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Chloroquine induces the expression of inducible nitric oxide
synthase in C6 glioma cells
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Abstract

Chloroquine, a well-known lysosomotropic agent, has long been used for the treatment of malaria and rheumatologic disorders. However,
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herapeutic doses of chloroquine are known to cause behavioral side effects. In the present study, we investigated whether
timulates inducible nitric oxide synthase (iNOS) expression and nitric oxide (NO) synthesis in C6 glioma cells. Chloroquine cau
ependent increase in iNOS protein expression and NO production in C6 glioma cells. A tyrosine kinase inhibitor (genistein), a pro
(PKC) inhibitor (Ro 31-8220), and a p38 mitogen-activated protein kinase (MAPK) inhibitor (SB 203580) all respectively sup

hloroquine-induced iNOS expression and NO release from C6 glioma cells. Chloroquine activates p38 MAPK and stimulates PK� and -�
ranslocation from the cytosol to the membrane in C6 glioma cells. Chloroquine-stimulated p38 MAPK activation was blocked by
20�M), Ro 31-8220 (3�M), and SB 203580 (10�M). Incubation of lipopolysaccharide (LPS)-stimulated cells with chloroquine at
oxic concentrations (10–100�M) for 48 h increased iNOS expression, and led to a significant loss of adherent cells. Induction o
ragmentation in floating cells indicated that the C6 glioma cells were undergoing apoptosis. Taken together, our data suggest that
ay activate tyrosine kinase and/or PKC to induce p38 MAPK activation, which in turn induces iNOS expression and NO product
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Chloroquine is an aminoquinoline drug used in the treat-
ent of malaria. Chloroquine is also a beneficial therapeu-

ic agent in systemic lupus, rheumatoid arthritis, and viral

Abbreviations: ATF-2, activating transcription factor 2; DMEM, Dul-
ecco’s modified Eagle medium; FCS, fetal calf serum; iNOS, inducible
itric oxide synthase; l-NAC,l-nitro-acetyl-cysteine; LPS, lipopolysac-
haride; MAPK, mitogen-activated protein kinase; MEK, MAPK/Erk
inase; NF-�B, nuclear factor kappa B; NO, nitric oxide; PC-PLC,
hosphatidylcholine-specific phospholipase C; PKA, protein kinase A; PKC,
rotein kinase C; ROS, reactive oxygen species
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infection [1–4]. Chloroquine can pass through the plas
membrane and preferentially concentrates in acidic cyto
mic vesicles, which increases the cytoplasmic pH. Eleva
of the cytosolic pH may influence endocytosis, exocyto
phagocytosis[5], and other cell functions, such as antig
presentation[6] and iron metabolism[7].

However, administration of therapeutic doses of chl
quine may cause psychosis, delirium, personality cha
and depression[8]. Chloroquine intoxication causes gang
side storage in nervous tissue[9]. Administration of chloro
quine into the brains of young rats induced the forma
of lysosome-associated granular aggregates (dense bo
which closely resembled certain disease states and proc
during aging[10]. Chloroquine increases the intracellu
level of reactive oxygen species (ROS) and human astr

043-6618/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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cells[11]. On the other hand, chloroquine increased NO syn-
thesis but did not alter NOS expression in endothelial cells
[7]. A high level of gene expression of NOS was detected by in
situ hybridization in chloroquine-treated mice[12] suggest-
ing that enhancement of NO production may be an important
step in chloroquine’s action.

NO is a diffusible gas that is generated enzymatically from
l-arginine and molecular oxygen by NO synthase. To date, at
least three different types of NOSs have been characterized.
The endothelial (eNOS) and neuronal (nNOS) types are con-
stitutively expressed; whereas, the inducible type (iNOS) is
induced by a variety of signals in many cell lines[13]. Ni-
tric oxide plays an important role in both physiological and
pathological conditions. At low concentrations of NO, it has
been shown to serve as a neurotransmitter and a vasodilator,
while at high concentrations, it is toxic and may be impor-
tant in several neurodegenerative diseases[14]. Overproduc-
tion of nitric oxide in the brain is the biochemical basis of
many neuropathological features, of oxidative stress[15], and
of neuronal cell death[16,17]. Microglial cell-derived NO
can contribute to oligodendrocyte degeneration and neuronal
cell death[18,19]. In Alzheimer’s disease, neurons are sub-
jected to deleterious cytotoxic effects of activated microglia
[20].

