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Toxicology of the 8-aminoquinolines and genetic
factors associated with their toxicity in man*

P. E. CARSON ,1 R. HOHL, 2 M. V. NORA,3 G. W. PARKHURST,3 T. AHMAD,2 S. SCANLAN, 2
& H. FRISCHER 4

In vitro studies on primaquine have been carried out to examine its ability to stimulate
the oxidativepathway ofglucose metabolism in human erythrocytes and in vivo studies were
carried out after ingestion of the drug to determine plasma levels and to investigate the
formation of metabolites and the effects of the drug on human erythrocytes. These investi-
gations showed that:

1) Two mechanisms are involved in the stimulation of the oxidativepathway. This was
demonstrated by comparing the effects of methylene blue, ascorbic acid, primaquine, and
other drugs on normal, glutathione-reductase-deficient, and G6PD-deficient erythrocytes.
A start was made towards classifying drugs according to the mechanism by which they
stimulate CO2 production.

2) Following oral ingestion ofprimaquine, three as yet unidentified metabolites were
present, two in theplasma and one in the urine. The rapid disappearance ofprimaquinefrom
the plasma (within 24 hours) was confirmed.

3) Two factors that stimulate glucose oxidation in human erythrocytes werefound in
plasma; one occurred only infresh plasma, whenEDTA waspresent, and the other occurred
in all plasma and serum samples studied.

4) The erythrocytes of blood drawn 24 hours after the ingestion ofprimaquine (after
primaquine had disappearedfrom the plasma) showed increased ability to oxidize glucose.

It is notyet known whetherserum orplasmapreparedfrom blood drawn 24 hoursafter
ingestion ofprimaquine has the ability to increase the oxidation of glucose.

The advent of chemotherapy was marked by the
trial of methylene blue against malaria by Guttman &
Erlich in 1891. Subsequently, although the exact
sequence of events is not entirely clear, methylene blue
was modified by the addition of a dialkylaminoalkyl
group to increase its antimalarial activity, and,
eventually after the preparation of more than 12 000
compounds in Germany, pamaquine, a 6-methoxy-8-
aminoquinoline, was announced in 1926 as the first
practical synthetic antimalarial (1-3). Curiously,
although consideration of methylene blue as an anti-
malarial agent had quickly faded, studies utilizing this
compound were later to prove extremely significant in
the development of our understanding of both glucose
metabolism and the toxicity of the 8-aminoquinoline
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antimalarial drugs. Data presented in this paper show
that it is still useful for this purpose.a

Pamaquine, despite its initial success, proved to be
too toxic for general use and the search for new anti-
malarial drugs continued. Nevertheless, it was not
until the Second World War that there was another
great surge in the synthesis of new drugs and ulti-
mately more than 13 000 compounds were listed in
A survey ofantimalarial drugs, 1941-1945 (1). In the
course of this programme, several hundred 8-amino-
quinoline derivatives were prepared and screened for
antimalarial activity against various avian malaria
parasites. More than 100 were then examined for
pharmacological characteristics in rats, dogs, or
monkeys.
The potential usefulness of these drugs for possible

human clinical trial was best predicted by the studies in
rhesus monkeys and according to the data presented

a Some of the data have been published previously in abstract
form (CARSON, P. E. ET AL. In: Proceedings of the VIIth
International Congress of Pharmacology, Paris, 1978, p. 396;
CARSON, P. E. ET AL. Clinical research, 26: 709A (1978)).
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by Schmidt (in ref. 1), at least eighty-five 8-amino-
quinolines were studied in these animals. Soon two
types of toxic reaction were found to be determined by
the constitution of the side-chain attached to the
8-amino nitrogen. Thus, rhodoquine (Plasmocid) and
related compounds having a secondary or tertiary,
terminal amino group separated from the 8-amino
nitrogen by a chain of 2 or 3 methylene groupings
caused severe, irreversible neurotoxicity that was
extraordinarily selective for brain stem nuclei,
especially III, IV, VI, and VIII (4, 5).
Rhodoquine and related compounds were clearly

excluded from human trial and the only other data
reported (6) not only confirmed the early reports but,
in addition, showed by electron microscopy that "the
most conspicuous and the earliest discernible lesion"
in the rhesus monkey is degeneration of neuronal
mitochondria in the large multipolar neurons of the
selectively targeted nuclei of the brain stem and
diencephalon. In view of modern receptor theory,
further study of rhodoquine in animals, especially as
regards the molecular configuration of its side-chain,
could prove fruitful, despite the known toxicity of the
compound. It is possible that molecules of related
configuration could be identified that are required for
the normal function and regulation of these brain stem
nuclei.
The second type of toxic reaction in monkeys to the

