice have been reported to form Heinz bodies
anc to be destroyed when the animals are fed sodium
nitrite (Richardson, 1941). The relationship of methaemo-
globin formation to haemolysis is further discussed in
Chapter 6 .

HELNG BODIES
In a review of earlier work, Webster (1949)
concluded that the formation of Heinz bodies in erythro-
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cytes was evidence of injury to the cell which might
proceed to haemolysis. The Heinz bodies were newly
formed particles, originating either from the cell
membrane or from the protoplasm, in the course of
irreversible injury by a toxic agent., Recent work by
darley and Mauer (19603 1961), and by Jsndl, fngle and
Allen (1960) and Allen and Jandl (1961), has elucidated
the process of formation of these bodics when erythrocy-
tes are exposed to the group of compounds which provoke
haermolysis in primaquine sensitive individuals, Harley
and Mauer (196C) measured oxyhaemoglobin and methaemoe
globin 1n human blood incubated in vitro with a variety
of the haemolytic agents. In this study ‘intact haemoe
globin' w&n defined as the sum of oxy- and methaemoglobin,
and a decrease in the sum of these two pigments was used
as an index of destruction of haemoglobin by further
oxidation. Some of the haemolytic agents caused
destruction of 'intact haemoglobin'! as well as methaemoe
globin formation, while others only produced methaemoe
globin, although in some instances increasing the concen-
tration of the haemolytic substance was found to lead to
disappsarance of 'intact haemoglobin'! as well, Destructe
ion of 'intact haemoglobin' was never observed unless
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methaemoglobin was also formed, Addition of glucose

to the system always diminished the effects, In their
second paper these workers showed that the formation

of Heinz bodies was proportional to the quantity of
'dntact hsemoglobin' which disappesred. They were also
able to produce coccoid bodies resembling Heinz bodles
by incubating a destromatised haemoglobin solution with
the haemolytic agents in vitro. Harley and Msuer thus
concluded that Heinz bodies are formed from haemoglobin,
and that the formation of methaemoglobin was an

essential step in the process.

Jandl and his co~workers, working independently,
showed thut incubation of intact erythrocytes, or solu~
tions of erystalline oxyhaemoglobin, with acetylphenyl-
hydrazine or the other haemolytic substanceg resulted
in a sequence of cnemical changes in the haemoglobin,
Methaemoglobin was first formed, znd then an unnamed
fast-moving haemoglobin component detected on protein
electrophoreais. This was followed by a group of
soluble, poorly soluble and insoluble brown to green
denatured pigments, whieh represented the generic term
"sulphaemoglobin"., #inally a precipitate of coccoid
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bodies closely resembling Heinz bodies were formed from
the haemoglobin solution., The same seguence of changes
vas observed when intast cells or haemoglobin solution
were incubated with oxygen alone, although the process
was much slower, It thus seemed that this group of
substances formed redox bridges between oxygen and
haemoglobin, and greatly accelerasted oxidative degrada~-
tion of haemoglobin,

In a second paper, Allen and Jandl (19€1)
investigzted the r8le of thiol compounds in oxidant drug
action. Wwhen the cell is exposed tc one of the haemo-
lytic compounds, reduced glutathione is oxidised, and
in the course of this reaction some glutathione becomes
bound to haemoglobin by forming mixed disulphides with
available SH groups of the globin fraction, After the
direct oxidation of haamoglobin to methaemoglobin, the
two reactive SH groups of the haemoglobin molecule are
oxidised, resulting in a loss of the normal configuration
of the molecule., The new compound formed exhibits
different electrophoretic mobility and a d;fterent oxygen

dissociation curve, and with the alteration of the mole-
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cule nev SH groups become susceptible to oxidation.
Various brown and green hasmochromes then formj these
correspond to sulphaemoglobin, which is not a specific
eompound., Finally the denatured haemoglobin molecules
polymerise to form Heins bodies.

These workers consider that the action of Gifi
is to buffer the haemoglobin against oxidation; they
showed that addition of GiH to the haemoglobin solution
slows the appearance of Heinz bodies, and thet thess are
fover and larger than those formed without GSi. This
observation correlates well with the wellecstudlished
difference between the type of Heinz bodies formed in
normal and in GSH~deficlient erythrocytes. 4Allen and
Jandl feel that Gili probably provides similar protection
to other oxidatively labile eellular constituents, such
as the SH groups of certain enzymes and the cell membrane.,
Harley and Mauer (1961) also observed that GSH inhibited
Heing body formation, but pointed out that Heinz body
production was not the sole determinant of haemolysis,
since different agents produced different effects with
regard to Heinz body formetizn and increase in osmotic
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fragility. Thus acetylphenylhydrasine caused marked
fieins body formation but only slightly incressed osmotic
fragility, while primaquine markedly increased osmotic
fragility though there was only slight destruction of
haemoglobin with the formation of small, disorete Heinz
bodies. In vivo, acetylphenylhydrazine produces & slow
extravascular haemolysis while primaguine causes an

explosive intravascular haemolytic crisis.

The haemolytic activity of certain possible meta-
bolic dotivatives of sulphanilamide and hydrogquinone had
been investigated by Emerson, lam and Castle as far back
as 1941. These workers had eoncluded that oxidant breake
down products of the drugs caused methaemoglobin formation
and increased the volume and the fragility of the red
cells. In 1987 Mills desoridbed an enzyme, glutathione
peroxidase, which catalysed the oxidation of GSH by
hydrogen peroxide. He believed that this enzyme was more
affective than catalase in protecting haemoglobin from
oxidative degradation by ascorbic scid, snd that it was
an important mechanism in the maintenance of the eell
(¥ills and Rendsll, 1958), However, Carson (196G)
eonsiders that it has not yet bsen established whethar



Page 64

this system is physiologically important. Hevertheless,
it has been shown that hydrogen peroxide is formed during
the reaction between oxyhaeuoglobin and phenylhydrazine
(Restorfer and Cormier, 1967), and since catalase activity
is diminished in primaguine sensitive erythrocytes

(Tarlov and Kellermeyer, 1961) it is possible that the
glutathione poiozldaso system may be significant.

SLUTALIIONE

The signifieance of the disorder of glutathione
metabolism in primaquine sensitive red cells with regard
to the susceptibility to haemolysis is still not definitely
established. OClutathione 1s a tripeptide, y-glutamyle
eysteinylglyoine, and is found in all living cells
(Isherwood, 1959). It exists in a reduced (6£H) and an
oxidised (GSSG) form (Lymann and Barron, 1937), and
enzyme systoms @ffecting both the oxidation of GS8H and
the reduction of GESG are found in both plant and animal
cells (Mapson, 1859), It seems likely that glutathione
may play a part in a respiratory pathway for some
components of the ¢ell, but at the present tirme the
evidence indicates that the proportion of total respirstion
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passing over this route is small, Nevertheless, thia
role may be significant for the particular cellular
components with which it is assoclated (Mapson, 1969).
Of greater importance physiologically, in all probability,
'~ 48 the protective asction of GSH towards other cellular
thiole-containing compounds, particularly enzymes. It
is well known that many hydrolytic, oxidising and
reducing, and transferring enzymes are d0pen4mt on one
or more intazct snlphydryl groups for their activity
(Barron, 1951). Experimentally the addition of a thiol
such as GSH to oxidatively dsnatured ~8H containing
enzymes restorss the activity of the enzymes (Mapson,
1980). Besides this general funotion, GEH acts as a
specific cofactor to the ensymes formaldehyde dehydroe
genase, glyoxalase, maleylacefoacetate isomerase, ard
probably glyseraldehyde~3-phosphate dehydrogenase
(Jocelyn, 1959), However, it is of intercst that
activity of both glyceraldeghyde-3«phosphate dehydrogensse
and glyxoalase is nmormal in primaguine sensitive
erytarocytes (:chrier et al., 196903 Carson, 1960),
Other funotions of glutathione include involvement in
detoxification mechanisms in the liver (Jocelyn, 1959),



Page 66

and protection against radiation injury (Hope, 1959).

It h_as been established that erythrocytes are capable

of incorporating labelled glycine into GSH (Dinant et al.,
19664 Elder and Mortensen, 1956), and that there 1s a
fairly rapid turnover with a half-life of about (S5 hours
(Mortensen et al., 1956)., Bilosynthesis of GSH by
erythrocytes has been confirmed by Kasbekar and Sreenivasan
(1959), It has been shown that in sensitive cells the
rate of incorporation of giycine-“c into G5 is lower
than normal (Szeinberg, ‘dam, Ramot et al., 1959).

‘The relation between GSH and haemolysis has been
directly studied by a number of workers. Fegler (1952)
correlated GSH levels with the number of erythrocytes
haenolysed per hour in vitro on incubstion with both
oxygen and iodine, and showed that haemolysis increased
sharply as the concentration of GSH approached zero.
Sheets et al. (1986) reported that ineubation of cells
with a sulphydryl inhibitor, pechlorcmereuribenzoic acid,
resulted in haemolysis whieh could be prevented by the
addition of «8H eontaining compounds, particulérly GSH.
8ulphydryl inhibition has been much more fully investi-
gated by Jacob and Jandl (1962), who compared the effect
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of two sulphydryl inhibitors, one permeable (Nesthylmaleie
mide), and one non-permeable (pemercuribenzoie acid).

The permeable inhibitor blocked cellular GSH, inhibited
glycolysis, and caused the erythrogytes to lose potassium
and gain sodium and vater, with resultant sphorocytosis
and haemolysis., In contrast, the nonpermeable substance
produced no effect upon GSH or glyeolysis, but caused
nevertheless the same shifts in electrolytes and water and
hence also hasmolysis. These workers eoncluded therefore
that the shape and viesbility of red cells is related to
the sulphydryl activity of the cell membrzne, not of intrae
¢ellular structures, Direct evidence of the importance of
35H in the maintenance of the integrity of the red cell
has, however, been afforded by the observations of Carson
et al, (1961). These workers have investigated a patient
with normal G6PD activity but & partial deficiency of
glutathione reduatase (57). Although GS5H content was
rather low, the GGil stability (Beutler, 1957) was normal,
This individual wes sensitive to primaquine, It seems,
chotutcro, that the disorder of glutathlione reduction in
these erythrocytes was responsible for their susceptibility
to haemolysis, even though the in wvitro test for glutae
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thione ‘'stability’' (i.e. resistance to oxidation) was

not abnormal. Further evidence of the importsnce of an
adequate supply of GSH in maintaining the integrity of

the cell is the demonstration by Buzard et al. (1960)

that one of the haemolytic drugs, nitrofurantoin,

inhibits glutathione reductase, and it seems reasonable
to postulate that it is this action of the drug which
produces haemolysis. It therefore secms possible at least
that normel supplies of GEH are important in preventing
hasmolysis.

| In a study of intrecellular sulphydryl metabolism,
Rapoport and Scheuch (1960) have reported that destrustion
of GSH or interference with oxidative glucose metabolism
(to which GSSG reduction is linked) results in diminished
activity of the enzyme pyrophosphatase (which has a
sulphydryl groupls In a second communication (Scheuch
et al., 196l) these workers showed that, in addition to
pyrophosphatase, hexokinase, GSSG reductase and GE6PD are
inactivated under conditions of oxidation of GEH by
phenylhydrazine in vitro. The addition of glucose
partially protects the enzymes. 7They conclude that the
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pentose phosphate pathiway is therefore concerned in the
protection of these enzymes, a mong other thiol compounds,
from oxidative destruction, and that cells in whiech this
pathway is defective will be less able to withstand
oxidative damage, Scheuch et al, feel that the inactiva~
tion of hexokinase, with resultant failure of energy
production by the cell, is the proximate cause of cellular
disintegration, vhereas Jacob and Jandl (1962) would on
the basis of thelr experiments place the emphaais upon
direct damage to the cell membrane.

