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Chloroquine is an effective antimalarial
drug that has also been successfully em-
ployed clinically in treating lupus erythema-
tosus (1), as well as rheumatoid arthritis
(2). A number of studies performed to exam-
ine the biological effects of chloroquine have
revealed a diversity of activities. Some of the
drug effects included a stabilization of ly-
sosomal membranes (3), an activation of E.
coli tyrosine transfer ribonucleic acid (RNA)
(4), binding to bacterial deoxyribonucleic
acid (DNA) with an alteration of the polym-
erase reactions (5-8) and an inhibition of a
number of metabolic enzymes such as alco-
hol dehydrogenase (9) and succinic dehydrog-
enase (10). There is a relative paucity of
information describing the effects of chloro-
quine on mammalian cell metabolism and no
information on the effects of this drug on the
replication of animal viruses. Since chloro-
quine is employed clinically as well as for
investigative purposes, this study sought to
examine the effect of this drug on mammalian
cell biosynthetic processes and to survey its
effect on the replication of several unrelated
viruses.

Materials and Methods. Cells. Hela cells
maintained in 16-0z prescription bottles as
stationary monolayers were periodically dis-
persed by trypsinization as described (11)
and distributed to 2-0z French square bottles
(A. H. Thomas Co.) 18-24 hr prior to the
onset of each experiment. All experiments to
measure the rates of protein, RNA, and DNA
synthesis and all virus growth studies were
performed using these smaller monolayers,
containing 2 to 5 X 108 cells/bottle. A con-
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tinuous rat heart cell line, used to quantitate
vaccinia and herpes virus, was similarly
treated. :

Medium. Growth medium consisted of Ea-
gle’s medium (12) in Hanks’ balanced salt
solution (BSS) (13), supplemented with 10%
newborn calf serum (N. Am. Biological),
109% tryptose phosphate broth, Aureomycin
(50 pg/ml), neomycin (75 pg/ml) and My-
costatin (25 pg/ml).

Extraction of nuclear RNA and DNA.
HeLa cells were incubated with medium which
contained or was free of chloroquine for 1 or
24 hr. The monolayers were then exposed to
fresh medium containing 2.0 pCi of *H uri-
dine or 2.0 xCi 3H thymidine for 30 min. Fol-
lowing this period, the monolayers were
washed twice with large volumes of cold physi-
ological saline. The cells were then scraped
into 1 ml of phosphate buffered saline (PBS)
with a rubber policeman and the clumps of
cells were dispersed. One ml of PBS contain-
ing 1% nonidet P40 (NP-40) was added to
solubilize the plasma membrane (14) during
a 15-min incubation on ice; and then the nu-
clei were removed by centrifugation at 500g.
Nuclear RNA was extracted by the phenol-
sodium dodecyl sulfate (SDS) procedure
(15), precipitated with cold ethanol, and re-
dissolved in saline twice. A sample of the final
RNA solution was assayed for radioactivity
in the Beckman L-S 100 scintillation counter.
Cellular DNA was extracted by resuspending
the nuclei in 1 ml of PBS and adding 0.1 ml
of 5% SDS to solubilize the nuclei. Carrier
DNA (1 mg) was added to each sample
followed by an equal volume of 10% trichlo-
roacetic acid. The precipitate was removed
by centrifugation and redissolved in alkaline

1289



1290

saline (0.85% NaCl; 0.05 N NaOH). A sam-
ple of the final solution was then assayed for
radioactivity. The rates of nuclear RNA and
DNA synthesis were expressed as counts per
minute per milligram of cytoplasmic protein.

Extraction of celiular protein. HeLa cells
were exposed to 1 ml of medium contain-
ing 0.25 uCi of MC amino acid mixture for 30
min. The monolayers were then washed twice
with cold physiological saline and the protein
was extracted as described (16). The rates of
cellular protein synthesis were expressed as
counts per minute per milligram of protein. All
determinations of protein content were per-
formed colorimetrically by the method of
Oyama and Eagle (17) using crystalline bo-
vine serum albumin as the protein standard.