8-aminoquinolines is produced by pamaquine and
related compounds that have a side-chain with a
primary, secondary, or tertiary, terminal amino group
separated from the 8-amino nitrogen by more than
four methylene groupings. With lethal doses many
organ systems are involved, hepatotoxicity being
perhaps the most prominent feature. Unlike rhodo-
quine, the toxicity of sublethal doses is reversible and
is principally gastrointestinal and haematological.
More than fifty 8-aminoquinolines and related

compounds have been tested in man since 1944.
During these investigations, which were conducted
primarily by Alving and his associates at the
University of Chicago, these compounds were given
alone or in combination with other antimalarials to
non-immune volunteers infected with the Chesson
strain of Plasmodium vivax. Most of the new
compounds were soon eliminated from further study
either because of lack of efficacy or unacceptable
toxicity. Pamaquine itself was carefully examined
again and other extensive studies were performed with
pentaquine, isopentaquine, and ultimately prima-
quine. Primaquine proved to be six times less toxic and
more effective than pamaquine and by 1950 it was
regarded as the drug of choice for the radical cure of
P. vivax (7). In addition, primaquine has two other
significant properties; it is gametocidal and sporonto-
cidal for P.falciparum as well. Like pamaquine,
however, it is a poor blood schizontocide, and is not

useful for treatment of relapses of malaria despite its
singular effectiveness as a tissue schizontocide against
the exoerythrocytic forms of the malaria parasite.

Notwithstanding its lower toxicity in comparison
with pamaquine and other 8-aminoquinolines, prima-
quine is by no means innocuous. At higher than thera-
peutic dosages, it exhibits reactions that are analogous
to those of pamaquine and pentaquine, especially
gastrointestinal intolerance and methaemoglobin-
aemia. In fact, before attention was focused on the
haemolytic properties of the 8-aminoquinolines,
several observations were made with respect to inter-
actions with other antimalarial drugs and toxicity
that should now be followed up. These observations
include:

(1) The potentiation of the antimalarial effect of
pentaquine by quinine (8) and of primaquine by
quinine and by chloroquine (9).

(2) The observation that after the same dose, the
blood levels of pamaquine, pentaquine, or prima-
quine can be much higher in some individuals than in
others, and the apparently paradoxical observation
that one person, in whom the plasma pamaquine level
was four times that of other men, was the first subject
to develop vivax malaria during a prophylactic
efficacy study (8, 10, 11).

(3) The maintenance of higher blood levels of
pentaquine when given together with proguanil than
when given with quinine, but with no increase in anti-
malarial activity (8, 12).

(4) The finding that methaemoglobinaemia at all
doses was greater with primaquine than with pama-
quine, and that quinine could diminish the methaemo-
globinaemia induced by primaquine and pentaquine
but not that induced by pamaquine (10, 13).

(5) The finding that the methaemoglobinaemia
induced by pamaquine and pentaquine when given
alone was increased during simultaneous adminis-
tration of mepacrine (14, 15).

(6) The inter-individual variability of the intensity
of methaemoglobinaemia and of gastrointestinal
intolerance after primaquine treatment.

(7) The observation that treatment with pentaquine
results in a striking diminution of the arterial and
venous oxygen saturation of the blood, even after
taking into account the lowering of the oxygen-carry-
ing capacity of haemoglobin contributed by the com-
bined anaemia and methaemoglobinaemia (13).
(These observations were made before the relation-
ship between 2,3-diphosphoglycerate (2,3-DPG) and
haemoglobin and its oxygen-carrying capacity were
known and before accurate techniques for following
oxygen dissociation curves and P 50s were available.)

(8) The lack of relationship between the level of
primaquine in the blood (measured by an extraction
and diazotization procedure) and therapeutic effecL.
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(9) The demonstration that maximum causal
prophylaxis against vivax malaria occurred 12 hours
after the ingestion of a single dose of primaquine, it
thus being inferred that the activity of primaquine is
due to one of its metabolites (16).

Despite these observations, when primaquine was
administered at therapeutic dosages, toxic manifes-
tations were minimal and there was only one limit-
ation to the unsupervised use of this antimalarial
drug: in some individuals, clinically significant
haemolytic anaemia occurred on administration of the
30-mg daily dose of primaquine necessary to cure
malaria due to the Chesson strain ofP. vivax, twice the
dose necessary to cure disease due to other P. vivax
strains (17). This was first observed in male Negro
volunteers. In a series of studies related to this
phenomenon, the induction by primaquine of intra-
vascular haemolysis was shown to be associated with a
defect intrinsic to the erythrocytes and an increased
tendency for the formation of Heinz bodies. It was
also related to cell age. Because the haemolysis did not
begin until 24 h or more after the initial ingestion of
primaquine, this phenomenon, like its antimalarial
effect, has been attributed to a metabolite. After a
lower than normal level of reduced glutathione (GSH)
was found in the erythrocytes of affected individuals,
studies were undertaken of the then recently dis-
covered enzyme, glutathione reductase (EC 1.6.4.2-
henceforth referred to as GSSG-reductase), which
promptly led to the discovery of glucose-6-phosphate-
dehydrogenase (G6PD) deficiency (18).
As is now well known, this genetically determined