Reviewing the known functions of reduced 1PH, since
deficiency of this substance is the metabolic consequence
of GGPD deficiency, alving, Tarlov et al. (1960) consider
the reduction of GS5G, the metsbolic degradatlion of drugs
(Brodie et al., 1968), the reduction of methaemoglobin
(Brewer et al, 1960) and the reductive synthesis of amino
acids and fatty acids. If inadequate supplies of IPNH are
directly responsible for the increased susceptibility to
haemolysis of primaquine-sensitive cells, deficiency of one
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or more of these functions, or some other function still
unrecognised, may be the cause of disintegration of the
cell, These workers draw attention to two further

aspects of primaquine sensitivity not previously described.
The first is the slightly shortened red cell survival even
in the absence of any extrinsic precipitating factor.

This constantly increased red cell destruction is easily
compensated by slightly increased activity of the
arythroid marrow,so that no anaemia results, The decreased
survival even in the absence of an axtrinsic agent is
evidence that some aspect of shunt pathway activity is

of importance with reg:rd to the maintenance of the
integrity of sell, 7The second is the fall in total red
cell lipids assoclated with the acute haemolytic episode
provoked by one of the extrinsic agents, and followed by

a very slow return to normal levels, A ocomparable degree
of anasmia produced by phlebotomy is not associated with
this change in erythrosyte lipids. In addition, Tarlov

et al. (1962) have shown that total erythrocyte lipids

are reduced in primaguine senzitive compared with normal
gubjects, These workers also found raised serum
cholesterol levels in GEPD deficient subjcets, and observed
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that the administration of primaquine would reduse the
eholesterol conceantration although there was no effect in

nornals,

In a study of pentose metsbolism in primaquine
sensitive erythrooytes, Xellermeyer, Carson, et al. (1961)
demonstrated deorensed formation of pentose in vitro
compared with normal cells. However, the total pentose
content of normal and deficlient erythroecytes was not
different, In additlicn, the sensitive cells were found to
exhibit a normal capacity for the reversible conversion
of pantose phosphate to triose phosphate and hexose monoe
phosphate by the transaldolase and transketolase reactions
of the pentose phosphate pathway,

In a recent review, Iarlov, Brewer, Carson and
Alving (1962) have listed the metabolie characteristics
of primagquine sensitive erythrocytes. As the position
at the time of writing is summed up in a convenient form,
their assessment is given below,

) Diminished G6PD activity, the primary disorder.

1. Diminished regeneration of TPNH secondary to I.
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v,

B

B.
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Decareased TPHH and increased TPN content

Decreased response to redox dyn,'vith
regard to

(1) oxygen consumption

(11) methaemoglobin reduction

(114) pentose formation

(iv) glucose utilisation
(v) redustion of dye

Abnormalities related to the defective pantose
phosphate pathway.

A,
B.
C.
D.

B.

n"\

[ ]

Decreased GoH content
Vulnerability of GCH to oxidation.
incressed activity of glutathione reductase.
Increasad mothaemoglobin formation during |
the aduinistration of nitrite
Susceptibility to Heinz body formation in
vive and in vitro,

Decreasod lipid content,

Abnormalities related to EmbdensMeyerhof glyeoe
1" 8is.
&, Inereased Aldolase activity.
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B. Decreased DPNH and inereased DPN content.

C., #all in adenosine triphosphate content
on incubation with acetylphenylhydragine
in vitro.

v. Diminished catalase activity, vith further diminu-
tion during in vivo haewolysis,

Tarlov et als, (1962) visuslize the steps leading
to haemolysis after exposure to haemolytic drugs as
follows. The drug is metabolised and converted into an
active redox compound, which bridges the physiological
hiatus between molesular oxygen and intragellular electron
donors. 7The transfer of electrons from these compounds,
incluwding TPKi, GSH, oxyhaemoglobin and other thiol sube-
stances, is thus mediated by the drug metabolite, and
these callular constituents are oxidised., In the abnormal
cell the normal protective mechanisms, namely GSH, catalase
and the TPNHegenerating system, are deficient, and the
oxidation proceeds to irreversible stages. Heinz bodies
form, in the manner described by .llen and Jandl (1961),
and metabolic processes diminish to levels at which
vital functions can no longer be carried out. Alterations
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in the lipoprotein membrane occur and intravascular

lysis results.

Although by conventional techniques no

morphological abnormelity of primaquine sensitive
erythrocytes is detectable (Beutler et al.,, 1954),
Danon et al, (1961) have observed a difference between
normal and sensitive blood on electron microscopy. In
normal blood a proportion of the erythrocyte cell
membrznes appear ‘smooth', while the remainder are
'granulér‘. Danon et al. estublished that the younger
cells have granular membranes, while the older members
of the erytanrocyte population app-ar smooth. In
primaquine sensitive blood a larger proportion of the
cell membranes are smooth: than in normal blood. The
morphological appear:nces thus suggest premature ageing
of the erythrocytes in primaguine sensitivity. Since
the activity of many enzymes, including G6PD,
diminishes with ageing of the cell, and sinec primaquine
sensitivity 1s assoclated with decreased G6PD activity,
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this concept fits in well with current thoories.
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(2

Various aspects of haemolysis in vivo have been
studied. Flanagan et al. (1958) followed four parameters
of the abnormal erythrocytes during the acdministration of
primaquine to sensitive individuals. Firstly, the concen-
tration of reduced glutnthiohe fell sharply during the
first 3 days of administration of the drug, before any
haemolysis had occurred. During the period of major
haemolysis, from the 4th to the 12th day of exposure,
the concentration of GSH in the remaining cells rose
rapidly, but had not reached the prehaemolytic level by
the 9th day, the day of pesk reticulocyte response. The
concentration of GESG was not found to vary during a
haemolytic episode., Flanagan et al. concluded that the
outpouring of young cells by the marrow was not the only

- fzctor involved in the return of G:H content to normel

levels, and that the lack of change in the level of GSSG
did not support the concept that GSi 4s destroyed by
oxidation, However, if GESG were removed at the same

rate at which it wvere formed the level would not rise,

The second parameter observed was GSH stability,
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and this was found not to alter during the haemolytie
episode., However, Szeinberg et al. (1958) have re-
ported that the G'H stability test may temporarily
becone negative during and immediately following an
acute haemolytic episode. In addition, Zannos-Mariolea
and Kattamis (1961) found that GSH instability was not
nearly so marked during attacks of favism, although

some abnormality was usually demonstrable. Thirdly,
typical 'sensitive' Heinz bodies could be produced in
vitro throughout the period of exposure to the drug.
Finally, the activity of glucose-6-phosphate dehydrogen-
ase, which wss of course very low prior to the haemolysis,
rose slightly duriag the reticulocytosis and then
decreased to the previous low level.

Kellermeyesr ct al. (1961) have reinvestigated
the 'resistant phase' (Dern et al,, 1954) which follovs
the haemolytic crisis. Vern -t al, showed that continued
administration of the drug during this phase did not
produce further overt haemolysis. However, Kellermeyer
et al. reported that haemolysis could be produced during
this period if the dose of drug were increcsed. In
addition, they esteblished the fzct that the survival
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of the remaining erythrocytes could be progressively
shortened by increasing doses of primaquine., Thus in
addition to cell age, haemolysis is also dependent upon
the concentration of the haemolytic agent,

Tarlov et al, (1962) have drawn attention to
other factors influencing the severity of the haemolysis,
Coexistent liver or kidney disease, by delaying detoxi.
fication or excretion, may produce a higher blood level
of the haemol&tic substance. Concurrent viral or
bacterial infection may enhance the haemolytic effect,
as may diabetlc acldosis. Hypoglycaemiza, especlally
in the neonate, may reduce the resistance of the cells,
(Szeinberg, Ramot et al,, 1958), Finally, the haemoly~-
tic effect of primaquine may be diminished by adminis-
tering the drug intermittently rather than continuously.
Linece the antimalerial action 1s enhanced if the drug is
admini:tered in this way, this schedule ha: been
recommended by ilving et al. (1960).
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It seems clesr thai sone at least of the
varieties of GE6PD defielency of the erythroeytes may
cause severe neonatsl jaundice. The cases of congenital
neospherocytic haemolytic anaemia with mzrked GGFPD
deficiency reported by Newton and Bass (1958), Zinkham
and Lenhart (19£9) snd Shahidl and Diamond (1959) had
all manifested hyperbilirubinacmia in the neonatal
period,

Therc 1s also good evidence that primaquine
‘sensitivity,as well as congenitul nonspherogytic
hacmolytie anaemia, may be assocliated with neonatal
Jaundice, Vella (1952), in a survey of G6PD deficiency
in £ingapore, noticed that among the group of reactors
vwe: e 4 Chinese infants with neonatal jsundice, and Smith
and Vella (1960) subsequently reported 14 czses of
kernieterus in Chinese infants in whom G6FD deficieny vas
demonstrated, therc being no demonstrable blood group

inconpatibility. Weatnerall (1960) also noticed the

assoclation between neonatsl Jjaundice and G6PD deficiency

in Malayan children, and commented that no external
precipitating factor
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appeared to be operating. Gilles and arthur (1960)
detected G6PD deficiency associated with unexplained

neonatal Jaundice in West :ifrica,

Doxiadis, Fessas and Valses (1961)(a) showed
that many of the fulleterm babies with severec neoe
natal jJaundice seen in .thens in whom there was no
blood=group incompatibility were deficient in GE6BD
activity, and from their paper therec seems to be no doubt
that enzyme defloiency does cause neonatal Jaundice in
Greece. In most of their cases no extrinsic precipie
tating factor could be identified, although some were
assoclated with the administration of Vitamin X
(Doxiadis et al., 1961 (b) ).

In the neonatal period, even in infznts with
normal G6PD, GSHE instability can be demonstrated. This
is corrected if glucose 1s added (Szeinberg, Hamot et
al., 1968, <inkham, 1959) and presumably the temporary
instsbility of GSH is related to hypoglycsemia, It
seems reasonable to suppose, therefore, that primaguine
sensitive erythrocytes are particularly vulnerasble to
haemolysis at this time (Tarlov et al., 1962). Possibly
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a minimal insult, or no extraneous influence at all,
mey provoke disintegration and hence & haemolytic

Jaundice.



CHAPTER 8




The incidence of primaquine sensitivity varies
congiderably in different parts of the world, The known
racial distribution of the condition in various countries
has been discussed in Chapter 3. Since no previous study
of the incidence in Southern Africa has been reported,
it was decided to determine the distribution of primaguine
sensitivity in certain racial groups,

A. THE HELNG RODX IESI

This was the first in vitro test for primsguine 3
sensitivity to be described (Beutler, Dern and Alving, 19555,
When erythrocytes are incubated under serobic conditions
with acetylphenylhy. ranine, Heins bodies form in the cells
from the oxidatively denatured haemoglobin (Jandl et al.,
1960), The Heing bodies formed in primaquine sensitive
eells differ in sise and number from those formed in normal
gcells, and with a little experience it is easy to distine
guish an enzyme deficient sample of blood from the normal,
It was found that better preparations were obtained if

Page 82
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the technique described by Beutler et al, (1958) was
slightly modified, as indicated below.