Infection of cells and assay of viruses. HeLa
cell monolayers were infected with type 1
poliovirus at a multiplicity of 10 plaque-
forming units (pfu)/cell (m = 10); vac-
cinia virus strain wr, (m — 6), vesicular
stomatitis virus Indiana strain (vsv; m = 10)
and herpes simplex virus, O’Connell strain
(m = 2.5). The viruses were allowed to
adsorb to the cells for 0.5, 2, 1, and 2 hr,
respectively; and the monolayers were washed
twice with large volumes of BSS. The mono-
layers then received 2 ml of medium = 60
pg/ml of chloroquine. At various times after
infection duplicate monolayers were frozen.
The poliovirus infected monolayers were sub-
sequently thawed, the cells were scraped into
the medium and disrupted with the addition
of an equal volume of PBS containing 1%
NP-40. For the other viruses, cellular disrup-
tion was achieved by thawing followed by so-
nication for 15 sec with a Branson sonifier.
Polio and VSV were quantitated by plaque
formation on HelLa cells as described (18).
Vaccinia and herpes simplex were quanti-
tated by plaque formation on rat heart cells
using an agar-free overlay.

Chemicals. **C chloroquine (1.71 mCi/mM;
New England Nuclear Corp.) *H thymidine
(2 Ci/mM); *H uridine (5 Ci/mM); and a
MC amino acid mixture (protein hydroly-
sate, 52 mCi/mA; Amersham/Searle Corp.)
were purchased. Chloroquine diphosphate was
a gift of Sterling-Winthrop, New York. All
references to drug concentration employed in
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experiments refer to the concentration of chlo-
roquine diphosphate.

Resuits. Chloroquine mediated cytotoxicity
was evaluated by exposing stationary phase
HeLa cell monolayers to varying concentra-
tions of drug and examining them microscopi-
cally at various times. A chloroquine level of
80 ug/ml or more was cytotoxic as deter-
mined by pycnosis and cell sloughing while 60
pg/ml or less did not produce a cytotoxic
reaction in monolayer cultures in 48 hr (Fig.
1).

In addition, the effect of chloroquine on
the replication of HeLa cells was studied.
Culture bottles were seeded with approximate-
ly 108 cells and then incubated with medium
alone or medium containing various concentra-
tions of drug. At daily intervals duplicate
control and chloroquine treated cultures were
trypsinized and cell counts were performed.
The data indicated a concentration of 35
pg/ml would retard cellular proliferation
while 60 pg/ml effectively blocked HeLa cell
division.

The kinetics of chloroquine uptake was
examined by determining the level of radi-
oactive chloroquine found intracellularly over
time. As shown in Table I, chloroquine was
readily taken up by HeLa cells as approx-
imately 16% of the total radioactivity was
found intracellularly in 1 hr. In addition,
extending the incubation period to 24 hr re-
sulted in only a 2-fold increase in the total

TABLE I. Uptake of “C Chloroquine by HeLa

Cells.*
Length of Total intracellular
exposuare radioactivity

(hr) (epm)

1 31,700

2 31,500

4 32,600

8 33,500

24 65,400

@ HeLa cell monolayers were exposed to 1.0 ml of
medium containing 0.1 xCi of “C chloroquine (19
«g) and a total of 60 wg/ml (41 ug of nonradio-
active) chloroquine. At various times, duplicate
monolayers were thoroughly washed with saline
and the guantity of intracellular radioactivity was
determined.
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Fic. 1. Chloroquine cytotoxicity (upper right): HeLa cell monolayers were incubated with
medium containing varying concentrations of chloroquine. Drug cytotoxicity (4) was determined
microscopically. Effect on HeLa cell growth (lower left): Approximately 10° cells, seeded into
culture bottles, were incubated with medium containing varying concentrations of chloroquine or
medium alone (controls). Cell counts were performed daily as described in Methods.

intracellular concentration of 1*C chloroquine
over the 1-hr level.