X-linked deficiency is quite prevalent, occurring in
probably 200-300 million people of all races. As with
haemoglobin, there are many molecular variants of
G6PD, the principal ones being the Gd A- variant
that occurs in individuals of African descent and the
more severe Gd B- variant that occurs in persons of
Mediterranean origin. The affected individuals in
these populations are normally healthy unless stressed
by certain drugs or serious intercurrent illnesses, such
as acute hepatitis, pneumonia, or diabetic acidosis
(19). In addition, some affected individuals in whom
the enzyme is not only deficient but molecularly
unstable suffer from chronic non-spherocytic haemo-
lytic anaemia (20). Thus, although many of the drugs
that induce haemolytic anaemia in G6PD-deficient
individuals are now known, there are also variations
of the deficiency and certain conditions that can result
in spontaneous non-drug-induced haemolysis.
Many factors of biological significance have

resulted from the discovery of G6PD deficiency. One
that is especially pertinent to the present topic is the
recognition that there are several other genetically
determined conditions that result in predisposition of
the affected individuals to the primaquine type of

Table 1. Genetic conditions known to be associated with
susceptibility to clinical drug-induced haemolysis

Enzyme deficienciesa Haemoglobinsb,C

G6PD Hb Zurich

6-PGD Hb Buschwick

GSH-synthetase Hb Torino

GSSG-reductase Hb Rush

GSH-peroxidase

8 See reference 19.
b See reference 20.
c Hb E and Hb H demonstrate sulfhydryl instability and are un-

stable to dichloroindophenol (35).

drug-induced haemolytic anaemia. These conditions
are listed in Table 1 and fall into two classes:
deficiencies of the enzymes of the metabolic system
that protect the cell against oxidant stress (19), and
molecular variants of haemoglobin that are suscep-
tible to oxidant stress (21). Thus oxidant stress may be
considered as the common factor involved in
haemolysis among those with these genetically deter-
mined conditions.

Exactly what oxidant stress is applied to the red cells
and what mechanism is involved in the resistance of
normal cells to this stress has been the subject ofmany
investigations, but the interpretation of the resulting
data has often been controversial. Much of the
controversy has involved the relative roles of nicotin-
amide adenine dinucleotide phosphate (NADP) and
of glutathione in their reduced and oxidized forms and
of the pathways for detoxification of H202 and
oxygen radicals presumed to be the final toxic sub-
stances that destroy the cell. The question has been
partly resolved by the demonstration that H202 is
primarily detoxified by glutathione peroxidase (EC
1.11.1.9) (Fig. 1) despite the many times greater

GLUCOSE RCH (NHR') COOH . H20

Ru5P 6PG46PGL G6P RCOCOOH R'NH2

C'02 3 + 02

amino acid
NADPH2 NADP NADPH2 NADP oxidase |

GSSG-R 5/202
GSSG 2GW _5

2H20* tGsHPxase J +C H2021-20 H202 catalase 2H20

H2R R
(ethanol) (acetaldehyde)

Fig. 1. Possible pathways for detoxification of H202 in
human erythrocytes.

429



430 P. E. CARSON ET AL.

activity of catalase (EC 1.11. 1.6) in the human eryth-
rocyte. Fig. 1 also shows that GSSG-reductase and
glutathione peroxidase form an integrated system with
G6PD and 6-phosphogluconic dehydrogenase (EC
1.1.1.43 -referred to as 6-PGD) for protection of the
cell against oxidant stress. Functionally, the hexose
monophosphate shunt cannot be considered as an
entity separate from the reactions involving glut-
athione. Recently, the discovery that the antineo-
plastic nitrosourea, BCNU,b specifically inactivates
only GSSG-reductase (22, 23) has enabled us to
explore these relationships further by comparing the
effects of various drugs on the metabolism of normal,
G6PD-deficient, and GSSG-reductase-deficient cells.
We have also undertaken studies in vivo after
ingestion of primaquine using high-pressure liquid
chromatography (HPLC) to identify primaquine and
its metabolites. The remainder of this paper describes
these studies, and discusses the results and the
integration of these two areas of investigation.

MATERIALS AND METHODS

Estimation of the ability of erythrocytes to convert
[1-1 Cl-glucose to 14C02

We have used a modification of the methods of
Welt et al. (24) and Gaetani et al. (25). Venous blood
was drawn usually into EDTA Vacutainer tubes (some
studies were done using heparinized or defibrinated
blood). After centrifugation at 1000 g for 10 min at
5 °C, the plasma (or serum) and buffy coat material
were removed by aspiration and retained for further
processing. The red cells were then washed four times
with 0.162 mol/litre NaCl, and resuspended to the
desired haematocrit in 0.162 mol/litre NaCl for use in
various buffered incubation systems.
For some experiments the suspended cells were sub-

divided for treatment with BCNU, at a final concen-
tration of 5 x 10-4 mol/litre for 30 min at 37 °C in
order to inactivate specifically the erythrocyte GSSG-
reductase (23). Aliquots of both untreated and treated
erythrocytes were taken for determination of the
activities of GSSG-reductase with and without flavin-
adenine-dinucleotide (FAD) activation, G6PD, and
6-PGD. This treatment with BCNU lowered the
GSSG-reductase activity to less than 2.0 units, with-
out affecting the G6PD and 6-PGD activities. When
plasma (or serum) was to be used in an incubation
system it was recentrifuged at 36 500 g for 30 min at
5 OC to remove any particulate matter or remaining
cells and an aliquot was taken for glucose deter-
mination.