MALIERIALS
1. + NMix 1.3 parts W/ PO4 with 8,7 parts
M/15 NagHPO4, to produce a solnti%g :gg .3. Add ;lucoso

to produce a concentration of 200 mgmsf. This solution
is stable in the refrigerator for a considerable time,

2. ‘ Pissolve enough
acetylphenyl! azine in the er solution at room
temperature to make a concentration of 100 mgms.f. This
solution must be used within one hour,

3. |§:z|;‘1;;;glg;’§§1§Fé§p. A4 2 Gn, erystal violet
t0 100 ml. aqueous O, aCl solution at room temperature.
Shake for 8 minutes and then filter. This solution is
said to be stable for S'nantggs howvever, fading of the dye
was observed after 2 months fresh solution was made
upe

MELHOD

Blood 1s drawn into a hiparinizod syringe, and then
transferred to a plain tube. The test must be started
within 1 hour of collection,

‘ 0.1 ml. blood is gtpettad into 2.0 ml. acetylphenyl=
hydrazine gsolution in a test tube. Mix and aeration is
achieved by drawing about O.l1 ml. back into the gipattu
and blowing it, together with a smsll quantity of air, back
into the tube, This is repeated 2 - 3 times. The pipette
is left in the uncapped tube, which is placed in a water
bath at 370 ¢, After incubation for 2 hours the mixture
18 again airated as before. After a further 2 hours the
pipette is gently blown through yet again in order to

the gell suspension, and then a small drop is placed
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Pago 34 (a)

Heinz body formation In erythrocytes after _
incubation in vitro with acetyiphenylhydrasine.
In normal blood (loft) most of the cells
contain one or two large peripheral Heinz
bodies whereas iIn primaguine sensitive blood
(right) the Heinz bodies are small, multiple
and scattered throughout the cell.
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on a glass coverslip, & larger drop of the crystal
violet solution is placed on a slide, and the coverslip
put on top of it so that the flulds mingle., After about
10 minutes a suitable field is selected under oil
{immersion and the cells are examined.

In primaquine sensitive blood most of the cells
contain many small Helnz bodies, while in normal blood
the majority of cells contain one or two marginal, large
wellerounded Heinz bodlies. Typical flelds are gshown in zha
photomicrographs (Fig. 3).

It was found that better preparations vere obtained
by using a different technique, Aifter incubation with
acetylphenylhydrazine as described above, the cell
suspension end the crystal violet solutions were mixed in
a tube in approdimately the proportions indicated above.
After 10 minutes a drop of plasma was added, and then a
smear was made on a glass slide using a glass spreader
as in making ordinary blood smears. Wwhen the smear haa
dried the cells were examined under oil as before,

B, ZHE GLUIATIIONE STADLLLILY IEST.

The method of Beutler (1957) as modified by
Flanagan et al. (1958) was used, and further slight
modifications were introduced., In this test the reduced
glutathione content of a sample of blood is measured
before and after incubation with acetylphenylhydrazine,
The blood is haemolysed and & protein-free filtrate 1s
prepared, Free sulphydryl groups are then measured
colorimetrically by ﬁhn reaction with nitroprusside
(Gruenert and Phillips, 1951). Since there are insigni-
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ficant amounts ol other free SHecontaining compounds in
erythrocytes this reaction represents the reduced
glutathione content, In normal blood the GSH congene
tration changes little, if at all, vhereas in primaquine
sensitive blood the initial concentration (which tends
to be somewhat lower than normal) falls markedly after
incubation. A concentration after incubation of 20 mgms.
/100 ml, erythrocytes or less is regarded as positive,
and in males a positive GSH atability test correlates
well with sensitivity to primsquine (Beutler, 1960). In
females the tegt gives very variable resultsgi this has
been discussed in detail in Chapter 3.

MALERIALS
1. Saturated aguscus NaCl.

24 WW This solution is light-
sensitive and must kept &n amber bottle, Even vhen
this precaution is taken it does not keep indefinitely,
deconposition being detectable by a change in colour,

4. AW B.D.H. Laboratory
Reagent metaphosphoric acid sticks were used, 7This
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reagent was found to deteriorate rapidly, and fresh
solutions were made up every few days,

ains. ive 100 mes P hyd
methyl alcchol. Pipette 0,2 ml, into oach tube and
allow to evaporate.

MELHOR

If heparinized blood is used, the test must be
commenced wi 3 hours of collesction. .Szeinberg
asher and Sheba. (1958) recommend the addition of giueou
before incudstion in order to prevert occasional false
positive results. If blood is collected into acide
citrate-dextrose (ACD) sclution it is possible to perform
the test satisfactorily some days after collection
(Beutler, 1959), and s wvas found to be much more
convenient thun using heparinized blood, In the majority
of instances, therefore, this method was followed,

1. dnqubation

2 ml. blood is plmced in a tube containing 10 mgms.
acoeylphmylhydrazmo. Bzh‘tn‘rm with a glass rod and
tapping the tube against lm of the hand the agetyle
phenylhydrazine is dissolved and the blood well enated.,
The tubse is placed in a water bath at 370 C,,and aft
1 hour the tube is again agitated by tapping as above,
After 2 hours the (SH content of the incubated blood is
detarmined, and compared with the concentration in the
unincubated specimen.

2, Satimation of GCH
Flanagen et al. (/958) recommend that the
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laboratory t-nporaturs during the estimation of GSH be
maintained at 20 - 28" C,, and that the solutions used
in the determination should stand in a waterbath at
209 C, It was not posgible to control the laboratory
teuperature, but satisfactory results were obtained by
the use of a waterbath as described,

1,6 ml, blood is pipetted into a S0 ml. Erlenmeyer
flask conteining 5.8 ml, distilled water., After ’
the flask is allowed td steand for 10 - 15 mimutes unti
haemolysis is complete, 6.8 ml. metaphosphoric acid is
added with constant swirling of the flask to produce an
even precipitate, BEnough solid KaeCl i3 added to saturate
the solution (aggge:imntoly 4.75 gn.). The flask is
sealed with Parafilm and vigorously shaken for 2 minutes,
after which the zixture is filtered through Whatman No,.2
filter iazcr. 2 nl, filtrate are added to € ml, saturated
N:Cén ocu jon in a test tube and placed in the waterbath

a Py

As a reagent blank, 1.5 ml, distilled water is
subjected to the above procedure, and 1,5 ml, of 40 mgm.%
GSH solution is used as a standard, The g;oparation of
the G3H solution is further discussed in the next section,

To the tube containing the 6 ml, saturated NaCl
and 2 ml, filtrate is added 1 ml, nitroprusside followed
Jomediately by 1l ml, cyanide/carbonate solution (using a
syringe pipette). The mixture is at once poured into an
Bvelyn tube, adequate mixing ococurr with the transfer
of fluid, and the optical density at m1 is measured
in an Evelyn electrophotometer which has been gset to read
100 with the blank solution., The blank reads 87 against
diztilled water, The GSH concentration of the test
solution may readily be caloulated by comparison of its
optical density with that of the standard. Determination
of the hacmatoerit (wnintrobe, 1956) of the blood specimen
then permits expression of the GEH content of the blood
as X mgm, per 100 ml, erythrocytes, which eliminates
diatortion due to anaemia or to diintion of the blood by
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the ACD solution.

3e

This is done in the usual manner using various
eoncentrations of GSH. However, Flanagan et al, (1958)
report that cifferent samples of commercial GSH do not
give the same re:zults, and that this is due to incomplete
reduction of the glutathione., They advise electrolytic
reduction of the Gizi solution by a modification of the
method of LCohan and Woodward (1939)before measurement.
The reduction is carried out on 10 ml, of the filtrate,
i.,0., at the stage in the method immediately before the
oyanlde is added «nd the rose colour develops.

The apparatus is shown in the diagram (Fig. 4)

The xg;_aggfﬁh:éggg (A) 1s constructed by dissolve
4 Gm, agar in 100 ml. saturated aqueous xCl, boiling,
pouring the warm solution into a polythene &ubo 1 om,
in dlameter, where it is allowed to set. Polythene vas
found to be more convenient than glass as it could easily
be bent into the required shaps, snd shortened when the
collection of hydrogen bubbles ﬁetween the agar and the
~wall of the tubs at the cathode end made it necessary,

The xlnumm.nnng (B) 1s rotated by an
electric motor at approximately 60 r.p.m. Since reduction
occurs only at the surface of the mercury, mixing of the

overlying solution is important,

%eWmmmde
beaker (C) rap ecomes yellow and then brown, when it

is replaced.

Theimg:guzfiggghgﬂg in its beaker (D) is kept
covered wit: dist water when not in use. Prior to
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1"ho apparatus required for the electrolytic
reduction of GCa. A* AC1l agar bridge; 3; glass
paddle stirrerj C:anode beaker; b:cathode
beaker; Ei GAal solution.
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GLUTATHIONE IN MGMS %

S'1IA. 5 . Standard curves used in the GLH stability test.
The closed circles are the values obt ined

after electrolytic reduction of the il
standard solutions.
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each redustion of solution, the cathode itself is
"reduced" b ggssinc current through the c¢ircuit for 30
minutes wit e agar bridge immersed in the merecury
(Flanagan et al,, 1958)., After reduction of a solution
the mercury is washed many times with distilled water.

ugxggn. The mercury and the agar bridge are
carefully dried with filter paper. 10 ml, of the solution
to be reduced (E) is then pipetted onto the surface of the
meroury. Current at 50 volts and 36 milliamps is passed
through the circuit, with the agar bridge raised above
the mercury so that it dips into the solution, and the
paddle stirrer rotating. Flanagan et al, state that re-
duction is complete after 15 minutes§ however, higher
values are obtained by allowing current to flow for
minutes, although reduction for longer than this had no
further effect., 2 ml., of the reduced filtrate are then
added to 6 ml, saturated NaCl solution, as before, and
after the nitroprusside and cyanide/carbonate is added
the optical density is measured,

The standard curves cbtained are shown in Fig. 5.

DEHYDROGESASE DEFICIENCY.(Motulsky and Campbell,
1960),

This test depends on the coupling of a dye to the
dehydrogenation of glucose-6-phosphate by a haemolysate
of the blood to be tested. Excess substrate and coenzyme
are added to the reasction mixture so that the rate of the
reaction is proportional to the enzyme activity of the
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blood sample. The time taken to decolorize a fixed
quantity of the dye is thus a measure of the G6FD
activity. The reaction is shown disgrammatically in
Fig. 6,

Blood may be collected in ACD, in eoitrated,
oxalated or heparinized tubes, or drawn directly into
the pipette after digital puneture. The test may be
performed seversl days after collection of venous blood,

1. e 0474 M . tris (hydroxymethyl) aminomethane

2, Sor - (GEP) 8 n¥v solution
(1.686)., 1 ml. 1s enough for 20 tests. Made up freshly
for each batch of tests.

3e mnmggmmm.nmm (TPN) C.1% solution.
1 ml, is enough for 20 tests. Made up freshly each day.
4, W]_m (BCB) 1 pM solution (0,032.).
Keeps indefinitely.

The G6P and TPN were obtained from the Sigma
Chemical Co. of St. Louis, Mo., UsS.A. The BCB was
obtained from the Nationa Aniiine Division of the
Allied Chemical and Dye Corporation, 40 Rector Street,
New York, N.Y¥., UsSshs Samples of Bcs obtained from
other scurces were found not suitable for the test,
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Glucose-6-P —S8BD 46 p G

TPN TPNH

Colourless BCB

A diagrammatic representation of the sereening
test for GGPD activity (Motulsky and Campbell,
Glggg). Glucose-6-F3 pﬁg@::;ﬁ;ggosphate;

1 glucose~-S=phos e SNLES
6-P«(: 6-phosphogluconic acidj TPN: oxidised
triphosphopyridine nucleotidej IPNH: reduced
trlphos:hopyridim nucleotidej B§B: brilliant
oresyl blue,
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METHOD

0.02ml, blood is pipetted into a tube contain-
ing 1 ml, distilled water. When haemolysis is complete
(after 10 « 15 minutes), 0.2 ml, buffer is added, and
then 0,05 ml, of both the GEP and the TP¥ solutions.
C.256 ml, BCB solution 1s then added and the contents
of the tube well mixed by swirling and e A
layer of liquid paraffin is poured on top of the
nixture to secure anaerobic conditions, and tube
is placed in an incubator or a watorbs%h at 37% C. The
end point is obviousy when the blue dys is all de-
colorized the tubes appesr pink from the haemoglobin
solution., With most normsl bloods decolorization vas
complete in 68 minutes, although occasionally the re-
action was prolonged to 75 mimutes. Ensyme deficient
blood failed to decolorize the dye within 120 minutes
and this time was often much longer. There was thus a
clesr distinetion between normel and primaguine
sensitive ssmples, .