In the present study, we present evidence that chloroquine
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2.2. Culture of C6 glioma cells and preparation of cell
lysates

C6 glioma cells were cultured in DMEM supple-
mented with 13.1 mM NaHCO3, 13 mM glucose, 2 mM
glutamine, 10% heat-inactivated FCS, and penicillin
(100 U ml−1)/streptomycin (100 mg ml−1). Cells were at-
tached to a Petri dish after a 24 h incubation. Cells were plated
at a concentration of 1× 105 cells ml−1 and used for the ex-
periment when they reached 80% confluency. Cultures were
maintained in a humidified incubator with 5% CO2 at 37◦C.
After reaching confluence, cells were treated with various
concentrations of chloroquine for indicated time intervals
and incubated in a humidified incubator at 37◦C. In some
experiments, cells were pre-treated with specific inhibitors
as indicated for 30 min before chloroquine treatment. After
incubation, cells were lysed by adding lysis buffer containing
10 mM Tris–HCl (pH 7.5), 1 mM EGTA, 1 mM MgCl2, 1 mM
sodium orthovanadate, 1 mM DTT, 0.1% mercaptoethanol,
0.5% Triton X-100, and the protease inhibitor cocktails (final
concentrations: 0.2 mM PMSF, 0.1% aprotinin, 50�g ml−1

leupeptin). Cells adhering to the plates were scraped off using
a rubber policeman and stored at−70◦C for further measure-
ments. For fractionation of cellular extracts for analysis of the
translocation of PKC isoforms, cells were homogenized by
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ay stimulate iNOS protein expression in C6 glioma c
e also demonstrate that chloroquine markedly stimu

38 MAPK activity. Inhibition of p38 MAPK activity an
NOS protein expression by genistein and SB 203580
ests that chloroquine may activate the pathway of tyro
inase to induce p38 MAPK activation. Thus, the pro
yrosine kinase-p38 MAPK pathway may be the upstr
ignal that contributes to chloroquine-induced iNOS exp
ion. Furthermore, enhancement of LPS-mediated iNO
ression and nitrite production by chloroquine suggests
xcessive NO production may contribute to C6 glioma
poptosis.

. Materials and methods

.1. Materials

Dulbecco’s modified Eagle medium (DMEM), fetal c
erum (FCS), glutamine, gentamycin, penicillin and st
omycin were purchased from Life Technologies (Gaith
urg, MD). Antibodies specific for iNOS, eNOS, and�-
ubulin were purchased from Santa Cruz Biochemicals (S
ruz, CA). SB 203580, genistein, and FPT inhibitor-II w
urchased from Calbiochem-Novabiochem (San Diego,
orseradish peroxidase-conjugated anti-rabbit IgG anti
as purchased from Bio Rad (Hercules, CA). The p38 MA
ctivity assay kit was purchased from New England Bio
Beverly, MA). Chloroquine and all other chemicals w
urchased from Sigma (St. Louis, MO).
dding homogenization buffer containing 20 mM Tris–H
pH 7.5), 5 mM EGTA, 2 mM EDTA, 10% glycerol, 1 m
odium orthovanadate, 1 mM DTT, and the protease inhi
ocktails (final concentrations: 0.2 mM PMSF, 0.1% a
inin, 50�g ml−1 leupeptin). The cell suspension was chi
n ice for 30 min, and then centrifuged at 800×g for 10 min
t 4◦C. The supernatant (containing cytosolic and memb

ractions) was then centrifuged at 25,000×g for 15 min at
◦C. The supernatant represents the cytosolic fraction

he pellet membrane fraction was resuspended in homog
ng buffer containing 1% NP40. The protein levels of PKC�
nd -� in both fractions were determined by Western
nalysis.