[1_14 Cl-glucose (Amersham, specific activity 2.146
b 1,3-bis(2-chlorethyl)-1-nitrosourea (Bristol).

or 2.257 GBq/mmol) was obtained as 9.25 MBq in
1.25 ml of ethanol. The volume was brought to 7.4 ml
using 300 mlAitre ethanol and normal glucose was
added to obtain the desired specific activity, i.e.,
either 0.1254 or 1.109 GBq/mmol. Then 0.01 ml of
the isotope solution was added to a 25-ml Erlenmeyer
flask using a Hamilton syringe. The ethanol was
allowed to evaporate before adding the other
components of any given incubation system.
The incubations were performed in 25-ml Erlen-

meyer flasks, each one being fitted with a removable
centre well containing 0.2 ml of 1 mol/litre NaOH to
trap the 14CO2 and being sealed with a rubber dam
through which injections could be made as needed.
After adding and mixing all the components for a
given incubation, the reaction was started by the
addition of erythrocytes, the flask being immediately
sealed and placed in a Dubnoff metabolic shaker at 42
cycles/min, at 37 °C usually for 30 min. A typical
incubation mixture contained the following
concentrations in a final volume of 2.3 ml:

Tes buffer (pH 7.4) - 1.3x 10-2 mol/litre
NaCI - 1.51 mol/litre
Methylene blue -1.5-2.Ox 10-5 mol/litre
RBCs - final haematocrit

approx. 0.1
Plasma or serum when

used -1.0 ml

Reactions were terminated by injecting 0.7 ml of
3.7 mol/litre perchloric acid into the reaction
mixture. After an additional 30 min at 37 °C in the
shaker, the flasks were removed, and the NaOH was
emptied from the centre wells, these being rinsed with
1 ml of water into liquid scintillation vials containing
10 ml of Scintosol.c The vials were mixed and the
14C02 was counted in a scintillation counterd cali-
brated with a standard curve of quenched 14C sample
standards. The amount of 14C02 produced was calcu-
lated from the number of disintegrations per minute
(dpm) by means of the following equation:

C = dpm/(Y x A x P)
where C = amount of 14C02 produced per hour per

ml of erythrocytes (in mmol)
Y = calibration factor (6.Ox 10 0 dpm/GBq)
A = specific activity (in GBq/mmol)
P = packed cell volume.

In some experiments methylene blue was replaced
by ascorbic acid at a final concentration of 1.0 x 10-2
mol/litre, primaquine at 1.42 x 10-3 mol/litre, or
other drugs as indicated in the results. Blank incu-
bations without added drug were included in each
study. The results of blank incubations without RBCs

c Isolab, Inc, Akron, OH, USA.
d Packard Instruments, Model 2650.
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always approached 0, with or without added plasma
or serum.

Titrations and time curves with respect to the final
amounts of glucose, RBCs, or plasma were made. The
reaction mixtures were protected from light especially
when primaquine was used. Complete details of these
parameters will be reported later.

Determination ofprimaquine by high-pressure liquid
chromatography (HPLC)

Only the final system is reported here. Complete
details of the development of this procedure will be
reported later.

Apparatus. The HPLC assays were carried out in an
apparatus from Waters Associatese consisting of a
Model 6000A pump, a Model U6K injector, and a
Model 440 absorbance detector with a 254-nm filter.
The signal from the detector was recorded on a Waters
Associates' data module. The separations were ac-
complished using a reverse-phase u-Bondapak CN
column with 10-,m particle size, 3.9 mm ID x 30 cm.e

Reagents. The primaquine used in the assays was
primaquine diphosphate (>991Vo pure)f and shown
to be pure by HPLC analysis. 6-Methoxy-8-amino-
quinoline was obtained from ICN Pharmaceuticals.9
The chemicals used in the preparation of the mobile
phase were reagent-grade ammonium formateh and
88% formic acid.' The acetonitrile used was UV
grade. All determinations were done at ambient
temperature.

Mobile phase. The buffer consisted of ammonium
formate solution adjusted to pH 3.8 with formic acid,
and to a final concentration of 0.1 mol/litre with
deionized water. This was then filtered through a
0.45-jm Millipore filter and mixed with acetonitrile in
the proportion of 89: 11. Degassing was done under
vacuum for at least 10 min while stirring magnetically.
During the assay, the flow rate of the mobile phase
was 2 ml/min.

Standard curves. Standard curves were prepared, in
plasma, for primaquine diphosphate calculated as the
base and for 6-methoxy-8-aminoquinoline in concen-
trations ranging from 0.1 mg/litre to 20 mg/litre for
primaquine and 0.1 mg/litre to 10 mg/litre for
6-methoxy-8-aminoquinoline. For deproteinization,
200 pl of acetonitrile was added to 200 ,l of each
plasma standard, thoroughly mixed, left at room
temperature for 1 h and centrifuged at 1900 g for
10 min. 20 pl of the supernatant was used for HPLC.
For the lower concentration ranges, the injection

e Waters Associates, Milford, MA, USA.
f Aldrich Chemical Co. Inc., Milwaukee, WI, USA.
g Plainview, NY, USA.
h Fisher Scientific, Fairlawn, NJ, USA.

volume could be increased. It was essential to protect
the primaquine from light.