In order to be sure that abnormal Heinz bodies,
glutathione instability and deficiency of glucose-6-
phosphate dehydrogenase detected by the application of
these techniques did in fact indieate primaguine

sensitivity, two approaches were used,

In the first, blood from a child with a history
of favism (cenior and Braudo, 1955) was subjeccted to the
three tests. Favism oceurs only in primaquine sensitive
subjects (¥arlov et al., 1962), and if the diagnosis was
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correct the in vitro tests for primaquine iensitivity
should be positive, The cells were shown to form the
typical abnormal Heinz bodles, and the initial GiH
concentration of 51 mj ./100 ml. erythrocytes fell to

10.6 mg./100 ml. on incubation with acetylphenylhydrazine.
In addition, markedly déricient enzyme activity was
observed, the dye not having been decolorized after 360
minutes incubation,

In the second, red cells from an individual wvhose
blood was positive to the 3 tests were labelled with
5lck as described by lollison and Veall (1955), and
introduced into the circulztion of a normal compatidle
recipient, Heasursment of radioactivity in the blood of
the recipient was compatible with a normal survival of
the labelled donor cells for 8 days after introduction.
Primaquine 30 mgms. daily was then administered to the
recipient, and on the third day of administration a
sharp incrlaté in the rate of disappearance of the donor
‘cells was observed, The griph of red cell surviv:l is
illustrated (Fige 7). It was concluded that cells
giving positive results to the 3 tests vere in fact
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PERCENTAGE OF RADIOACTIVITY
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DAYS AFTER INTRODUCTION OF LABELLED CELLS

The survival of %—hmlcd cphroeytu in

& oompatible, normal recipient. The erythrocytes
had been shown to form He bodies in vitro
typical of primsquine zensitivity, to be
deficient in GEPL activity, and to manifest

GSH instability, On administration of primaquine
in a dosage of 30 mgms. daily the rate of
destruction of the labelled eells was sharply
acgelerated, as shown. It was therefore
established that erythrocytes giving positive
results to the 3 tests were in fact sensitive
to primaquine.
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sensitive to primaquine.

SUDJECIS SIULLIED

Primaquine sensitivity can be detected with
considerable accuracy in male subjects, as distinct from
females, by the application of the preceding tests
(Beutler, 1959 Tarlov et al., 1962). In males there
i8 a marked difference between normals and abnormal
indl vidualss in {emales, however, there is a considerable
degree of variation in the response to the tests. Some
female carriers of the gene manifest markedly deficient
G6FD activity and unstable GSH, some are normal to the
tests, while others exhibit all degrees of enzyme
deficiency and GiH instability (Tarlov et al., 1962).

The problem of the identification of female heterozygotes
has been discussed in Chapter 3. In order to assess the
incidence of the condition in a population it is therefore
usual to examine the blood of males only.

Four racial groups were studied, namely Bantu,
Indians, Cape Malays and Bushmen, In the case of the
Bantu, Indians and Nalays, only males were tested, but as
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very few Bushmen were available for study both males
and females were examined,

I. JBANIU. 310 Bantu subjcets belonging to a number
of different tribes were studied. Of these, 120 vere
patients in hospital in Johannesburg suffering from a
variety of medical and surglcal conditions, The ree
maining 181 were healthy blood donors.

II. JNDIANS. 100 Indian patients in King Edgard Vi1
Hospits1l, Durban, were tested.

I1I. MALAYS. 83 Cape Malay patients in Groote Schuur
Hospital, Cape Town, were examined,

IvV. BUSHMEN. 70 Specimens of blood were collected

in the kalahari desert by members of Professor P.V. Tobias'
1960 snalahari expedition, refrigerated, and flown to
Johannesburg whare they were tested, Of these 47 (16
males and 31 females) belonged to the Central Kalahari
group of Bushmen, while 23 (13 males and 10 females)

were of the Northern group. During the 1962 expedition

25 further specimens were obtained from Bushmen of the
Southern group. O0Ff these 21 were males and 4 female,
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LROCEDURE
In all cases positive results were confirmed by
applying a second test. Initislly glutathione stability
tests were performed, and the Heinz body test was used
in confirmation. VWhen the sereening test for G6FPD
became available it was used as the initial procedure,
and deficiency way confirmed by assessing glutathione
stability.
RESULDS
I. BANTU
In the first 182 specimens exauined the glutathione
stability test was applied, and § positive results were
obtained, The average concentration of reduced
glutathione after incubation in these 5 samples was 12,3
mge/ 100 ml. erythroeytes (range 8.2 - 18 mg./100 ml.),
whereas in the ¢ase of the 177 negative reactors the
average was 54.4 mg./100 ml, with a range of 31 « 156,8

mg./100 ml. In the 5 subjects with unatable glutathione
the Heinz body test was found to be positive,

In a further 128 blood specimens the test for
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glucose=G=phosphate dehydrogenase activity was used,

and 5 samples were found to be deficient in the enzyme,
when these 5 specimens were incubated with acetylphenyl-
hydrazine the reduced glutathione concentration after
incubation was found to range between 1 and 11 mg./10C ml,
erythrocytes.

Thus of 310 Bantu males tested 10 were considered
to be primaguinc sensitive., The tribal origins of the
subjects studied are given in TableIl, and the glutathione
concentrations before and after incubation in the 187
specimens tested are shown in Fig. 8.

II. LUDIANE

Blood specimens from 100 Indlan males were tested
for glucose-6-phosphate dehydrogenase activity. Enzyme
deficiency was not detected.

III.  CAPE MALAYS

Samples from E3 male Cape Malays were subjeccted
to the enzyme test, and 2 specimens were found to be
deficient 1n‘gluoose-6-phosphate dehydrogenase. After
incubation with acetylphenylhydrazine the reduced
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T A3 LETL

Iribe No. Tested HNo., Positive
Msutu 74 2
Zulu 3 1
Xhosa 43 1l
Bvana 25 2
Shangaan 18 1
Pedi 11 0
fwazl 8 1
Nyasa 7 1
Coloured (mixed origins) 13 1

Remainder (Bacs, Pondo, Venda

thi’ 33 0
TOIAL 310 10




Page 98

o

o
O

Z
o
-
«
@
2
v
z
[+ 4
w
-
W,
<
"]
= |
;70 ¢
3] . o .g: .
L]
- “%, %%
.oy

@ A ST )
-i [} . I.... .:..~ .
Z 50 L7 YA
8 e orc ~.°. .
- * o ..:s oo'~ ‘:.
@ . .k'.

(Y
by ..'8".\ -
] o
230+ — — — — A e - - e e = -
z
w
§ N
: *
S0 * Xx °

X
10 30 SO 70 20 "o

GLUTATHIONE IN MG. PER |00 ML. RED CELLS BEFORE INCUBATION

GSH concentrations before and after incubation
of blood specimens from 187 Bantu males. In
addition to the first 182 tests of which § were
positive, the results of the 5 sensitive
individuals detected by application of the
GEPD sersening test to & ther 128 subjects
have been plotted (orosses).
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glutathione concentrations of these 2 specimens were

7.4 and 4.5 mg./100 ml., red cells respectively.

Iv.  BUSHMEN

Blood from 850 males and 45 females was tested
for enzyme activity, and in 2 instances (1 male and 1
female) deficlency was detected. The reduced glutathione
concentrations in these 2 specimens after incubation
were 0 and 10 mg./100 ml. red cells respectively. Both
positive reactors were members of the Central Kalahari

group.
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RISCUSSION

The results of this investigation suggest that
the incidence of primaquine sensitivity of the red
blood cells in the Bantu of Southern Africa is épproxi—
mately 3¢+ Wwhen the subjects studied are subdivided on
the basis of their tribal origins, the 10 positive
reactors appear to be randomly distributed among &
number of differemt tribes. whiia the numbers are not
large enough for the different tribal incidences to be
determined, there do not éppear t§'bé marked differences

in frequenecy.

The finding of this condition in the Bantu was
to be expected, since'pamaquine\haemoiysis has previously
been observed ih a Nyasa soldier (Mann, 1943) and in a
Basuto (Smith, 1943), The incidence 1s{approximately the
same as that found by Allison (1960) in the Masai and
Kikinyu tribes of Kast Africa, but much less than in
other East African tribes (Allison, 1960) and in the
Congo (Sonnet and Michaux, 1960) and West Afriea (Gilles
st al.,, 1960)« The incidence in other parts of Africa
has been discussed in Chapter 3.
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The number of Cape Malays and Bushmen available
for testing was too small to allow estimations of the
incidence of the trait, other than to say that the
condition does occur with approximately the same order
of frequency as in the Bantu. The Cape Malays are not a
pure racial group, being crossbred descendents of
Asiatics, Bantu, Hottentots, Bushmen and Europeans
(du Plessis, 1944). Comparison of the incidence in this
group with that found in Malaya (Vella, 1961) is thus
not valid,

None of the 100 Indians tested was found to be
deficient in red cell G6PD activity. However, it is
evident from the literature that the trait does occur in
India, since pamaquine haemolysis has been reported in
Indians by several workers (Manifold, 193l1; Amy, 1934}
Sein, 19373 Proa., Conf. Med. Spec., 19443 Dimson and
McMartin, 1946), Possibly the trait is present in
South African Indians but was not encountered in the
present study. Even if this 1s not so, it is very likely
that the incldence of the condition varies in different
parts of Indla, as it does in Africa, The Indians of
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Natal are for the most part descendants of immigrants
from Madrag (Shafa'at Ahmad shan, 1946), while most
of the reported cases of pamaquine haemolysis were in
Northern Indila,



CHAPTER 6




Methaemoglobinnemia associated with plasmoquine
administration vas recorded by many workers, and wes in
fact regarded as a manifestation of toxicity comparable
with haemolysis by many of the earlier authors.
However, Beutler (1939) strongly denied a causal
relationship betwveen these two consequences of the
administration of plasmoquine (and the other 4rugs in
this group). He quoted Clark and Morrimey (1951) who
shoved that in dogs the survival of methaemoglobine
eontaining cells was not shorter than normal. Other
vorkers have shown that even sulphaemoglobin formation
is not associated with shortened red cell survival
(Jope, 1646). Beutler slso pointed ocut that some of the
substances producing marked haemolysis in susceptible
individuals caused 1little or no methaemoglobin formation,
one such substance being phenylhydrazine., As & third
point against a relationship between the formation of
methaemoglobin and haemolysis, Beutler mentioned the
unpublished observetions of Dern, Beutler and Alving
that methaemoglobinaemia following the administration
of primaguine was more marked in normal persons than in
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sensitive subjects,

However, therc is other evidence which suggests
that the oxidative degradation of haemoglobin may be
intimately linked witi the mechanism of haemolysis. Thus
haemolysis induced in sensitive individuals dy prima=-
quine and most of the other substances is preceded by
the appearance of Heing bodies in the erythrocytes, and
Jandl and Allen (1960) have shown that Heins bodies are
formed from oxidatively denatured haemoglobin. During
this process hagmoglobin is converted first to me thaemo~
globin and then to sulphaemoglobin. Furthermore, the
enzymatic reduction of methaemoglobin has been shown to
be defective in sensitive cells (Ross and Desforges,
1958), Ih addition, the deficiency of reduced glutathione
(Beutler et al,, 19585) and of catalase (Tarlov and
Kellermeyer, 1959) are both thought to weaken the defences
of primaquine sensitive cells against oxidative damage.
Finally, most if not all of the substances provoking
haemolysis in primaquine sensitive individuals do cause
methaemoglobinaemia as well, It seems reasonable to

suppose, therefore, that there may be a connection between
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the methaemoglobin-producing action of this group of
substunces and their haemolytic action,

It was thus thought to be of interest to study
methaemoglobin formation in vitro in primaquine
sensitive cells, in order to compare the rate of
formation with that in normal blood. In addition, it
was decided to determine whether enzymatic methaemoglobin
reduction in vitro is inhibited by primaquine, in either

sensitive or norual erythrocytes.