.3. Polyacrylamide gel electrophoresis and Western
lotting

Electrophoresis was ordinarily carried out using diffe
ercentages of SDS-polyacrylamide electrophoresis (
AGE). Following electrophoresis, proteins on the gel w
lectrotransferred onto a polyvinyldifluoride (PVDF) me
rane. After transfer, the PVDF membrane was washed
ith PBS and twice with PBS plus 0.1% Tween 20. T
VDF membrane was then blocked with blocking solu
ontaining 3% bovine serum albumin in PBS containing 0
ween 20 for 1 h at room temperature. The PVDF memb
as incubated with a solution containing primary antib

es in the blocking buffer. Finally, the PVDF membrane
ncubated with peroxidase-linked anti-mouse IgG antibo
or 1 h and then developed using a LumiGLO chemilumi
ence kit (Amersham, UK).
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2.4. Measurement of nitrite formation in C6 glioma
cultures

C6 glioma cells were cultured in 35-mm Petri dishes. Af-
ter reaching confluence, cells were treated with various con-
centrations of chloroquine for indicated time intervals and
incubated in a humidified incubator at 37◦C. In some experi-
ments, cells were pre-treated with specific inhibitors as indi-
cated for 30 min before chloroquine treatment. After incuba-
tion, the medium was removed and stored at−80◦C until as-
saying for nitrite accumulation. Nitrite production was mea-
sured by adding 0.15 ml of the cell culture medium to 0.15 ml
of Griess reagent[21] in a 96-well plate, which was then in-
cubated in a dark place at 37◦C for 10 min. Absorbance was
measured at 540 nm using a microplate reader. A blank was
prepared for each experimental condition in the absence of
C6 glioma cells, and the absorbance was subtracted from that
obtained in the presence of cells.

2.5. Measurement of p38 MAPK activity

p38 MAPK activity was measured using a p38 MAPK ac-
tivity assay kit (New England Biolabs). Briefly, C6 glioma
cells were cultured in 10-cm Petri dishes. After reaching
confluence, cells were treated with various concentrations
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was measured using a flow cytometry analysis (Becton-
Dickinson, San Jose, CA); 15,000 events were analyzed for
each sample. In analysis of DNA fragmentation, both the
attached and unattached cells were harvested and washed
twice with ice-cold PBS, and pellets were lysed at 37◦C
in 4 ml of extraction buffer (10 mM Tris [pH 8.0], 0.1 mM
EDTA; 20�g ml−1 pancreatic RNase, and 0.5% SDS) for
2 h. After incubation, proteinase K was added at a final con-
centration of 100�g ml−1, and the mixture was incubated
for another 3 h at 50◦C. The DNA was extracted twice with
equal volumes of a phenol and chloroform–isoamyl alcohol
mixture (24:1, v:v). The DNA was then precipitated with
0.1 volume of sodium acetate [pH 4.8] and 2.5 volumes of
ethanol at−20◦C overnight and centrifuged at 13,000×g
for 1 h. Samples were electrophoresed on a 1.5% agarose gel,
and the DNA was visualized by ethidium bromide staining.

2.7. Statistical analysis

Results are expressed as the mean± S.E.M. from the num-
ber of independent experiments performed. One-way analy-
sis of variance (ANOVA) and Student’s two-tailedt-test were
used to determine the statistical significance of the difference
between means. Ap-value of less than 0.05 was taken as sta-
tistically significant.
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f chloroquine for indicated time intervals and incuba
n a humidified incubator at 37◦C. In some experiment
ells were pre-treated with specific inhibitors as indica
or 30 min before chloroquine treatment. After incubat
ells were washed with phosphate-buffered saline (pH
roteins were extracted with lysis buffer (20 mM Tris [
.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
.5 mM sodium pyrophosphate, 1 mM�-glycerolphosphate
mM Na3VO4, and 1�g ml−1 leupeptin). Cell extracts we

ncubated with anti-phospho-p38 MAPK antibody, wh
as immobilized to crosslinked agarose hydrazide be
vernight at 4◦C. The beads were then centrifuged for 3
t 4◦C. The cell pellet was washed twice with lysis buf
nd then incubated with 50�l of kinase buffer (25 mM Tri

pH 7.5], 5 mM �-glycerolphosphate, 2 mM DTT, 0.1 m
a3VO4, and 10 mM MgCl2) supplemented with 200�M of
TP and 2�g of ATF-2 for 60 min at 30◦C. The reactio
as terminated by the addition of 3× SDS sample buffer an
pplied to a 10% SDS-PAGE gel. The phosphorylated AT
as detected using a LumiGLO chemiluminescent rea
nd then exposed to X-ray film.