In vivo studies.

With the approval of an internal review board for
the protection of human subjects, volunteers received
single doses of either 90 or 120 mg of primaquine.
Blood was drawn at appropriate intervals for determi-
nation of primaquine levels and for the study of
possible metabolites. Addition of primaquine to
appropriate samples confirmed that the K'5.4
(7.1 min) found in vitro was unchanged in the samples
obtained in vivo. Urine samples were also obtained at
certain intervals. Preparation of these samples for the
HPLC consisted of passing the urine samples through
an Amberlite XAD-2 column after suitable prepar-
ation and eluting with methanol. 10 pl of the methanol
eluate were then used for analysis by HPLC.

RESULTS

Studies with erythrocytes
First, the effects of methylene blue, ascorbic acid,

and primaquine were compared in normal, G6PD-
deficient and GSSG-reductase-deficient (BCNU-
treated) erythrocytes. With normal cells, 14CO2 pro-
duction was markedly stimulated by all three sub-
stances; with G6PD-deficient cells (Gd B- type), little
or no increased 14Co2 production occurred; with
GSSG-reductase-deficient cells, methylene blue
stimulated 14CO2 production just as much as in
normal cells, but the ascorbic acid stimulation was
almost completely lost and the primaquine stimu-
lation markedly diminished (Table 2).

In further experiments, other drugs were compared
with methylene blue and ascorbic acid as regards
stimulation of 14 C02 production in normal and
GSSG-reductase-deficient cells. Table 3 lists the drugs
studied in this system that did and did not stimulate
14C02 production and in Table 4 the drugs studied so
far are classified according to the effect that BCNU
has on the stimulation of 14C02 production. Table 2
shows that the baseline 14CO2 production was
reduced by approximately 500o in the GSSG-reduc-
tase-deficient cells compared with normal cells.

In vivo studies with primaquine

Results in plasma. After single oral doses of 90 or
120 mg of primaquine given after at least 8 h of fast-
ing, the drug appeared in the plasma within 15-30 min
and reached a peak value of 179-355 mg/litre in
2-3 h, in one instance after 4 h (Fig. 2). Primaquine
was no longer detectable 24 h after ingestion and was
found in only trace amounts 12 h after ingestion.
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Table 2. Effect of BCNU on 4CO2 productiona by human erythrocytes in Tes buffer with and without added drugs.

Tes Methylene blueb L-ascorbateC DL-primaquined

-BCNU +BCNU -BCNU +BCNU -BCNU +BCNU -BCNU +BCNU

n 60 23 30 11 29 11 29 11

Normal cells (mean) 29.3 14.8 604.0 629.0 476.0 34.3 252 87.8

SD 6.92 5.38 82.8 77.1 97.3 15.6 112 33.2

Normal cells .11000703+BCNU/-BCNU 0.51 1.04 0.07 0.35

GdCB (mean) 13.9 12.8 28.9 20.6 26.4 19.0e 19.7 13.8

a Values in nmol of 14C02 per ml of RBC per hour.
b 1.5 x105 mol/litre.
C 1.0 x 10-2 mol/litre.
d 1.42 x 10-3 mol/litre.
e Not duplicated.

Table 3. Effect of drugs on stimulation of 14C02 production by human erythrocytes

No stimulation Stimulation

acetanilide acetylphenylhydrazine methylphenylazoformate
chloroquine arachidonic acid Nile blue

dapsone D-ascorbic acid nitrofurantoin

menadione L-ascorbic acid phenacetin

quinacrine daunorubicin phenazine methosulfate

sulfadimidine doxorubicin phenylhydrazine
sulfanilamide methotrexate primaquine
sulfapyridine 6-methoxy-8-aminoquinoline procarbazine

trimethoprim methylene blue zorubicine

Table 4. Inhibiting effect of BCNU on drug stimulation of
4C02 production by human erythrocytes

Not inhibited Inhibited Partially inhibited

methylene blue D-ascorbic acid acetylphenylhydrazine

phenazine L-ascorbic acid arachidonic acid
methosulfate doxorubicin daunorubicin

nitrofurantoin 6-methoxy-8-amino-

phenacetin quinoline

procarbazine methotrexate

methylphenylazo-
formate

phenylhydrazine

primaquine

zorubicine

Within 30 min, two substances- presumably meta-
bolites- appeared, one more polar and one less polar
than primaquine. The less polar metabolite dis-
appeared slowly and was still detectable after 72 h.
The more polar metabolite also disappeared slowly
and remained at a low level up to 52 h; it was not
found after 72 h (Fig. 3).

6-Methoxy-8-aminoquinoline was not detected by
this method in any plasma sample after ingestion of
primaquine.

Results in urine. Primaquine appeared in urine
samples taken within 2 h after ingestion. The propor-
tion of the total dose excreted in the urine within 24 h
ranged from 0.65% to 2%o, with one exception of
6.8%o.