I.
The method of Fvelyn and Malloy (1939) was used.

sslutions

1. 0067 M Fhesphate Buffer pi 6.6

Mix 37.5 ml. 0.067 M NagiPO4 with 62.5 ml. 0.067
M KHgPO4 -

This solution keeps well,

e SR BB, 21T BRI
M Buffer w parts dis water, Must be freshly
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made up every day.

3. NW. Mix equal volumes of

108 MaCil agetic acldj this should be carried out
in the fume cupboard in an icebath because of the danger
of poisoning by HCN gas., This reagent is made up every
day. ZThe NaCN end acctie acid solutions are kept in
amber bottles in the refrigerator.

4, 40% HNaCN solutdan.

S Concentrated @B solution.

6s £ potasaium Lerricvenide soluticm.

MELICD

~ add 9.1 nl, oxalated blood to 10 ml, 0,0168 M
buffer in an Evelyn tube. After standing for 6 minutes
read in an Evelyn colorimeter against a water blank,
using the 636 filter. This reading is I'l‘

Add one drop neutral eyanide solution. After 2
minutes read again using the same setting. 7This reading

is I‘z‘

4dd one drop of concentrated NH40H solution. Read

:ga%nst a water blank with the 620 filter, This reading
‘ N
30

To 2 ml, of the above mixture add 3 ml, 0,067 M
buffer. Add one drop 2048 potassium ferricyanide, After
2 minutes add one drop 10§ NaCN solution, After standing
for a further 2 minutes read using the 540 filter,
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against a blank of distilled water to which a drog of
both the potassium ferricyanide and the NaCN solutions
have been added. This reading i1s designated L4.

Calaulationg:
Totzl Haemoglobin = 100 x L‘ ong
2,38 B

Methaemoglobin = 100 (Ly = Ly )

. Gm,%
277

Sulphsemoglobin = (100 x L;) = (8¢5 x methaemoglobin +
46: x total haemoglobin)
of

I Zngubation of Cells

Primaquine sensitive subjects were identified by
means of thslnbtulsky screening test for glucoso-e-
phosphate dehydrogenase deficlency. Heparinized venous
blood was used, experiﬁents being started within 30
minutes of collection of the blood samples., 1 ml, samples
of blood were incubated in test tubes 2 x 1.5 om, covered
with Parafilm, 0.1 ml, of a 5f glucose solution was added
to each tube, ucetylphenylhydrazine was added in solid
form and allowed to dissolve, as was nickel sulphate and
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sodium fluoride in the different experiments, but
brilliant eresyl blue (¥CB) was added as a solution in
normal saline. Before incubation at 37° C. vas commenced
the tubes were inverted 20 times in order to mix and
oxygenate the contents, 0.1'm1. samples were taken at
intervals for estimation of methaémoglobin and total

- haemoglobin.

111,

In order to develop a suitable in vitro system
with which to assess the prates of methaemoglobin formation
in normals and primaguine sensitive subjects, certain

preliminary experiments were performed,

It wae found that the addition of BCB to produce
final concentrations of dye of 0.25 w/ml, or more
resulted in the formation of significant amounts of
methaemoglobin, However, the shape of the graphs obtained
suggested that an equilibrium dbetween the rates of
form: tion and reduction of methaemoglobin rapidly
resulted, with strbilization of the concentration of
methaemoglobin even though incubation was continued for

several hours (Fig, 9).
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Eika Do :ggmo,aoomwagn formation in normal erythrocytes
incubated with BCB in coneentrations of 0.25
and 1,0 pM/ml, respectively,
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Since it was felt that a system in which there
was a steady aceumulatidn of methaemoglobin would be
more likely to reveal a difference between primaquine
sensitive and normal cells, the effect of adding various
concentrsations of certain enzyme inhibitors was next
examined. Firstly, increasing concentrations of .
sodium fluoride were used (Fig, 10)., is shown in the
graph, the additian of increasing concentrations of this
substance resulted in the accumulation of increasing
quantities of methsemoglobin, even though thevconcentra-
tion of BCB was not changed. Sodium fluoride in the
abgence of dye did not produce any methaemoglobin., A
similar effect was observed when inereasing concentrations
of nickel sulphate were used (#g, 11). However, the
addition of sodium azide in a concentration of 50 MM/l
to tiie system did not cause a greater accumulation of
methaemoglobin than the dye alone.

As a result of these experiments a system
containing 0,5 muM/ml, BCB and 20 wM/ml. nickel sulphate
was selected fur the comparison between normal and
primaquine sensitive cells,
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Figa. 1)l+ The effect of increasing concentrations of
Ni304 upon ths formation of methaemoglobin
in normal er ytes incubated with BCB
1.0 ml, The figures indicate the concen~
tration of N$804 in piM/ml, No methaemoglobin
accumulated when the cells were incubated with
NiS804 alone, The closed cireles represent the
effect of sodium agide in a concentration of
80 p/ml. in the presence of BCB 1,0 pM/ml.
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After comparing the performance of normal and
deficient cells in this system it was decided to assess
the rate of methaemoglobin formation in a second system
as well, and acetylphenylhydrazine was chosen as the
methaemoglobineproducing substznce. Since obvious
methaemoglobin formation occurs during incubation of
blood with this corpound in the glutathione stability
test (Chapter 5), the same concentrztion of acetylphenyle
hydrazine (33 pM/ml.) was tried and was found to be

suitable for preésent purposes.

a l“f!’ £T ok ]

As shown in the graph (Fig. 12) it was found that
greater coneentrations of methaemoglobin accumulated in
primaguine sensitive cells than in normal cells when
compared in the BCB/NiSO, test system. The mean methaemo-
globin concentration after 60 minutes was 30¢ in the
enzyme deficient blood and 21% in normal blood,

In the acetylphenylhydrazine system similar
results were obtained (Fig. 13), the mean methaemoglobin
cancentrati&n after 60 minutes being 28% in sensitive
blood and 2% in normal blood,
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Fig. 12. A comparison between methaemoglobin formation

in normal M,_o en cireles) and primaquine
sensitive

in vitre, The test system contained BCB and
Ni804 in concentrations of 0.5 pM/ml, and
20 1. respectively.

sed circles) erythroeytes incubated
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% METHAEMOGLOBIN

TIME IN MINUTES

Bigs 13s 4 comparison between methaemoglobin formation
in normal (open eircles) and primaquine
sensitive (closed c¢ircles) erythrocytes
incubated in vitro with acetylphenylhydrazine
in e concentration of 33 pM/ml,



Page 116

In these two in vitro systems, then, approximately
38% more methaemoglobin accumulates in primaquine
sensitive erythrocytes than in normal cells.
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RISQUCSION

Small amounts of methaemoglobin are demonstrable
in normal blood (van Slyke et al., 1846). It is thought
that haemoglobin i3 continually being oxidised to mete
haemoglobin, and that the érythrocyte enzymatie reduct-
lon éystems in their turn convert the methaemoglobin to
haemoglobin again. The concentration of methaemoglobin
in the blood thus represents the resultant of these
opposing reactions, and hence is related both to the
rate of formation of methaemoglobin and to the rate of
'1ts reduction,

Under conditions in which the stimulus to mete
haemoglobin formation e identical, therefore, it is to
be anticipated that in cells partly deficient in thelr
ability to reduce methaemoglobin, greater concentrations
of the pigment will scoumulate, Of the two known
enzymatic reduction systems (Heunnekens et al,, 1957) 1t
has been established that the reaction linked to IPNH
is deficient in primaquine-sensitive cells (Ross and
Desforges, 1959)., It was thus to be expected that these
cells would be more susceptible to the action of methaemo~
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globin-producing agents than normal, even though it is
thought that of the two dnéymos the DPNH~linked one is
the more important. Thus it is the UPNH-linked reducte
ion which is deficient in esses of congenital methaemo~
globinzemia, and thesi patients are eyanosed in spite
of an intact TPNH-linked system, Gibson, 19483 ccott and
Hoskins, 1958; Jaffe, 1956)., On the other hand,
primaquine~sensi“ive individuals who are deficient in the
IPNHelinked system, are not cyanosed, Indeed, even less
methaemoglobinaemia is observed in GEPD deficient
subjects exposed to primaguine than in normals (Earle
et al,, 1948; Hockwsld et al., 1952; Beutler, 1959).
This anomaly has been explained only very recently.
Brewer et al. (1960) confirmed that primaquine does not
produce more methaemodl obinasemia in sensitive persons,
but pointed out that the drug haemolyses the older
members of the red cell population in these individuals,
whereas no cell: are destroyed in normal persons. If
these older cells contain more methaemoglobin than the
younger cells, as claimed by B.rewer et al., their dise
appearsnce from the circulation lowers the overall

percentage of mathaemogiobtn in the blood. Jalavisto
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and Solantera (1959) have shown that older cells have

less capacity to reduce methaemoglobin than ydunger cells,
although Beutler and Mikus (1961) vere unable to demons
strate a higher methasmoglobin eontent in older eells
fractionsted by differential osmotic haemolysis. However,
the observation of Brewer et al, (1960) that the adminise
tration of nitrite, instead of primaquine,does cause more
methaemoglobinaemia in enzyme deficient subjects than in
normal persons supports their contention strongly, since

-nitrite does not cause haemolysis,

The relationship between methaemoglobin formation
and haemolysis has become clearer recently, Beutler and
Mikus (1961) have confirmed that in rats administration
of nitrite does not chorten red cell survival, even
though considerable mathnemoglobinaomia occurs. However,
a second methaemoglohﬁnubrodueing agent, para~aminoproprioe
phenone (PAPP) does accelerate red cell destruetion.
Nitrite produces methaembglobin by a stoichiometric
chemical reaction, whereas ?APP mediates the oxidstion of
a far greater quantity of haemoglobin molecules in a
catalytic manner, The agents producing haemolysis in
primaquine-sensitive individuals, or their metabolie
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products, mediate oxidation in the second way (Emerson

et al., 1949), This suggests strongly that their
haemolytic effect 1s related to this oxidant uction. In
addition, meny of the gnown metabolic consequences of

the blochemical defects in the primaquine sensitive
erythrocytes appecar to be related to mechanisms defending
the c¢ell asgainst oxidative damage. These include the
deficienecy of catalase (Tarlov and Kellermeyer, 1959),

the deficiency of reduced glutathione (Beutler et al.,
1955) and the delective methaemoglobin reduction (Ross
and ﬁesfdrges, 1959)., It seems highly probable, therefore,
that haemolysis {8 the consequence of oxidative damage to
a cell in which the defence against oxidation is deficiant,
On the other hand, the presence of considerzble concen=
trations of methaemoglobin or even sulphrsemoglaobin does
not of itself shurten red cell survival ( Jope, 19463
Clark and Morrissey, 1951). It follows,then,that if
haemolysis is the rosult of oxidation of the haemoglobin,
the process must proceed beyond the sulphsemoglobin stege.
It seems more probable, however, that oxidative damage

to other ecellular components, such ag enzymes or the

cell membrane itself, produces the destruction of the cell.
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This view has recently been championed by Jacob and
Jondl (1962) and by Scheuch et al. (1961),

The actions of sodium fluoride and nickel sulphate
in enhancing methaemoglobin accumulation in the test
systems are of interest. Fluoride was origlnally
selected as an inhibitor of glycolysis, through its
inhibition of enolnse., However, it also inhibits
adenosine triphosphatase (ATPase). Since nickel sulphate
has been reportet to inhibit alPase, but not enolase
(Clark and Hubscher, 1961), 1t was substituted for the
fluoride in order to discover which inhibition was
causing the accumulation of methaemoglobin., Since
methaemoglobin formation was quite as striking with
nickel sulphate as with fluoride, it seems that inhibition
of AlPase is the critical action of both substances,
provided that inhibition of an enzyme is responsible for
the methaemoglobinepromoting effect. It has been shown
that neither substunce alone caused methaemoglobin
formation (Fig./O and Fig.// ), so that a dircet
chemical action on hsemoglobin is excluded. However,

" the possibility remeins that the chemicals interact with
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the brilliant cresyl blue to produce a more actively
methaemoglobin-producing substance., This possibility
was not examined.