.6. Analysis of DNA content and DNA fragmentation in
6 glioma cultures

C6 glioma cells were cultured in 10-cm Petri dish
fter reaching 70% confluence, cells were treated
arious concentrations of chloroquine in the absenc
resence of lipopolysaccharide for 48 h in a humidi

ncubator at 37◦C. After incubation, cells were incubat
ith 50 mg ml−1 propidium iodide, and DNA conte
. Results

.1. Chloroquine stimulated dose- and time-dependent
ncreases in NO release and iNOS induction in C6
lioma cells

Chloroquine stimulated NO production in C6 glio
ells in a dose-dependent manner (Fig. 1A). The EC50
f chloroquine-stimulated nitrite accumulation was ab
0�M, with a maximum at 100�M. Consistent with pre
ious reports[22,23], eNOS was constitutively express

n C6 glioma cells (Fig. 1B). Chloroquine induced the e
ression of 130-kDa iNOS but not eNOS in C6 glio
ells (Fig. 1B). The induction of iNOS became apparen
4 h with a maximum at about 48 h (Fig. 1C). Pre-treatmen
f C6 glioma cells withl-nitro-acetyl-cysteine (l-NAC), a
nown glutathione precursor, did not attenuate chloroqu
timulated nitrite release or iNOS induction suggesting
he chloroquine-induced response is not due to reactive
en species (Fig. 2).

.2. Intracellular signaling pathway of
hloroquine-induced iNOS expression and nitrite
roduction in C6 glioma cells

To delineate the roles of protein tyrosine kinase,
nd MAPK in iNOS induction, we next investigated the

ects of a tyrosine kinase inhibitor (genistein), a Ras-farn
ransferase inhibitor (FPT inhibitor-II), a MEK inhibit
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Fig. 1. Dose-dependent increases in nitrite accumulation and iNOS expres-
sion caused by chloroquine in C6 glioma cells. Cells were incubated with var-
ious concentrations of chloroquine for 48 h, then the medium was removed
and analyzed for nitrite accumulation (A). Data represent the mean± S.E.M.
of three independent experiments in triplicate. In (B), cells were incubated
with various concentrations of chloroquine for 24 h, and then immunode-
tected with iNOS- or eNOS-specific antibody as described in Section2. In
(C), cells were incubated with 100�M chloroquine for various time peri-
ods, and then immunodetected with iNOS- or eNOS-specific antibody as
described in Section2. Equal loading in each lane is demonstrated by the
similar intensities of�-tubulin.

(PD 98059), and a p38 MAPK inhibitor (SB 203580) on
chloroquine-induced iNOS expression (Fig. 3A). Fig. 3A
shows that pre-treatment of cells with genistein (20�M) or
SB 203580 (10�M) but not the FPT inhibitor II (20�M) or
PD 98059 (10�M) attenuated chloroquine-stimulated iNOS
expression. Furthermore, while the PKC inhibitor (Ro 31-
8220, 3�M) blocked chloroquine-induced iNOS expression,
the PKA inhibitor (KT 5720, 3�M), or the NF-�B in-
hibitor (PDTC, 25�M), or the PC-PLC inhibitor (D 609,
50�M) had no effect on chloroquine-induced iNOS ex-
pression in C6 glioma cells (Fig. 3A). Thus, activations
of tyrosine kinase, p38 MAPK, and PKC seem to be in-
volved in chloroquine-mediated signal transduction leading
to iNOS expression. Chloroquine-stimulated NO production
was dose-dependently inhibited by genistein (Fig. 3B), SB
203580 (Fig. 3C), and Ro 31-8220 (Fig. 3D). Previous stud-
ies have demonstrated that C6 glioma cells express the PKC-�
and -� isoforms[24]. To confirm that chloroquine does acti-
vate PKC in C6 glioma cells, the expression of PKC-� and
-� isoform in cytosol and membrane fractions was examined.
In resting cells, PKC-� and -� were both detected in the cy-

Fig. 2. Effects ofl-nitro-acetyl-cysteine (l-NAC) on chloroquine-induced
nitrite production in C6 glioma cells. In (A), C6 glioma cells were pre-treated
with l-NAC (10�M) for 30 min before the addition of chloroquine (100�M)
for 24 h. Extracted proteins were then immunodetected with iNOS-specific
antibody as described in Section2. Equal loading in each lane is demon-
strated by the similar intensities of�-tubulin. In (B), cells were pre-treated
with l-NAC (10�M) for 30 min before the addition of chloroquine (100�M)
for 48 h. Then the medium was removed and analyzed for nitrite accumula-
tion. Data represent the mean± S.E.M. of three independent experiments in
triplicate.*p< 0.05 as compared with the AGEs-treated group.