Peaks representing two other compounds appeared
in the urine within 2 hours; one disappeared after
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approximately 30 h, the other was still detectable after
72 h. The longer-lasting peak had the same character-
istics as the more-polar peak in the plasma. The other
peak did not correspond with anything found in the
plasma. Neither of these peaks represented 6-meth-
oxy-8-aminoquinoline, which has not yet been identi-
fied with certainty in the urine.

Studies with primaquine, in vivo, and erythrocytes,
plasma, or serum

When the erythrocytes of blood samples taken from
volunteers 12-36 h after ingestion of 90 or 120 mg of
primaquine were used in the baseline incubation
system, i.e., without added glucose or drugs, there was
a statistically significant increase in 14C02 production
(compared with erythrocytes from the same indi-
viduals before drug ingestion). The average level of
14CO2 production before drug ingestion was
28.8 mmol per ml of RBC per hour (n = 11) and after
drug ingestion was 40.2 mmol per ml of RBC per hour
(n = 11, P< 0.005), an increase of 40%7o.

Initial attempts to investigate the effects of prima-
quine ingestion in red cell systems including plasma or
serum were unsuccessful owing to a previously un-
described stimulation of 14Co2 production by two
different plasma or serum effects.

Table 5 shows the 14Co2 production of eryth-
rocytes in the baseline system containing Tes buffer,
NaCl, and glucose in the same concentrations as in
plasma; the table also shows the results obtained when
1.0 ml of fresh EDTA-plasma or 24-hour-old plasma
was used in the system instead of glucose. In both
cases the addition of plasma stimulated 14CO2
production in comparison with the baseline values,
the stimulation by fresh plasma being twice that
produced by plasma kept for 24 h at 4 'C. Neither
plasma drawn into heparin or citrate nor serum
induced this transient effect but they did stimulate

Table 5. 14C02 production by freshly drawn erythrocytes
incubated in Tes buffer with and without plasmaa

With With
Without Fresh 24-hour-old
plasma EDTA plasma EDTA plasma

n 32 32 13

X 0.167 0.518 0.255

SD 0.0541 0.189 0.0938

14C02 production as much as the 24-hour-old EDTA-
plasma. Fresh heparinized plasma to which EDTA
was quickly added also showed this transient effect.
Preliminary data indicate that the responsible factor is
dialysable.

Preliminary data indicate that various other
additives do not increase 14C02 production in a
system without plasma. Substances tested have
included P04-3, Mg+', adenosine, ATP, and GSSG.
By taking these factors into account and using

appropriate controls, we have preliminary data that
appear to confirm the increased 14C02 production of
erythrocytes after ingestion of primaquine (24) and
which are consonant with the data of Gaetani et al.
indicating increased 14C02 production after adminis-
tration of sulformethoxine and sulfalene (25). Our
data suggest, but do not prove, that this increase is
primarily intrinsic to the red cells. More data are
needed.

DISCUSSION

Primaquine was reported as the drug of choice for
radical cure of vivax malaria in 1950. The discovery
that G6PD deficiency was the principal cause of
susceptibility to primaquine-induced haemolytic
anaemia was reported in 1956. Yet, more than a
quarter of a century later, neither the mechanism by
which primaquine eliminates exoerythrocytic forms of
malaria nor the steps by which it induces haemolysis
have been elucidated, despite many investigations of
the processes involved.

Previously it has been assumed that primaquine
exerts its antimalarial and its haemolytic effect as a
result of the formation of a metabolite. This was based
on the following observations:

1. Prophylaxis against malaria induced by the bites
of infected mosquitos does not reach a maximum until
12 h after ingestion of a single dose of 180 mg of
primaquine (16).

2. Plasma levels of primaquine (and other 8-amino-
quinolines) do not correlate with the therapeutic
effect; in some instances, high plasma levels in some
individuals receiving an 8-aminoquinoline either alone
or together with proguanil did not result in high anti-
malarial activity.

3. Furthermore, after single doses of primaquine,
the drug could not be detected in the plasma for more
than a few hours after its ingestion. However, as these
studies were performed by an extraction and diazoti-
zation procedure, the method was relatively non-
specific and not sensitive enough to be conclusive.
This method did not reveal any metabolites either.

4. During controlled haemolyses in G6PD-
deficient volunteers, haemolysis did not begin until

a The values given represent nmol of Co2 per ml of RBC per hour.
The differences between the values for the no plasma system and
each plasma system and between the two plasma systems are all
statistically significant (P < 0.001).
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24-72 h after the initial ingestion of primaquine (26,
27). Nevertheless, both the antimalarial and haemo-
lytic effects of primaquine are dose-related. In this
context, the argument has been advanced that the
same metabolite may be responsible for both the anti-
malarial and the haemolytic effects.

This possibility remains questionable, however, as
in other studies the antimalarial activity of dapsone
could be prevented, in vivo, by administration of
4-aminobenzoic acid (PABA), whereas the haemo-
lytic effect of dapsone, in both normal and G6PD-
deficient individuals, was unaffected by simurtaneous
administration of PABA and dapsone (28). This
differentiation of the antimalarial and haemolytic
properties of dapsone cannot necessarily be extrapo-
lated to primaquine, however, as the antimalarial
activities of the two compounds are presumably not
comparable.