B.

The methaemoglobin reduction test for primaquine
sengitivity as deseribed by Brewer, Tarlov and Alving
(1960) was used for this study.

1. A ¢ .
glucose, 0.~é

2. §?}3:g_;gﬂégm_ngﬁziggiggznsxgn(I.ES%L Keep in
a tightly-stoppered amber e,

(Maliinckrodts Mowe 73005) 1n 100 1o e1sti1led vater.
Dilute 10 ml. of this solution with normal saline to
make a final volume of 100 ml, Make up fresh each month,

Venous blood was eollected in ACD solution (0.15
ml./ml. blood) znd the test started within 30 minutes of
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ecollection,

Ol ml, of the ¢,18 M sodium nitrite solution
are added to 2.0 ml, bload in a test tube. When the
TPN=linked reductase was to be studied this was
followed by 0,1 ml. of the 00,0004 M methylene blue
solution. The solutions were mixed by inversion 12
times and placed in 2 waterebath at 37 C. 2 0,1 ml,
pipette vas left in each tube. At €0 and 120 minutes
after the start of the incubation the mixture was
agitated by stirring with the pipette, and one breath of
air was gently blown through the 1pe£to. This aeration
is coritical and must be exactly observed. 0.1 ml.
samples were removad at interv:ls and total haemoglobin
agg methasmoglobin concentr:ztions measured as described
above.

BESVLIS

The rate of methaemoglobin reduction in normal
and in sensitive cells in the absence of primaquine was
first studied. It was found, as reported by Ross and
Desforges (1989), that whersas methylene blue greatly
accelerated the rute of methaemoglobin reduction in
normal cells, there was little or no increase in rate of
reconversion to oxyhaemoglobin in the case of sensitive
cells, The rates of reduction are plotted on the

graph (Fige. 14 ).
The effect of the addition of primaquine 30
micrograms/ml. to the incubation mixtures was then
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studied, It was found that there was no significant
effect on the rate of reduction over 3 hours whether
methylene blue was present or not, This was true of
both normal (Fig./5 ) and sensitive (Fig./6 ) cells.
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Eige 18, Methaemoglobin reduction in normal cells with
and without the addition of methylene bliue,
The presence of primscuine in a econcentration
of 30 nicrograms/ml. (closed circles) does not
affect methaemoglobin redugtion,
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Figa 18 Methaemoglobin reduction in primaquine

- sensitive cells with and witggut the
addition of methylene blue., The presence
of primaquine in a concentration of 30
micrograms/ul. (0losed cireles) does not
affect methaemoglobin reduction,
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Even though no inhibition by primaguine of
methaemoglobin reduction has been deminstrated by these
studies, it remains possible that a product of the
metabolism of primaguine by the body micht have such an

effect. Thus, it has been shown that metabolic intere
mediates of pamaquine in chickens have & marked methaemoe
globin=producing action in vitro (Josephson et al. 1951).
In addition, Brewer et al. (1962) have reported that an .
‘anticatalase factor' can be demonstrated in the plasma
of both normali and sensitive individuals 4 -~ 6 hours
after the administration of primaquine. It is probable
that this is a metabolite of the drug, since the anti-
catalase activity is not related to the concentration of
undegraded primaquine in the plasmaj it 1s possibly an
oxidant quinone (Brewer et al,, 1962). Furthermore, in
studies in vitro Carson (196C) has enhanced the oxidant
effect of primaquine by exposing the drug to ultraviolet
light. The possibility that a metabolite producing
inhibition of methaemoglobin reduction may be formed in

vivo, therefore, cannot be excluded. However, there is
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no particular reason to suspect that this does hapjpen,
The methaemoglobinaemia commonly associated with
administration of primaquine, to normal subjects as well
as to sensitive individuals, is easily explained as the
consequence of the oxidant aetidn of the drug or its
metabolie products on oxyhaemoglobin. Indeed, there is
evidence that a desradation produet of primaquine, far
from inhibiting the enzyme, actually accelerates the
rate of reduction of methsemoglobin in normal red celis
in vitro (Brewer et al., 1960). In primaquine sensitive
erythrocytes, however, only & very slight effect was
noticed. This derivative of primsguine caused a marked
fall in the concentration of GSH when incubated with
deficient cells. Its action thus resembles that of
mathylene blue and brilliant eresyl blue very closely,
since the dyes may both casuse the accumulation of
methasemoglobin nnd accelerete its reduction, However,
no comparable effect of primaguine itself was noted in
the present study.



CHAPTER 7
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In 1960 it w:s reported that primaquine and some
of the other haemolytie substances could be demonstrated
to inhibit the action of glucose«8-phosphate dehydrogene
ase in vitro (Desforges, Kalaw and Gilchrist, 1960).

From the shape of the graphs obtained it was deduced
that the inhibition was competitive in some instances

and non-competitive in others. These observations seemed
to be of sueh importance with reference to the mechanism
of haemolysis in primaquine sensitivity that it was
thought necessa’y to attempt to repeat them, particularly
since certain experiments reported in Chapter 8 appesred
to indicate that the action of primsaquine was to
stimulate rather than to inhibit the hexose monophosphate
shunt pathway in red cells.

A modification of the method of Marks (1958) was
used,

Hakerials
1, Ol M Hgglg. Kept at room temperature

2, Q.26 M Glvevieglyvcine buffer pH 7,6. 8tore
at 40 C.
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3, Q.888 KC1l. Adjust pH to 7.4 with KOH

5. 0,125 ¥ sodium glucose-6-phogphate (GEP). Made
up each day.

W. Blood from both normal and
primaguine sensitive subjects was used., Apjroximstely

8 ml. heparinized venous blood in a 1 cm. tube 1s placed
immediately after collection in ice., It i3 then
centrifuged for 10 minutes gt 1500 X g at 0¥ C,, and the
plasma and Buffy layer removed. The renainingoroa cells
are washed with the isotcnic KCl golution at 0° C,, re~
centpifuged, and the uppermost layer of red cells removed
with the washings. This washing is repeated, after
which the cells are diluted to 3 times their volume with
the cold KCl solution. A haematoerit (Wintrobe, 1956) is
performed at this stage ( it is approximately ﬁ%). The
erythrocytes are then haemolysed by freezing and thawing
twice, imwersing the tube in a dry ice/acetone mixture,
- The solution must not be shaken during the freezling and
th:ging procedure, The haemolysate is kept frozen until
used,

METHOD

A Quartz spectrophotometer cuvette is then filled
with the following ingredients in the order indicateds~

0.8 ml, 0.1 M MgCl, solution

006 ml. 0025 M glycyl-glycino w.r

0.1 ml, 2.3 x 10" M TPN solution

Q.53 ml. distilled vater

0,02 ml., haemolysate
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° The cuvette is then placed in a water bath at
28" C.y together with the 0,125 M GEP solution in a tube.
After 10 minutes the cuvette is removed and dried, and
the reaction started by the addition of 0.26 ml, dep
solution, The development of optical density at 340 mp
1s measured in the spectrophotometer ageinst a blank
cuvette which contzins all the ingredients except the
IPN, Readings are taien every minute, If the laboratory
temperature is more than one or two degrees away from
259 C, the cuvettes should be returned to the water bath
after 3 readings have been taken, After a few minutes
in the bath a further set of 3 readings mey be made, From
these readings a greph can be constructed and the activity
of the enzyme expressed as A 0.D./minute/ml. erythrocytes,

Primaquine was dissolved in the buffer solution
end the pH re-adjusted to 7,6, Both primsquine base and
g:imaquina diphotphate were used, The effect of concene

ations varying from 0,0001 M to (,001 M was noted, In
one experiment the solution: containing primaquine was
also incubated with the haemolysate for 30 minutes before
the other ingredients were added, as recommended by
Desforges et al. (1960),

BESJLIS

No inhibitory effect of primaquine could be
demonstrated upon glucose-G-phosphate dehydrogenase
activity in haemolysates of normal or primaquine sensitive
erythrocytes. Neitier primaquine base nor primaguine
diphosphate in concentration of 0.0001 M « 0,001 M had
any observable effect even when incubated for 30 minutes
with the haemolysate prior to starting the experiment.
Only if the pH of the buffer was not brought back to
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7.6 was some inhibition noted.

The change in optiilcal density observed is
indicated in Fig., 17
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alZ+s Glusose-8«phosphate dehydrogenase activity in
Fika Al haenolysates oﬁoml aand grimqu:lnc smzitivo

erythrogytes the method of Marks (1958)

The haematoerits before haemolysis were a'a,i

and 21§ reapectively, Optical density at

340 developas much more rapidly in the normal

ha te ( 0.U./minute/ml. erythrocytes =
4.50) n in sensitive haemolysate ( A O.L.
/ainute/ml. ocytes = 0,54)., The addition

of primaquine in concentrations varying from
0.,0001 M » 0,001 M did not inhibit activity of
the enzyme (closed cirocles).
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pISCUSSION

At the present time it is thought that primaquine
and the other haemolytic compounds stimulate the
metabolism of glucose via the shunt pathway (Szeinberg
and Marks, 1961). Some experimental observations in
support of this concept are reported in Chapter 8, It
‘was dif@icult to reconcile a stimulation of the shunt
pathway with inhibition of the first enzyme on this
pathway, as xaportad by Desforges, Kalaw and Gilehrist
(1960)., It was therefors not entirely unexpected that
the observations of these workers were not confirmed,
at any rate with respect to primaquine.

It is difficult to explain the results obtained
by Lesforges et al, In the present study it was found
that the enzyme was inhibited only if the pH was ine
correct. Since the addition of primaquine to the buffer
markedly changes the pH, it seems poassible that the ine
hibition reported by Desforges et al, was due to the pH
effect, not to the primaquine, as these workers do not
state that the pH of the buffer was restored to normal
after addition of the prinaquine in their experiments,
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It 1s well known that dyes such as methylene blue
and brilliant cfesyl blue (BCB) stimulate the utilisation
of glucose and the consumption of oxygen by erythrocytes
in vitro (Harrop and Barron, 1928), and that pyruvie
acid agounulates undar these eircumstances, Ittﬁas to be
~anticipated that cells in which the oxidative metabolism
of glucose is defevtive because of deficiency of an
enzyme of the oxidative bathway would behave differently
under the influence of these dyes, and it was therefore
thought to be of interest to characterize this behaviour.
It was thus decided to compare glucose utilisation and
the acocumalation of pyruvie aceid in normal and in
sensitive cells incubated with BC3,

) and from primlqnino
sansitive 1nd1v1dnnxs was defibrinated, It was centri-
fuged for 15 minutes at 800Xg and the serum and buffy
layer aspirated. The remeining cells vere washed with
normal saline, resentrifuged, and the upgernoat cells
again aapirated. The erythrocytes were then auspendod in
Krebs-Ringer ghosphate buffer, pH 7.4, containing 10 nM/
ml. glucose, to produce a hacmatocrit of 0 = 3&; BCB
dissolved 111 the phosphate buffer was added to the
appropriate tubes to produce & final concentration of
Ge25 pM/ml., an equivalent volume of buffer being added
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to the control tubes. Primaquine dissolved in buffer
the pH being restored to its original value, was added
to the appropriate tubes to produce a final concentra-
tion of 30 mierograms/ml, @ white cell count of
suspensions prepared in this way was less than ¢.1¥ of
the original eount, |