tosolic fraction and in the particulate (membrane) fraction.
Treatment of C6 glioma cells with chloroquine (100�M) re-
sulted in PKC-� and -� translocation. Increases of PKC in the
membrane fraction became evident at 10 min and persisted
for 1 h (Fig. 3E). PKC down regulation was observed during
a time course of 6 h.

3.3. Activation of p38 MAPK by chloroquine in C6
glioma cells

The data inFig. 3 suggest that the p38 MAPK-activated
pathway might contribute to the signaling mechanism for
chloroquine-induced iNOS expression in C6 glioma cells.
This notion was supported by the fact that chloroquine acti-
vates p38 MAPK in C6 glioma cells. As shown inFig. 4, addi-
tion of chloroquine to C6 glioma cells stimulated an increase
in p38 MAPK activity in dose- and time-dependent manners
as determined with an immunocomplex kinase assay using
ATF-2 as the substrate (Fig. 4). Chloroquine-stimulated ATF-
2 phosphorylation was apparent within 5 min, reached a max-
imum at about 30 min, and then had decreased by 2 h. Western
blot analysis using anti-p38 MAPK antibodies indicated that
the total protein expression of p38 MAPK was unaffected
by treatment of cells with chloroquine. When cells were
pre-treated for 30 min with genistein (20�M), SB 203580
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Fig. 3. Effects of genistein, FPT inhibitor-II, PD 98059, and SB 203580 on chloroquine-induced nitrite production and iNOS expression in C6 glioma cells. In
(A), cells were pre-treated with genistein (20�M), FPT inhibitor-II (20�M), PD 98059 (10�M), SB 203580 (10�M), Ro 31-8220 (3�M), KT 5720 (3�M),
PDTC (25�M), and D 609 (50�M) for 30 min before the addition of 100�M chloroquine for 24 h. Cell lysates were then prepared for immunodetection
using an iNOS-specific antibody as described in Section2. Equal loading in each lane is demonstrated by the similar intensities of�-tubulin. In (B–D), cells
were pre-treated with different concentrations of genistein (5–20�M), SB 203580 (2.5–10�M), or Ro 31-8220 (1–3�M), for 30 min before the addition of
100�M chloroquine for 48 h. Then, the medium was removed and analyzed for nitrite accumulation. Data represent the mean± S.E.M. of three independent
experiments in triplicate.*p< 0.05 as compared with the chloroquine-treated group. In (E), cells were treated with 100�M chloroquine for the indicated time
periods, and then separated into cytosol and membrane factions. Protein in the cytosol and membrane fractions were subjected to Western blot analysis using
specific PKC-� and -� antibodies.

(10�M), or Ro 31-8220 (3�M), the chloroquine-induced
activation of p38 MAPK was markedly inhibited (Fig. 5).
These results suggest that protein tyrosine kinase and PKC
act upstream of p38 MAPK.

3.4. Chloroquine enhances LPS-stimulated nitrite
production and iNOS protein expression in C6 glioma
cells

We evaluated the effect of chloroquine on iNOS expres-
sion in the presence of a sub-maximum concentration of
LPS (0.5�g ml−1). As shown inFig. 6A, LPS (0.5�g ml−1)
stimulated nitrite production in C6 glioma cells, and the re-

sponse was enhanced by increasing concentrations of chloro-
quine. Similar enhancement of LPS-induced iNOS induc-
tion by chloroquine was observed (Fig. 6B). Chloroquine at
10�M did not stimulate nitrite production or iNOS expres-
sion in C6 glioma cells (Fig. 1). Addition of 10�M chloro-
quine enhanced the LPS-stimulated induction of iNOS ex-
pression in glioma cells (Fig. 6B). However, incubation of
LPS-stimulated cells with chloroquine (100�M) for 48 h led
to a significant loss of adherent cells. The increase in the sub-
G1 cell population (Fig. 7A) and induction of DNA frag-
mentation in floating cells (Fig. 7B) indicates that the C6
glioma cells were undergoing apoptosis. Giving chloroquine
at non-toxic concentrations may stimulate excessive NO pro-
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Fig. 4. Chloroquine activation of p38 MAPK in C6 glioma cells. Cells were
incubated with various concentrations of chloroquine for 30 min (A), or with
100�M chloroquine for various time periods (B). Cells were lysed, and the
p38 MAPK activity was determined using an immunocomplex kinase assay
with ATF-2 as the substrate as described in Section2. Equal loading in each
lane is demonstrated by a similar protein level of p38 MAPK.

