654

2.

10.

11.

12.

13.

14.

15.

Short communications

Phillis JW and Wu PH, Adenosine and adenosine tri-
phosphate as neurotransmitter/neuromodulators in the
brain: The evidence is mounting. In: Trends in Auto-
nomic Pharmacology (Ed. Kalsner S), Vol. 2, pp. 237~
261. Urban & Schwarzenberg, Baltimore, 1982.

. Ribeiro JA, Purinergic modulation of transmitter

release. J Theor Biol 80: 259-270, 1979.

. Conclaves ML, Antagonism by xanthine amine con-

geners of chloroadenosine induced calcium uptake inhi-
bition in rat brain synaptosomes. Br J Pharmacol 95:
878P, 1988.

. Kuroda Y, Neuronal plasticity and adenosine deriva-

tives in mammalian brain. In: Physiology and Phar-
macology of Adenosine Derivatives (Eds. Daley JW,
Kuroda Y, Phillis JW, Shiniju H and Uri M), pp. 245-
256. Raven Press, New York, 1983.

. Wu PH, Phillis JW and Thierry DL, Adenosine recep-

tor agonists inhibit K*-evoked Ca?* uptake by rat brain
cortical synaptosomes. J Neurochem 39: 700708, 1982.

. Ribeiro JA and Dominguez ML, Mechanisms of

depression of neuromuscular transmission by ATP and
adenosine. J Physiol (Paris) 74: 491-496, 1978.

. Barr E, Daniell LC and Leslie SW, Synaptosomal cal-

cium uptake unaltered by adenosine and 2-chloro-
adenosine. Biochem Pharmacol 34: 713-715, 1985.

. Garritson A, Izjerman AP and Soudijn W, Adenosine

A, receptors are not coupled to Ca?* uptake in rat
brain synaptosomes. Biochem Pharmacol 38: 693-695,
1989.

Ribeiro JA, Sa-Almeida AM and Namorado M,
Adenosine and adenosine triphosphate decrease *Ca%*
uptake by synaptosomes stimulated by potassium. Bio-
chem Pharmacol 28: 1297-1300, 1979.

Fredholm BB, Presynaptic adenosine receptors. IS/
Atlas Sci Pharmacol 2: 257-260, 1988.

Fredholm BB and Dunwiddie TV, How does adenosine
inhibit transmitter release? Trends Pharmacol Sci 4:
130134, 1988.

Suszkiw JB, Murawsky MM and Fortner RC, Het-
erogeneity of presynaptic calcium channels revealed by
species differences in the sensitivity of synaptosomal
¥Ca’* entry to w-conotoxin. Biochem Biophys Res
Commun 145: 1283-1286, 1987.

Barnes EM Jr and Thampy KG, Subclasses of adeno-
sine receptors in brain membranes from adult tissue
and from primary cultures of chick embryo. J Neuro-
chem 39: 647-652, 1982.

Lundy PM, Stauderman K, Goulet J-C and Frew R,
Effect of w-conotoxin GVIA on Ca?' influx and
endogenous acetylcholine release from chicken brain
preparations. Neurochem Int 14: 49-54, 1989.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Lundy PM, Goulet JC, Hamilton MG. Lee W, Frew R
and Stauderman KA, Inhibition of K* stimulated rise
inintracellular free Ca?*, 3Ca?* influx and endogenous
acetylcholine release by w-conotoxin GVIA. Soc
Neurosci Abstr 14: 136, 1988.

Rivier J, Galyean R, Gray WR, Azimi-Zonooz A,
McIntosh JM, Cruz LJ and Olivera BM, Neuronal
calcium channel inhibitors. Synthesis of w-conotoxin
GIVA and effects on **Ca uptake by synaptosomes. J
Biol Chem 262: 1194-1198, 1987.

Blaustein MP, Effects of potassium veratridine and
scorpion venom on calcium accumulation and trans-
mitter release by nerve terminals in vitro. J Physiol
(Lond) 247: 617-655, 1975.

Komulainen H and Bondy C, The estimation of calcium
within synaptosomes and mitochondria with FURA-2;
Comparison to QUIN-2. Neurochem Int 10: 55-64,
1987.

Robinson PJ and Lovenberg W, Dopamine and sero-
tonin in two populations of synaptosomes isolated by
Percoll gradient centrifugation. Neurochem Int 9: 455-
458, 1986.