ésgnhg%;gn. 3 ml, of the cell suspension was placed in
x mm. tubes which were sesled with stoppers covered

with Parefilm, The sealed tubes were attached to &
vertical wheel 20 o=, 12731amatorvrotat1ns at 20 r.p.m.
inside an incubator at C. After an initial 15
minute equilibration period, samples were removed for
the estimation of glucose, pyruvic acid and haematoecrit,
Incubation was then continued for 3 hours, when further
samples were takem,

B. ) uin ~ jcogg. Glucose was estimated
by the gluco dase method as described by “alomon
and Johnson (1950) using the Somogyl (194S) deproteini-
sation procedure. A

Solutions

1. Asstate buffer. Mix 1 part 2 M sodium acetate
;ﬁl}tian zigh 2,8 parts 2 M agetic scid to give & solution
. - (21

24 cﬁigmfsuxﬁf_ﬁagsggs. Add 700 mg. O=toluidine
hydro ride dlssolved in a few ml, water to 150 ml.
acetate buffer. Dissolve 2 mgm. orude glucose oxidase
and 15 mgm. horgeradish peroxidase in a small quantity
of the buffer solution and add to the mixturo.o Mgke up
to 300 ml, with buffer and filter. Store at 4° C, in a
dark bottle. The reagent can be used for 4 weeks. If
turbidity develops the solution should be filtered again,
a4 reagent blank prepared with fresh oamfosite reagent
should have an absorption at 635 mn of less than 0.01.
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he concentration of these soln iong
must be adjuated so that the barium hydroxide exact
neutralises the zine sulphate, volume for volume, This
is assessed by titration with phenolphthalein as
indicator. 10 ml, ZnS04 solution is placed in a conleal
flask and diluted with 100 ml, distilled water. The

BA (0H)2 solution iz run in drop by drop with continued
agitation until a pink colouy pers sts for 1 minute,

idd 044 ml. of the erythrocyte suspension to
6 ml, water, Then add 2 ml, ZnS04 solution followed

2 ml, Ba (OH)> solution, the mixture being vigorously

Kken after eac additicn. Centrifuge briefly at high
speed, To 3 ml, diztilled water in an Evelyn tube add
1 ml. supernatant and 3 ml. composite recgent, Allow to
stand for 1 hour at 25° C. and measure optical density
at 635 mp againat a reagent blank containing distilled
water 1natend of supernatant, OStandard solutions of
glucose are also uubawcted to the procedure as a control,.
The concentration of glucose 1s proportional to the
intensity of blue colour developed and may be read from
a previously prepared standard curve,

Co ' LI LY acid, Pyruvie ‘acld was
measured by the m@thod o Frta¢oman and Haugen (1943).
Saolutions

le 156 trichloracetic aeid.

2e 294 Dinitrophenylhydrazine (DNF) solution, Add
100 mgu, DHP to 85 mle. dilstilled water, followed by 15 ml.
conecentrated iKl, Shake for 30 minntea. A doposi
settles out and the supernatant solution is used,

4o 145 N KeOH solution
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» Mix 0,6 ml, red c¢ell suspension with 0,5 ml.
distilled water, and add 2 ml, 15f trichloracetie acid.
Mix thoroughly, centrifuge and add 2 ml. of the super=-
natant to 0.4 ml. DNP solution, After standing for 5
minutes add 3 ml, benzens, stopper, and shake vigorously
for 2 minutes, CQntrirugo again and add 3 ml, 10% Nag
C03 solution to 2 ml. supernatant, After thoro
mixing, centrifuge agnin, Aspirate and discard the
supernatant. To 2.5 ml. of the lower layer add 3,5 ml.
1.5 N NaOH solution snd mix, After 10 minutes measure
the optical denaity at 6520 mp against a reagent blank
containing 0.6 ml, distilled water instead of the cell
suspension. 0.6 ml. of & standard solution contailning
1 mgm. pyruvate/l00 ml, is also subjJected to the procedure.

The haemntoerit was

RESULIS
The alteration in glucose utilisation produced by
BCB in this system in normsl cells and in primaquine
sensitive erythrocytes is shown in Fig. 18, In normal
cells consumption of glucose was increased by a mean of
80% when BCB was present. In contrast, the effect of the

dye in primaquine sensitive cells was to reduce the
utilisation of glueose by a mean of 1%,

The effect of primaquine upon glucose utilisation
of normal and deficiaent cells is shown in Table III,
The action was similar to that of BCB, but less marked,
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&.Change An Glucose Gongentration of Pyruvic
Conaumption el

dqrzal kReficient Bormal keficlant
+ 10.8 . 3,6 042 05
+ 21.4 - = 18,4 0.3 G0

+ 14.3 - 8,2  De2 042

+ 1140 ' = 5.0 0.0 1.7

+ 18.1 - 10.4 0.3 048

+ 17,1 ~ 6.3 06 Oed

+ 6.4 - 11,1 045 0.6

+ 13,3 - 3.2 1,0 0.9

+ 15,5 - 8,4 0.3 0.3

+ 20,9 - 9,0 0.2 0.6

v 149 - 3,3 0ot 0.6

A8BLE 111

The effeact of

30 mieragr nle On
accunulation o
deficient erythrocyt

rimaquine in a comcentration of

ucose utilisastion and the

pyruvic zcid in normal and enzyme



Page 144

tnce again the difference between the behaviour of
deficient znd normal cells was noticed, primaquine
increasing the glucose consumption of normal cells by
an average of 14.9%, but decreasing utilisation in the

sensitive cells, the mean decrease being 3.3%

The concentrstions of pyruvic acid after incubation
of normal and defieient cells in the BCB system are also
indicated in Fig., |8 . 1In a proportion of cases there
was & significantly greater concentration of pyruvate in
primaquine sensitive cells than in normal erythrocytes.

The effect of primaquine on the accumulation of
pyruvate is shown in the table. There was a small amount
of pyruvic acid present after incubation of both normal
and sensitive c¢ells with primaquine, although much less
than with 8CB, No significant differente between normal

and sensitive cells was found.
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Fige 18+ The effect of BCB upon the eonsumption of
glucose and the aeccupulation of pyruvic aeclid
on incubdation of normal (elosed circles) and

primacguine sensitive (open cireles) erythrooytes

in vitro.
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DISCUSRIQN

The decrease in overall glucose consumption
produced by BCB in enzyme-deficient erythrocytes was not
anticipated. Since the shunt pathway is defective in
primaquine sensitivity, it was expected that the effect
of BCB would be to increase glucose utilisation only
slightly or not all. However, the diminution which was
observed was constant, and recently similar observations

have been reported by Carson (19860).

The decrease in glucose consumption must be due to

inhibition either of oxidative glucose metabolism or

else of anaerobic glycolysis, The available evidence 1is

against the first possibility. Firstly, Murphy (1957)

has estimated that only 10 -« 20§ of the glucose metabolised
by normal cells at pR 7.5 passes via the shunt pathway,

and it 1s reasonable to suppose that the proportion is

even smaller in cells in which the pathway 1s deficient,
The degree of inhibition observed in the present study
(averaging 17¢) therefore appears to be too great to be
accounted for by inhibit ion of oxidative glucose metaw
bolism alone, Secondly, there is evidence that the shunt
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pathway 18 active in primaquine sensitive cells incu-
bated with a redox dye, methylene biue, Johnson and
Marks (1958) studied oxygen consumption and formation
of 15003 from lﬁc-lozlugoso by sensitive cells incubated
with the dye. In the absence of an intact tricarboxylie
acid cycle in the mature red blood cell, it is generally
acoepted that the only source of 14002 from glucose
labelled with 1% in the l-position is the hexose mono-
phosphate shunt, so that the recovery of Y00, by
Johnson and Marks in their study is evidence that the
shunt does function under these conditions., These
workers found oxygen consumption to be 35 and CO,
formation 50f of normal.

It seems probable, therefore, that the overall
diminution in glucose utilisstion observed in the
current study cannot be ascounted for by inhibition of
the shunt pathway by BCB, It must therefore be
postulated that the dye produces an inhibition of
anaerobic glycolymis. In support of this is the recent
work of Murphy (1860) showing an inhibition of anaerobic
glycolysis by methylene blue even in normal cells. The
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stimulation of axidattio glucose metabolism in normal
cells by the dye is well established (Harrop and Barron,
1928), The overall increase in consumption of glucose
by normal cells must therefore reiult from the sum of
these two opposing effects, i.e. the increased metabolism
via the oxidative pathway must be greater than the'dcsree
of inhibition of anaerobic glycolysis, It is suggested,
therefore, that in primaquine sensitive cells inhibition
of the Embdens-Meyerhof pathway of dye is grenter than the
stimulation of the defective shunt pathway, and that the
net effect is to diminish the overall consumption of

glucose,

The mechanism of the inhibitidn of anaerobic
glycolysis by the dye is not established, However, it
resembles the inhibition of the pathway produced by ine
ereasing concentrations of oxygen (Murphy, 1960).

In a proportion of cases greater concentrations
of pyruvic acid accumulated when primaquine sensitive
cells were incubated with BC3 than when normal cells
were usﬁd. Although the amount of pyruvic acid formed
by cells from the same individual on different occasions
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WRs reasonably constant, there appeared to be a wide
range of values in both normal and enzyme deficient
cells, If the difference is real, its significance is
not obvious. A possible explanation would be increased
lactic dehydrogenase activity in primaquine sensitive
¢ells., This has in fact been reported by Larizza et al.
(1958) although Johnson and Marks (1958) found no

difference from the normal,

The effect of primaquine in a concentration of 30
nmicrograms/ml. was found to resemble that of BCB upon
glucose consumption by both normal and enzyme deficient
erythrocytes, Although the change in utilisation was
less marked, more glucose was metabolised by normal cells
and less by primaquine sensitive cells when the drug was
present, Small but significant concentrations of pyruvic
acid were also observed after incubation with primaquine.
In this system, therefore, primaquine stimulates oxidative
glucose metabolism and depresses anaerobic glyeolysis in

the same way as the redox dyes. Similar conclusions have
recently been reached by other workers as well., Thus
Brewer and Tarlov (19€l) reported that a derivative of
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primaquine stimulated the pentose phosphate pathway

of normal but not of sensitive individuals by oxidising
TPNH to TPN, Szeinberg and Marks (1961) showed that not
only primaquine, but zlso nitrofurantoin, acetylphenyl-
hyéragine, X - and /3 =naphthol, an extract of fava beans,
and certzin other substances as well increased the rate
of formation of 1‘002 from zlucoso-l-14c in both normal
and deficient erythrocytes, These workers found that the
action of these substances was to increase the rate of
oxidation of TPiH, the reaction being mediated by
diaphorase., Mohler and Williams (1961) reported that
phenylhydrazine increased the utilisation of glucose by
normal cells and produced an accumulation of pyruvic acid
in vitro. in accumulation of pyruvie acid on incubation
with acetylphenylhydrazine was also observed by
Stefnschuss et al. (1961),

If methylene blue and BCB have the same effact
upon cellular metabolism as primaquine, it seems possible
that the dyes may provoke haemolysis when administered
to primaquine sensitive subjects, This has, in fact,
recently been reported (Carson, 19603 Brewer and
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Tarlov, 1961) and is in favour of the concept that it
is the redox nature of the haemolytic compounds whiech
is responsible for thelir haemolytiec action,



CHAPTER 9




While several wvorkers have claimed that the
mature human erythroeyte i3 not capable of the bio-
synthesis of lipid 4in vitro (Marks et al., 1960}
Buehanan, 1960), Mendelsohn (1961) has demonstrated a
synthesis of fat from carbohydrate by normai human red
blood cells (essentially free from leucocytes) under in
vitro conditions., The addition of & redox dye such as
methylene blue or brilliant cresyl blue (BCB) to the in
vitro system greatly enhaneed the biosynthesis of lipids
from glucose.