The dose-response relationship of chloro-
quine level and cellular macromolecular bi-
osynthetic potential was examined. Monolay-
er cultures were exposed to medium contain-
ing varying drug concentrations and after 1 or
24 hr, these cultures were exposed to medium
containing chloroquine and *H uridine, *H
thymidine, or *C amino acids. Controls were
similarly treated with media without chloro-
quine. Following a 30-min incubation period,
the amount of acid-insoluble radioactivity
was determined as described in the methods.
The data indicated that exposure to 10 and 30
pg/ml for 1 hr did not appreciably inhibit
cellular biosynthesis of protein, RNA, or DNA
(Fig. 2). However, a drug level of 60 pg/ml
did produce a decrement in the hiosynthesis
of these macromolecules. In addition, extend-
ing the exposure time (60 ug/ml) from 1
to 24 hr resulted in only slightly greater
levels of inhibition compared with the rates
of incorporation at 1 hr.

An evaluation of the effectiveness of chloro-
quine as an antiviral agent was performed by

comparing the growth curves of four unre-
lated viruses in HeLa cells in the presence and
absence of the drug. The data indicated the
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Fic. 2. HeLa cell monolayers were exposed to
varying concentrations of chloroquine for 1 or 24
hr: The rates of cellular protein, nuclear RNA, and
DNA synthesis were then determined as described in
the methods and expressed as a percentage of
controls.
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Fic. 3. The effect of 60 ug/ml of chloroquine on
the replication of four viruses was determined: (@)
control; (O) chloroquine treated.

replication of VSV, polio, and vaccinia virus
were somewhat delayed but the ultimate pro-
duction of progeny virus particles was virtu-
ally unaffected by chloroquine (Fig. 3). How-
ever, herpes simplex replication was found to
be sensitive to this drug as the level of pro-
geny virus production was depressed by 95%
in 24 hr.

Discussion. The relationship between drug
concentration and microscopic cytotoxicity
indicated 60 pg/ml of chloroquine did
not appreciably affect HeLa cell monolayers.
Consequently, the observation that 60 pg/ml
of chloroquine totally inhibited HeLa cell
replication was surprising despite the previ-
ously reported similar effects of hydroxychlo-
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roquine on L cells (19). These data indicated
a lack of microscopic cytotoxicity does not
preclude biologic activity. In addition, these
observations also suggest that the apparent
degree of biologic activity of chloroquine in
other systems may be closely associated with
the cultural and physiological state of the cells
employed.

The data on the kinetics of chloroquine
uptake indicated the drug attained near max-
imum intracellular concentrations in 1 hr.
Comparing these data with the dose-response
effects of chloroquine on cellular macromolecu-
lar biosynthesis indicated a drug level of 60
pg/ml resulted in a decrement in the rates of
cellular RNA, DNA, and protein synthesis in
1 hr. The extension of both of these studies
to a 24-hr period did not result in significant
alterations of the 1-hr observations. These
data indicate that the chloroquine-mediated
alterations in cellular metabolism are rapid,
occurring shortly following drug uptake. Sim-
ilar conclusions have been reported from
studies employing bacterial systems (20, 21).

Chloroquine was found not to effect the syn-
thesis of polio and VSV (RNA viruses) or
vaccinia (DNA virus) which replicate in the
cytoplasm of the cell. In contrast, herpes
simplex (DNA virus) replication was strong-
ly inhibited by chloroquine in 24 hr. This
differential inhibitory effect may be a conse-
quence of the preferential nuclear localization
of chloroquine at the site of herpes simplex
maturation. The present data are consistent
with the DNA drug binding mechanism pro-
posed as the mode of chloroquine action (5,
7). In addition, evidence is presented which
suggests chloroquine may be an effective che-
motherapeutic agent against herpes simplex
virus.
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