Bradford MM, A rapid and sensitive method for the
quantitation of microgram quantities of protein util-
izing the principle of protein dye binding. Anal Bio-
chem 116: 48-52, 1976.

Miller RJ, Multiple calcium channels and ncuronal
function. Science 235: 46-52, 1987.

Nachshen DA and Blaustein MP, Influx of calcium,
strontium and barium in presynaptic nerve endings. J
Gen Physiol 79: 1065-1087, 1982.

Fredholm BB, Lindgren E, Dunei-Engstrom M,
Fastkom J, Wang J, Haggblad J, van der Ploeg I,
Andersson T, Jondal M, Ng J and Nordstedt C,
Relationship of pharmacological actions of adenosine
to activation or inhibition of adenylate cyclase. In:
Adenosine and Adenine Nucleotides. Physiology and
Pharmacology (Ed. Paton DM), pp. 121-139. Taylor
& Francis, London, 1988.

Dunwiddie TV and Proctor WR. Mechanisms under-
lying adenosine modulation of hippocampal excitatory
transmission. In: Adenosine and Adenine Nucleotides.
Physiology and Pharmacology (Ed. Paton DM), pp.
111~-120. Taylor & Francis, London, 1988.

Silinsky EM, Inhibition of transmitter release by adeno-
sine: Are Ca2* currents depressed or are intracellular
effects of Ca®* impaired? Trends Pharmacol Sci 7: 180~
185, 1986.

Gross RA, Macdonald RL and Ryan-Jastrow T, 2-
Chloroadenosine reduces N calcium current of cultured
mouse Sensory neurons in a pertussis toxin-sensitive
manner. J Physiol (Lond) 411: 585-595, 1989.

Biochemical Pharmacology, Yol, 40, No. 3, pp. 654659, 1990.
Printed in Great Britain.

0006-2952/90 $3.00 + 0.00
© 1990. Pergamon Press ple

Possible chloroquine-induced modification of N-acetylation of isoniazid and
sulphadimidine in the rat

(Received 24 August 1989; accepted 15 March 1989)

Chloroquine, a 4-aminoquinoline derivative widely used
in the treatment of malaria [1] affects a wide range of
biochemical processes in the living cell [2-4]. For instance,
it is known to alter the permeability of the lysosomes
resulting in increased levels of hydrolytic enzymes [5]. It
also interferes with protein synthesis [6]. We have pre-
viously reported the chloroquine-induced alterations in rat

hepatic microsomal components resulting in decreased
activity of some of the drug oxidizing enzymes which we
suggested could arise from changes in the endoplasmic
reticulum membrane fluidity [7].

Following an interest in the consequences of the com-
bined administration of isoniazid (INH) or sulphadimidine
(SDM) with chloroquine to tuberculosis patients during
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periods of malarial attacks common in our community, and
our continued interest in the interference of chloroquine
with the drug metabolizing enzyme system, we have studied
the influence of therapeutic dose chloroquine adminis-
tration on the N-acetylation, the major route of metabolism
for INH and SDM.

Materials and Methods

Chemicals. Isoniazid(4-pyridine carboxylic acid hydra-
zide) and sulphadimidine[4-amino-N-(4,6-dimethyl-2-pyr-
imydinyl)-benzensulphonamide] were bought from the
drug stores. They were extracted and recrystallized with
ethanol. Purity was checked by determining the melting
point of the crystals and ultraviolet absorption.

Acetyl derivatives of the drugs were synthesized by sus-
pending 1 g of the drug in 10 mL of warm glacial acetic acid
to which 2 mL of acetic anhydride was added with stirring.
The crystals that formed on cooling were recrystallized
from ethyl acetate as colourless needles and were char-
acterized by their melting points and ultraviolet absorp-
tions.

Chloroquine was purchased as injectable chloroquine
phosphate (40 mg base/mL) a product of IPORG (F.R.G.).

Animals and pretreatment. For each drug, three groups,
each with six mixed male and female Wistar albino rats,
weighing between 125-200g were kept in plastic cages.
They were fed with commercial rat chow (Ladokun Feeds
Nigeria Limited) and liberally supplied with water.

Two groups were treated with chloroquine 10 mg/kg
body weight administered intraperitoneally for either 4
consecutive days for the multiple dose chloroquine treat-
ment group or for the single dose chloroquine treatment
group the same dose was given only once. The third group
was kept as control and received physiological saline.