Recent work has revealed the importznce of an
adequate supply of reduced coenzyme II (TPNH) in the
reductive synthesis of fatty seids in tissue cells
(Langdon, 18573 Siperstein, 1968). The hexose mono=
phosphate shunt pathway is bellieved to be the only
source of IPNH in the erythrocyte, and since it is known
that redox dyes narkadly stimulate shunt activity in red
cells (Brin end Yonemoto, 1968) it was suggested that an
intimate relationship exists between the oxidative
metabolism of glucose and the synthesis of lipids. Since
the hexose monophosphate shunt pathway 1s defective in
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primgguine sensitive erythrocytes because of diminished

activity of glucose-Sephosphate dehydrogenase, it was
thought to be of interest to compare lipid synthesis
in the abnormal cells with the normal,

PM?W- This technique
has been described in Chapter 8,

sterpination ol frae Fatty 4CG4C fF4). The higher
free fatty acids were determined as described by
Mendelsohn ( 1953) .

Peterming sl Patty Acids (IFA). Total
erythroeyte acids were estimated by the method of
Mendelsohn (1962), Biiefly, lipid was extracted from
one volume of red cell suspension with S8 volumes chloro-
form: methyl aleohol (1l:1), The extraction was repeated
3 times. After removal of the solvent, saponifieation
and acidification, total fatty aclds were extrected into
low boiling point petroleum ether. The extraot was

then taken to dryness and the fatty acids dissolved in
benzene. An aliquot was removed for colorimetric
estimation using rosaniline reagent (Mendelsohn, 1958),

on b : ! 1005¢ in the appropriate
P ents, uniforn ab d glucose (glucose-U«Cl4)
was added to the red cell suspension toc produce a final
conecentration of 0,4 pne/ml. The extraction and separa-~
tion of red cell 1lipids for assey of radioactivity after
incubation was carried out as described by Mendelsohn
(1962), weighed aliquots of the extracted fatty scids
being plated on to planchettas for counting at infinite
thinness in a windowless gas flow counter. A zero time
control was put through the same liquid extraction
procedure, snd the radioectivity of the lipid fraction
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before incubation subtracted from the counts recorded
in the l1lipid fraction after 3 hours' incubation.

BESULLS
The incubation of normal red cells in this in
vitro system resulted in an increase in the concentra~
tion of erythrocyte free fatty acids (#Fi). In contrast,
anzymo deficient cells produced no significant incresse
in the level of FFA, and in fact in some instances a
fall in the concentration was observed,

In addition, a marked difference between normal
and primaquine sensitive erythrocytes with respect to
total red cell fatty acids (TFA) was observed., There
was an increase in the concentration of TFA when normal
cells were incubated, whereas incubation of primaquine

sensitive sells resulted in a marked decrease in TFA,

after incubation with uniformly labelled glucose,
radicactivity was detected in the total fatty acid
fraction of both normal and sensitive cells, The
specific activity of the fatty acids was somewhat higher
in the case of the sensitive cells.

The results are summarised in F!g.'ls.
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FIf. L.> The change In erythrocyte Tree fatty acids
C?PA) and tot 1 fatty ctds (TFA) upon
Incubation of nornal (K) and rxinaquine
sensitive (D) erythrocytes with glucose and
B'Ji. The figures In brackets represent the
average 'fFa specific activity after Incubation
with glucoso-U-idg,
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RISCUSEION

The evidence for a disordered lipid metabolisn
as defined in this study seems clezr. The incubation of
normal erythrocytes with glucose and brilliant cresyl
blue resulted in a net increase in both free fetty aclds
and total fatty acids. Confirmation of a net synthesis
of fat from glucose was provided by the incorporztion of
14, from uniformly labelled glucose into erythrocyte
fatty acids. Although this incorporation of radioe
activity into red cell 1lipids alsc occurred when enzyme
deficlent erythroeytes were incubated, little or no
increase in the concentration of FFA was observed,
together with a pronounced fall in TPA, The recovery
of activity from the lipid frzction of primaquine
gensitive erythrooytes must imply some synthesis of fatj
indeed, the specific activity observed was somewhat
greater than in normel cells. Howvever, the decrease in
totzsl erythrocyte fatty acids on incubation must
equally mean that a groater degree of catabolism than
of metabolism had oeeurred,

Since it has been shown that IPNH is necessary
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for the M.oiynthea:h of _fatty acids, it is perhaps not
surprising that cells in which the capacity to reduce
TPN 18 defective should manifest disordered lipid
metabolism. Nevertheless, on the basis of the results of
the present sfudy it is apparent that the relationship
between IPH reduction and lipid synthesis in primaquine
sensitive cells is not a direct one.

This aspect of the aberrant metabolise in
primaquine sensitive cells may be related to the suscep~
tibility of these erythroeytes to haemolysis in vivo,
Alving et al. (1960) have reported that total red cell
1ipids decrease during the acute haemolysis produced by
the administration of primaquine to sensitive individuals,
with very slow recovery to previous levels, Danonet al,
(1961) have recently reported morphological differences
on electron microscopy between the rcell membranes of
primaquine sensitive and normal erythroeytes, and it
seems possible that a 1lipid constituent of the membrane
is defective, since 80f of erythrocyte lipids are in the
membrane (Tariav et al., 1962), The report by Prankerd
(1983) that the lipid content of old normsl erythrocytes
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is lower than that of young cells may be relevant,

since on eléctron microscopy the cell membrane of old
cells has a different appearance to that of younger cells.
In primaquine sensitive blood the abnormality which has
been observed is that the proportion of cells having the
appearance of old cells is increased (Danon et al.,
1061). .Tarlav et al. (1962) have in fact reported that
the total lipid content of enzyme deficient erythrocytes
iz diminished, slthough LShr and waller (1963) found no
abnormality in stromal lipid fractions of erythrocytes
from a case of congenitzl non-spherocytic haemolytic
anaemia (in which the deficiency of GEPD was even more
marked than in primaquine sensitive cells), Further
evidence of abnormal 1lipid metabolism in primaguine
sensitivity is the report by Tarlov et al. (1961),(1968)
of raised serum cholesterol levels in affected Negroes,
The administration of primaquine to these individuals
produced a fall in the level of e sterified cholesterol,
although there was no similar effect in normsl subjects,
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At the time of writing investigations are still
in progress in many fields related to primaquine sensie
tivity and fresh communiestions are appesring each
month, It has thercefore only been possible to include
paepers published before April 1962 in the critical
revioew of the literzture., The investigations recorded
in this thesis were carried out between June 19:9 and
Mareh 1962, tome of the conclusions rezched have since

been eonfirmed by other vorkers.

In summary, it was decided first of all to survey
| various racial groups in Southern Africa in order to
discover whether primsquine sensitivity could be demone
strzted, snd, if so, to determine the incidence of the
trzit in certzin sections of the population. On
investigution the ccndition was found in 3§ of the Bantu
population, with no discernible tribal predilection,
and was also found in Cape Malays and K:ulahari Bushmen
wvith approximately the zame frequency. No primaquine
sensitive subjcuts were found among 100 Hatal Indian

males examined,

Once it had Deen establisucd that primaguine
Page 156
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sensitivity was ressonably common in South .ffica, &
study of various biochemical aspeccts of the zbnormal
erythrocytes was undertuzken., The formation and enzymae
tic reduetion of methaemoglobin were first investigcted,
It was established that under the same oxidant stress

in vitro, the rate of accumulation oi methaemoglobin was
more rapid in primaquine sensitive erythroecytcs than in
normel cells. At the time that this study was c:arried
out it wa:s believed th:it mcinsemoglobin formation was
not greater in sensitive cells, <ince it was znown that
methaewoglobinzemia was less marked in prinaquine
sensitive subjects exposed to the drug than in normals
(Beutler, 1959), Recently it hus been shown that this
is due to destruction of the older cells by the drug,
these cells containing most of the methaemoglobin, and
that en exposure to nitrite methaemoglobinaemia is more
marked in sensitive subjucts than in normals, since
nitrite does not shorten erythroeyte survival (Tarlov

et al., 1962), This work fits in well with the in vitro

studies reportcd here.

In addition to the investiiation ol methaemoglobin

formation in gensitive cells, the offect of primaquine
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upon enzymatic methaemoglobin reduction in doth

sensitive and normsl cells was sxamined.

No inhibiting or stimulating action was demon-
strated. Subsequently, ho&aver, it hus been reported
that a degradation product of primaquine stinulates the
reduction of melhaemozlobin in a manner siailer to the
effect of redox dyes such z2s brilliznt cresyl blue
(Beutler et al,, 1960).

Glucogse and pyruvate metabolism in primaquine
sensitive erythrocytes was then investigated, snd 1t was
shavn that the utilization of giucose wa: decreased in
the presence of the dye brilliant cresyl blue, although
it 1s well known thut the effect of this substance is
markedly to stimulste glucose consumption in normal
cells, Carson (19G0) has reported similsr observations.
From a consideration of the available evidénce it seems
probable thut the aetion of the dye in both normal and
primaguine sensitive cells is to inhibit anaercdic glyco-
lysis and to stimulste oxidative glucose metzbolisa,

In normal erythrocytes the net effect is to increase the

overall consumption of glucose., In sensitlive red cells,
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howvever, the oxidative pathway 1s defective, due to

the deficient glucosc-6-phosphate dehydrogenase
activity, so that glucose utilization ls decreased in
the presence of brilliaat cresyl'blue. fomewhat
greater éoncentrations qr pyruvie aclid accumulated when
sensitive erythrocytes were incubated with the dye than
in the cace of normal ceils but the differ-nce wags not

marked.,

In addition, it wus shown that the effect of
primaquine upon glucose utilization was sinil:r to that
of the redox dye, consumptlon being increased in normal
cells but diminished in seasitive cells, This has sube
sequently been confirmed by other workers (Brewer and |
Tarlov, 1luSlj Gzeinberg and Marks, 1961), Since
primaquine he: been found to increase the utilization
of glucose in normal cells, it was decided to fepeat
the work of Desforges et al. (1960) showing an inhibite
ion of glucose~6-phosphate dehydrogenase zctivity by
primaquine, It was difficult to reconclile the siimue
lation of glucose consumption which had been obs: rved
with inhibition of an enzyme on one of the pathways of

glucose metabolism., However, on investig:tion no
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inhibition of the enzyme by primaquine could be demone
struted, whether GGPD from normal or from sensitive

cells was studied,

Certzin aspvcts of 1lipid metubolism in primaguine
sensitive cells were then exasmined. On incubation with
glucose and brillisnt cresyl blue no change in erythrocyte
free fatty scid was obs-rved, althou;h & marked increase
was constantly found in the case of normal cells. In
addition, total red cell fétty acids decreased in
sensitive erythrocytes on incubation althourh the cone
centration increased in normal ecells, However, rsdio-
sctivity couid be demonstrated in the fstty acid {raction
of both normal and deficlent erythroeytes after incubation
witn glucose labelled with 140. It 1s suggested that the
disordered lipid metubolism revealed by these studles 1s
related to inadequate generation of IFNH in prima;uine
sensitive cells, since it is generzlly believed that
adequate supplies of irNH are rcquired for Llhe reductive
synthesis of fatty acids. /;bnormal 1ipid metabolism hac
recently been churacterized in other ways in primaqﬁine
sensitive subJects (Alving et al, 19603 irzrlov &t al.
19€2), and may be of importance with regard to the
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mechanism of haomolysis since 90f of the erytirocyte

1ipids are in the cell membr:ne.

Finally, during the course of these studies, the
blood of & child suspected of favism was examined for
G6PL deficliency and glutathione instability, and the
diagnosis was confirmed. ovince the child belonged to
a very large f:umily, the zvaillable reiatives were tested
for the ussoclzted red cell defect, and it w=:z found
that the distribution of the trait throughout several
generutions was consistent with transmission us a sexe

lirked gene of intermediate dominance,
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