duction in activated microglial cells and lead to cell apopto-
sis.

4. Discussion

In the present study, we demonstrate that chloroquine in-
creases nitrite production and iNOS expression in C6 glioma
cells. We elucidate the intracellular signal transduction mech-
anisms by which chloroquine stimulates iNOS expression
in C6 glioma cells. We found that protein tyrosine kinase,
p38 MAPK, and PKC are involved in chloroquine-stimulated
iNOS protein expression, while NF-�B, cAMP-dependent
protein kinase, and p44/42 MAPK are not involved in the sig-
naling pathway. We present evidence that chloroquine stim-
ulates p38 MAPK activity, and that this effect can be in-
hibited by genistein and Ro 31-8220, suggesting that pro-
tein tyrosine kinase and PKC are the upstream regulators of
p38 MAPK. Chloroquine greatly enhances iNOS expression

F uine-
s ma
c
3
3 de-
t strate
a

in LPS-treated C6 glioma cells, which leads to cell apopto-
sis. NO production in glioma cells can alter many important
pathophysiological processes, because chloroquine is effec-
tive in the treatment of diseases associated with increased
secretion of pro-inflammatory cytokines such as malaria and
rheumatoid arthritis; programmed cell death of inflammatory
cells may underlie its anti-malarial and anti-rheumatic effects
[25]. Thus, it can be proposed that both the therapeutic ef-
fects and the deleterious side effects of chloroquine may be
caused by inflammatory cell apoptosis.

Our results agree with the observation that iNOS is up-
regulated in chloroquine-treated mice[12]. Chloroquine in-
creased NO production by increasing the NOS activity in
murine, porcine, and human endothelial cells[7]. In contrast
to the present observations, chloroquine inhibits interferon
�- and LPS-stimulated iNOS expression in macrophages
[26,27] and LPS-induced IL-1� and TNF-� release in
monoocytic THP-1 cells[28]. It has been shown that the in-
hibitory effect is due to a reduction in pro-inflammatory cy-
tokine synthesis. Indeed, chloroquine inhibits the synthesis
of tumor necrosis factor-� and interferon-� in macrophages
[27,29]. The inhibitory effect on macrophages by chloro-
quine was not due to a cytotoxic effect, because treatment
with chloroquine (100�M) for 24 h did not affect total cell
counts, cell viability, or LDH release, which excludes the
p

F ssion
i
i r 48 h,
t (A).
D rip-
licate. In (B), cells were incubated with LPS (0.5�g ml−1) in the presence or
absence of various concentrations of chloroquine for 24 h, and then immun-
odetected with an iNOS-specific antibody as described in Section2. Equal
loading in each lane is demonstrated by the similar intensities of�-tubulin.
ig. 5. Effects of SB 203580, genistein, and Ro 31-8220 on chloroq
timulated increases in p38 MAPK activity in C6 glioma cells. C6 glio
ells were pre-treated with genistein (20�M), SB 203580 (10�M), or Ro
1-8220 (3�M) for 30 min before the addition of 100�M chloroquine for
0 min. After incubation, cells were lysed, and p38 MAPK activity was

ermined with an immunocomplex kinase assay using ATF-2 as the sub
s described in Section2.
ossibility of cell cytotoxicity[29,30].

ig. 6. Effects of chloroquine on nitrite accumulation and iNOS expre
n LPS-treated C6 glioma cells. Cells were treated with LPS (0.5�g ml−1)
n the presence or absence of various concentrations of chloroquine fo
hen the medium was removed and analyzed for nitrite accumulation
ata represent the mean± S.E.M. of three independent experiments in t
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Fig. 7. Induction of programmed cell death by chloroquine in the presence
or absence of LPS in C6 glioma cells. In (A), C6 glioma cells were incubated
with different concentrations of chloroquine or with 100�M of chloroquine
in the presence LPS (0.5�g ml−1). DNA contents in different phases of cell
cycle were analyzed using a fluorescence-activated cell sorter (FACS). In (B),
C6 glioma cells were incubated with different concentrations of chloroquine
in the presence of LPS (0.5�g ml−1) for 48 h. DNA fragmentation was
examined as described in Section2; the DNA was electrophoresed on a
1.5% agarose gel and visualized by ethidium bromide staining.