Rats were transferred to metabolic cages on the last day
of chloroquine treatment and 24 hr after the last treatment,
urine was collected from all rats and used as reference,
then test animals were given (i.p.) either 10 mg/kg body
weight INH or 40 mg/kg body weight SDM. Urine was
collected after 24 hr in each case.

Analysis of urine samples. INH in urine was analysed by
the method of Kelly and Poet [8]. Acetylisoniazid (AcINH)
in the urine was determined by the colorimetric method of
Ventakaraman et al. [9], using chloramine T and measuring
absorbances at 550 nm.

Free and total SDM were estimated by the method of
Varley [10] and basically involved a micro-modification of
the Bratton and Marshall reaction {11]. Absorbances were
read at 540 nm. The amount of SDM excreted in the ace-
tylated form was obtained by determining the total SDM
before and after hydrolysis with 1 mL 2 M HCI as above,
from which the acetyl derivative was represented by the
difference.

In vitro assay of N-acetyltransferase activity. Liver super-
natants (15,000 g) were prepared from both chloroquine
pretreated and control rats by centrifugation in 0.1 M phos-
phate buffer. The procedure of Johnson and Corte [12] was
used to estimate the N-acetyltransferase activity using INH
as substrate.

Results and Discussion

The results obtained after administration of the drugs
alone and on prior treatment with chloroquine demon-
strated that chloroquine increased the urinary excretion of
free drug from 26.8 to 32.4% for INH (Table 1) and from
34.8 to 40.9% (Table 2) for SDM under multiple-dose
chloroquine pretreatment conditions.

Concomitant with this increased free drug excretion was
a decrease in the amount of acetylated metabolites excreted
in both cases with values decreasing from 9.3% of dose in
normals to 2.9% in chloroquine pretreated animals for
INH, while for SDM it decreased from 35.8 to 23.9%
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(Tables 1 and 2). These results were found to be statistically
significant (P < 0.001) with the Student’s t-test,

If chloroquine was given as a single dose before adminis-
tration of the drugs, a similar pattern was observed and the
excretion of free drugs equally rose from 29.3 to 32.3%
(normal to chloroquine-pretreated) for INH (Table 1), and
35.4 to 40.5% for SDM (Table 2). The depression in
acetylated metabolite was also obtained with values drop-
ping from 9.1 to 4.9% for INH (Table 1) and 40.2 to 30.5%
for SDM (Table 2).

However, these effects were less pronounced than with
the multiple chloroquine pretreatment condition. These
results indicate that chloroquine has an inhibitory effect on
the acetylation of the antitubercular drug, INH and the
antibacterial SDM, in vivo.

The similarity in the pattern of chioroquine inhibition of
these drugs as reported in this work is significant and
corroborates earlier findings by investigators who have
demonstrated that both INH and SDM are metabolized by
the same hepatic enzyme, N-acetyltransferase [13~15]. For
both drugs therefore, the established pattern of metabolism
involves primarily an N-acetylation to form the acetylated
derivative, followed by excretion of the unchanged drug.
For INH, there is the additional pathway of hydrolysis for
both INH and the acetylated metabolite to isonicotinic acid
(INA) [16] (Fig. 1).

Further work to investigate the mechanism by which
chloroquine increases the excretion of free drug while
simultaneously decreasing that of the acetylated metabolite
was carried out in stages as follows: from Fig. 1, it becomes
apparent that chloroquine could be exerting its influence
essentially at either or both steps in the metabolic route of
INH as indicated:

—in one, it could be acting at step 1 by directly inhibiting
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Fig. 1. Metabolism of isoniazid to the acetyl derivative and

other metabolites. (I} Isoniazid (INH); (II) acetylisoniazid

(AcINH); (II) isonicotinic acid (INA); (IV) isonicotinyl-

glycine (INAG); (V) acetylhydrazine; (VI) diacetylhy-

drazine. Step 1, N-Acetyltransferase reaction; Step —1,

deacetylation reaction; Step 2, hydrolysis of AcINH to
INA; Step 3, hydrolysis of INH to INA.
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Fig. 2. A bar chart representation of the inhibitory effect

of chloroquine on the activity of rat hepatic N-ace-

tyltransferase (EC 2.3.1.5). Enzyme activity values are

expressed in: (a) x1072ug INH acetylated/mg protein/

min. (b) x107* umole INH acetylated/mg protein/min.
CQ, chloroquine treated; C, control experiment.

the N-acetyltransferase enzyme activity. This would lead
to decreased acetylation and a corresponding accumulation
of unmetabolized drug to account for the observed pattern
of excretion;

—in the other possibility, chloroquine could be acting at
step —1 by enhancing the rate of hydrolysis (deacetylation)
of the acetylated metabolite back to the free drug. This
would imply that reaction step 1 was inherently reversible
and that chloroquine promotes the reverse reaction.