Moreover, the ever growing list of drugs associated
with the induction of haemolysis in individuals with
G6PD deficiency raises additional questions concern-
ing mechanisms. Many of these drugs do not appear to
be structurally related. In addition, some show
oxidant properties in vitro, whereas others, e.g., sulfa-
furazole and dapsone, do not. In those that have been
studied during controlled haemolyses, the delay in the
induction of haemolysis has been observed. Kirkman
and his associates have recently shown that intact
G6PD-deficient erythrocytes are far less able to with-
stand stress, induced for example by methylene blue,
than would be expected from studies of the haemoly-
sates of these cells. He has called this phenomenon
"intracellular restraint" and has recently extended
these studies both to normal and to "resealed" red
cells (29, 30). Thus, it is possible that the action of all
the drugs that induce haemolysis is related to an
oxidant property of the drug (or of one of its
metabolites). This would still not explain spontaneous
haemolysis, and the possibility must also be investi-
gated that the formation in vivo of an agent or com-
pound as yet unknown may be a necessary step in the
haemolytic process.

In view of all these factors, we embarked on the
investigations reported here with the goals of re-
examining the effects of primaquine and other drugs
on the ability of human red cells to increase the
oxidation of [114 C] -glucose, of using new techniques
to determine primaquine levels in the blood and, if
possible, to reveal metabolites and of relating these
studies to the metabolism of red cells and primaquine
and other drugs, in vivo.
Though preliminary, our results show the useful-

ness of this approach. Numerous drugs stimulated the
oxidative pathway of glucose metabolism in normal
human erythrocytes, as measured by 14CO2 produc-
tion from [1-14CJ-glucose. G6PD-deficient cells did
not respond to any of these drugs, as exemplified by

methylene blue, ascorbic acid, or primaquine. GSSG-
reductase-deficient cells, however, did respond to
some drugs, e.g., methylene blue, but not to others,
e.g., ascorbic acid-which is known to generate
H2 02. Furthermore, in preliminary experiments
using added xanthine and xanthine oxidase to gener-
ate H2 02, normal cells responded just as with ascor-
bic acid, whereas GSSG-reductase-deficient cells
again failed to respond. From these data it seems
evident that drug-induced stimulation of erythrocytic
14C02 production in vitro may proceed by two
mechanisms, one associated with the NADP/
NADPH system, as demonstrated by methylene blue
and the other associated with the system that protects
against H202 (and possibly other oxygen radicals), as
demonstrated by ascorbic acid. We have compared
the responses of normal and GSSG-reductase-
deficient cells in order to classify drugs according to
whether they are like methylene blue or like ascorbic
acid. Our data indicate that some compounds are
intermediate between these two types. Thus, although
14C02 production induced by primaquine is markedly
diminished in GSSG-reductase-deficient cells, there is
always a residual ability to stimulate 14C02. 6-Meth-
oxy-8-aminoquinoline which stimulates 14C02 pro-
duction twice as much as primaquine at the same
molar concentration, retains 2-3 times the power of
primaquine to stimulate 14Co2 production in GSSG-
reductase-deficient cells.
Although these data are valuable for investigations

of biochemical and pharmacological mechanisms, an
understanding of their clinical significance will require
much more work, in vivo. All the data show that
primaquine has apparently disappeared from the
blood before haemolysis occurs. Moreover, some
drugs that are known to cause haemolytic anaemia in
G6PD-deficient individuals do not stimulate 14C02
production in vitro. However, our initial studies show
that the red cells do exhibit increased production of
14C02 24 h after ingestion of primaquine. It is not yet
clear whether the stimulating factor is contained in the
plasma or the serum, and so far we have not analysed
the erythrocytes for the presence of metabolites.
Preliminary studies suggest a marked effect of BCNU
on the cells obtained 24 hours after primaquine inges-
tion but the data are not yet sufficient to determine
whether this inhibition is partial or complete.
Our data also indicate that even the "resting

activity" of the oxidative pathway of glucose metab-
olism in erythrocytes, which normally accounts for
only 10Gb of total glucose metabolism (31), is never-
theless a combination of "extrinsic" stimulation as
well as "intrinsic" cellular activity. Both stable and
unstable plasma factors may contribute to this low
level of resting activity. The unstable plasma factor is
partially protected by EDTA, but as citrate did not
give protection this may not be related to calcium
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binding.
The use of modern techniques such as gas chroma-

tography and mass spectrometry (32, 33) and, in these
investigations HPLC, has already proved rewarding.
Primaquine, itself, disappears rapidly from the blood
and, remarkably, is unaccounted for in the urine.
Although we have not as yet been able to confirm the
appearance in blood or urine of any metabolite of
6-methoxy-8-aminoquinoline, we have demonstrated
two as yet unidentified metabolites in the blood long
after the primaquine has gone. Only one of these
metabolites appeared in the urine; but in the urine a
third as yet unidentified metabolite was detected.
Whether or not any of these metabolites is related to
either antimalarial or haemolytic activity remains to
be determined. Their appearance almost immediately
after drug ingestion is striking and somewhat unexpec-
ted and thus they would seem not to be associated with
the delayed induction of haemolysis.
We believe that continuation of our investigations