Inhibition of chloroquine-stimulated iNOS expression and
nitrite release by genistein suggests that the responses are
also mediated by signaling through tyrosine phosphorylation.
Although the identity of protein tyrosine kinase involved in
the chloroquine-induced iNOS expression remained unclear,
chloroquine has been shown to stimulate tyrosine phosphory-
lation of EGF receptor and src in EGF-stimulated cells[31],
and increase phosphotyrosine content and protein tyrosine
kinase activity in insulin-treated endosomes[32]. Consistent
with our finding, LPS-stimulated iNOS expression is inhib-
ited by the tyrosine kinase inhibitors in murine macrophages
[33] and in retinal epithelial cells[34]. On the other hand,
PKC has been shown to play an important role in regula-
tion of NO production in microglia[35]. In agreement, we
demonstrated that chloroquine stimulates PKC-�, -� translo-
cation in C6 glioma cells, and that Ro 31-8220, which specifi-
cally inhibits PKC -�, -�, -�, and -�, blocks the chloroquine-
stimulated NO production in C6 glioma cells. The murine
iNOS promoter contains 24 transcriptional factor binding
sites[36]. Some of these transcription factors are regulated
by p38 MAPK[37]. It is possible that different regulatory sig-
nals may converge into common pathways (i.e., p38 MAPK)
and cause greater iNOS induction. In this study, we present
evidence that chloroquine activates tyrosine kinase and pro-
tein kinase C, which in turn activates p38 MAPK and re-

sults in iNOS induction. Our results agree with the finding
that p38 MAPK is involved in LPS-induced iNOS expres-
sion in C6 glioma cells[38]. The murine iNOS promoter
also contains NF-�B binding sites. In human astrogial cells,
NF-�B mediated chloroquine-induced CCL-2 and CXCL-8
chemokine expression[11]. However, chloroquine-induced
iNOS expression was unaffected by PDTC, the inhibitor of
NF-�B activation, suggesting that NF-�B is not involved
in the signal transduction pathways by which iNOS is in-
duced. These results differ from the iNOS induction stimu-
lated by cytokines and LPS in C6 glioma cells[39]. Similarly,
chloroquine-induced iNOS expression cannot be inhibited by
pre-treatment with the MEK inhibitor, PD 98059, suggesting
that p42/44 MAPK is not involved in iNOS induction in C6
glioma cells. However, given PDTC and PD98059 are not
so selective to NF-�B and MEK-1, the involvement of these
proteins may not necessarily be excluded.

We found that treatment of LPS-stimulated cells with
chloroquine (100�M) results in a significant loss of adher-
ent C6 glioma cells, which appeared after a 48 h incubation.
Regulation of programmed cell death is associated with many
pathological conditions. For example, abnormal low apopto-
sis of inflammatory cells was noted in systemic lupus and
rheumatoid arthritis. Apoptotic cell death as a result of iNOS
activation comprising upregulation of the tumor suppressor,
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53, caspase activation, chromatin condensation, and
ragmentation has been demonstrated in many cell types[40].
esults from this study suggest that chloroquine may s

ively increases the apoptosis of LPS-stimulated cells thr
xcessive NO production. Thus, chloroquine being a po
herapeutic agent in anti-malaria and anti-autoimmune
ases may be partly due to increased inflammatory cell a

osis. In line with our findings, chloroquine killing ofPlas-
odium falciparumis associated with cell apoptosis[30].
urther, chloroquine at a concentration similar to that u

n our report induced cell apoptosis in human endoth
ells [25] and in cultured hepatocytes[41]. In conclusion
hloroquine may activate tyrosine kinase and PKC path
o induce p38 MAPK activation, which in turn induces iN
xpression and NO production in C6 glioma cells.
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