It was also probable that the two postulated possibilities
co-operated to produce the observed resuit.

The possible existence of an enhanced deacetylation
process by chloroquine (step —1) was investigated through
administration of acetyl derivatives of the drugs. This effec-
tively by-passed the N-acetyltransferase reaction (step 1).

Results obtained here demonstrated that a deacetylation
pathway was active since both AcINH and AcSDM gave
18.7 and 14.3% of administered dose as deacetylated drugs,
respectively, in the urine when administered alone (Tables
3 and 4). This result is in conformity with the report of
Bridges and Williams [17] who had earlier implicated the
deacetylation process as a significant factor in the acety-
lation metabolism in animals. On multiple dose chloroquine
pretreatment, the percentage of free drugs excreted on
administration of the acetylated derivatives was found to
decrease significantly from 18.7 to 10.5% for AcINH and
from 14.3 to 5.2% for AcSDM (Tables 3 and 4). Single
dose chloroquine pretreatment only minimally inhibited
the deacetylation reaction. Values of 14.9 and 13% were
obtained for control and test, respectively, for AcINH, and
13.8 and 12.7% for AcSDM (Tables 3 and 4).

These results appear therefore to strongly suggest that
the increased level of the free drugs coupled with a
decreased acetylated metabolite observed after adminis-
tration of either INH or SDM to chloroquine treated rats
must be due to inhibition of the acetylation of the drugs
rather than enhanced deacetylation of the acetylated
metabolite. Furthermore, the higher values of AcINH over
controls obtained when synthetic AcINH is administered
shows that the decrease in the excretion of endogencously
derived AcINH was not due to a chloroquine enhancement
of the hydrolysis stage (step 2) of INH metabolism.

Results from our in vitro studies tend also to confirm
this view. Chloroquine inhibited the activity of the N-
acetyltransferase enzyme in INH metabolism. The decrease
in the acetylating ability of the enzyme due to chloroquine

* To whom correspondence should be addressed.
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treatment was found to be as low as to 349 of control
values (Fig. 2).

In summary, the effect of chloroquine, a 4-amino-
quinoline antimalarial administered intraperitoneally as a
multiple dose (10 mg/kg body weight daily for 4 consecutive
days), or as a single dose (same dose, once) on the N-
acetylation of the anti-tubercular drug, isoniazid and the
antibacterial, sulphadimidine has been investigated in vivo
and in vitro in the rat.

Chloroquine decreased the urinary excretion of the acetyl
metabolites while increasing the excretion of the free drugs.
These effects were chioroquine-dose related being more
pronounced with the multiple dose treatment. Adminis-
tration of the synthetic N-acetyl derivatives of both ison-
iazid and sulphadimidine indicated that chloroquine also
decreased the urinary excretion of the acetylated forms but
without increasing their hydrolysis to the free forms.

In vitro studies appear to confirm a direct inhibition of
the hepatic N-acetyltransferase enzyme activity by chloro-
quine. The implication of these observations in com-
bination therapy with these drugs should be noted.
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Mechanisms of interactions between organic anions and the organic cation
transporter in renal brush border membrane vesicles

(Received 26 October 1989; accepted 16 February 1990)

Although data in the literature generally suggest that
organic anions do not inhibit the renal transport of organic
cations and vice versa [1], there are also studies suggesting
that such interactions may occur [2-6]. In particular, a
number of studies have demonstrated that probenecid, an
organic anion, inhibits the renal transport of cimetidine,
an organic cation, in isolated renal cortical preparations
[2-5]. Recently, we carried out experiments to determine
whether the observed interaction between cimetidine and
probenecid was unique to these two compounds or whether
organic anions may generally inhibit organic cation trans-
port [5]. We also ascertained if the interactions between
anions and cations occurred at the brush border membrane,
the site of active organic cation transport in the proximal
tubule. Our data suggested that both probenecid and furo-
semide inhibited the uptake of the model organic cation,
N'-methylnicotinamide (NMN*), in brush border mem-
brane vesicles prepared from rabbit renal cortex. The inter-
action between probenecid and NMN was competitive.
Since probenecid is structurally dissimilar from cimetidine,
at least in terms of charge, we speculated that the inter-
action may involve hydrophobic displacement. The purpose
of this study was to examine further the nature of the
interactions between organic anions and organic cations.