in the directions indicated by these preliminary data
will prove productive, not only by increasing our
understanding of cell metabolism, but also, hopefully,
by differentiating the haemolytic from the anti-
malarial effects of primaquine. The possibility that an
as yet unidentified endogenous substance participates
in the haemolytic process cannot be discounted.
Nevertheless, the haemolytic process induced by
primaquine (or other agents) is now widely accepted as
occurring because of failure of one of the steps in the

oxidative metabolism of glucose needed to detoxify
H202 (or possibly other oxidant radicals). In
contrast, our understanding of the exoerythrocytic
antimalarial effect induced by primaquine is almost
nil, especially at the molecular level. Our data do
reveal that, in GSSG-reductase-deficient eryth-
rocytes, stimulation of 14C02 production from
[1-14C]-glucose is effectively inhibited by agents
known to generate oxygen radicals, an observation
recently confirmed by Sagone& Burton (34) in studies
with BCNU and doxorubicin. Nevertheless, there was
no inhibition in these cells of 14C02 production by
methylene blue at the concentrations used in our
experiments. Methylene blue, like primaquine, has
definite activity against the late exoerythrocytic stages
of vivax malaria (16). Whether or not this may be
related to the present observations is not known.
Primaquine, unlike ascorbic acid and some other
drugs, e.g., doxorubicin, however, though markedly
inhibited in its ability to stimulate 14C02 in GSSG-
reductase-deficient erythrocytes does retain
measurable ability to stimulate 14C02 production.
Thus, in addition to previous observations, the quali-
tatively similar antimalarial activities of methylene
blue and of primaquine, and the additional role of
primaquine in stimulating 14C02 production in eryth-
rocytes, indicate that continued investigation of
primaquine, perse, and the search for metabolites that
may have an antimalarial activity without a haemo-
lytic effect is further warranted.
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RE-SUME

TOXICOLOGIE DES AMINO-8 QUINOLEINES ET FACTEURS GENETIQUES
ASSOCIES A LA TOXICITE DE CES COMPOSES CHEZ L'HOMME

Le developpement de plusieurs amino-8 quinoleines
comme antipaludiques, qui a commence avec l'essai du bleu
de methylene en 1891, est brievement expose. Des etudes
portant sur la toxicite des amino-8 quinoleines, realisees
pendant et apres la deuxieme guerre mondiale, ont conduit A
adopter la primaquine comme medicament de choix pour le
traitement radical du paludisme A vivax. Aux doses thera-
peutiques, la toxicite de la primaquine se manifeste princi-
palement par l'induction d'une anemie hemolytique chez les
sujets presentant divers troubles genetiques des erythrocytes
portant sur la voie oxydative du m6tabolisme du glucose ou
certaines hemoglobinopathies. La plus repandue de ces
affections est la carence en G6PD, qui touche environ 200 A

300 millions de personnes de toutes races. Les sujets pre-
sentant cette carence sont habituellement en bonne sante,
sauf lorsqu'ils sont soumis A un agent hemolytique tel que la
primaquine ou d'autres agents "oxydants" ou a des infec-
tions intercurrentes telles que l'hepatite ou la pneumonie.
Bien qu'il soit largement admis que l'induction du processus
hemolytique resulte de la defaillance d'un des elements de la
voie oxydative du metabolisme du glucose, on n'a pas
encore explique l'hemolyse spontanee (non induite par un
medicament) ni identifie les metabolites des medicaments
hemolytiques tels que la primaquine, qui, eux, sont des
inducteurs de l'hemolyse. On explique encore moins bien les
effets antipaludiques exoerythrocytaires de la primaquine
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ou d'un de ses m&abolites encore non identifie. Les resultats
preliminaires d'etudes destinees a elucider ces questions sont
exposes dans le present document. La comparaison des
effets des medicaments sur des erythrocytes normaux,
carences en G6PD et carences en glutathione-reductase, a
montre que deux mecanismes sont impliques dans la stimu-
lation de la production de 14CO2 A partir de glucose marque
au 14C en position 1, l'un s'observant avec le bleu de
methylene et l'autre avec l'acide ascorbique. Un debut de
classification des divers medicaments a e fait en fonction
de ces mecanismes; certains, comme la primaquine, peuvent

stimuler la production de 14Co2 par les deux mecanismes, A
des degres divers. Une nouvelle methode de dosage de la
primaquine dans le plasma et l'urine, par chromatographie
liquide A haute pression, a mis en evidence trois metabolites
jusqu'alors non identifies.

Les facteurs plasmatiques et seriques stimulant la produc-
tion de 14CO2 avant et apres l'ingestion de primaquine sont
egalement A l'etude, et les travaux portant sur la differencia-
tion des effets hemolytiques et antipaludiques de la prima-
quine se poursuivent.
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