Methods

Brush border membrane vesicles were prepared from
rabbit renal cortex by a modification of the divalent cation
precipitation procedure developed by Booth and Kenny
[7). The modified method has been described in detail
previously [8]. The transport of [PH]NMN (sp. act. 2.8 to
3.0 Ci/mmol, ICN, Irvine, CA) was studied in brush border
membrane vesicles in which an outwardly directed proton
gradient was imposed. Briefly, brush border membranes
were resuspended in a buffer containing 10 mM HEPES
and 150 mM KCl at pH 6.0 and adjusted to protein con-
centrations of 15-20 mg/mL. Vesicles (10 ul) were incu-
bated with 20 or 40 L (pH 7.4) buffer (10 mM HEPES,
150 mM KCl adjusted to pH 7.4 with KOH) containing
[PHJNMN (2.0 uM) alone or [PH]NMN (2.0 uM) together
with various unlabeled compounds. Incubations were car-

* Abbreviations: HEPES, N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid; NMN, N'-methylnicotinamide;
SITS, 4.acetamido-4'-isothiocyano-2,2'-disulfonic stilbene;
and DIDS, 4,4'-diisothiocyano-2,2"-disulfonic stilbene.

ried out at 25° for 8sec and 120 min. Michaelis-Menten
studies examining the mechanism of interaction of furo-
semide with the organic cation transport system were car-
ried out by determining the 8-sec uptake of NMN (0.25,
0.5, 1.0, 2.5, 5.0, 10 and 25 mM as 2.0 uM ["H]NMN plus
unlabeled NMN) in the presence and absence of 20 mM
furosemide. Incubations were stopped by rapid filtering of
the incubates over 0.3-um cellulose nitrate filters (Millipore
Corp., Bedford, MA) which had been placed on a vacuum
filtration manifold (Hoefer Scientific Instruments, San
Francisco, CA). The amount of radioactivity associated
with the filters was determined by liquid scintillation count-
ing. [PHJNMN binds to vesicles only minimally {8], and no
correction was made for this vesicle-associated radio-
activity. In each experiment, three replicate determinations
were made to generate a single point. Experiments in
separate brush border membrane vesicle preparations were
used to genmerate mean values. The data are reported as
means + SE. In the studies in which the effect of furo-
semide on the transport of NMN was evaluated, Linewea-
ver-Burk plots of the data obtained in each individual
experiment were constructed to obtain the apparent K,,
and V...

Results and Discussion

Figure 1 depicts the effects of probenecid and the three
congeners, p-(monopropylsulfamyl)benzoic acid (probe-
necid monopropyl), p-sulfamyl benzoic acid (probenecid
depropyl) and p-(dibutylsulfamyl)benzoic acid ( probenecid
dibutyl), on the uptake of NMN determined at 8 sec. Pro-
benecid {both 3 and 10mM), probenecid monopropyl
(10 mM) and probenecid dibutyl (3mM) significantly
reduced the initial uptake of NMN (probenecid 10 mM,
0.19 = 0.03 pmol/mg; probenecid 3 mM, 0.25 = 0.08 pmol/
mg; probenecid monopropyl 10 mM, 0.40 = 0.04 pmol/mg;
and probenecid dibutyl 3 mM, 0.41 = 0.09 pmol/mg) versus
control (0.87 + 0.14 pmol/mg, P < 0.05). The 8-sec uptake
of NMN in the presence of probenecid depropyl (10 mM)
was not significantly different {0.69 = 0.09 pmol/mg) from
the control. None of the compounds inhibited the uptake
of NMN at 2 hr suggesting that neither vesicle integrity nor
volume was altered by the compounds.

The effect of furosemide (20 mM) on the initial uptake
of NMN is depicted in a Lineweaver-Burk plot shown in
Fig. 2. As shown, furosemide appeared to interact com-
petitively with NMN. The apparent K, of NMN was



