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Abstract

 

Nitric oxide (NO) is a free radical involved in the regulation
of many cell functions and in the expression of several dis-
eases. We have found that the antimalarial and antiinflam-
matory drug, chloroquine, is able to stimulate NO synthase
(NOS) activity in murine, porcine, and human endothelial
cells in vitro: the increase of enzyme activity is dependent
on a de novo synthesis of some regulatory protein, as it is in-
hibited by cycloheximide but is not accompanied by an in-
creased expression of inducible or constitutive NOS iso-
forms. Increased NO synthesis is, at least partly, responsible
for chloroquine-induced inhibition of cell proliferation: in-
deed, NOS inhibitors revert the drug-evoked blockage of
mitogenesis and ornithine decarboxylase activity in murine
and porcine endothelial cells. The NOS-activating effect of
chloroquine is dependent on its weak base properties, as it is
exerted also by ammonium chloride, another lysosomotro-
pic agent. Both compounds activate NOS by limiting the
availability of iron: their stimulating effects on NO synthesis
and inhibiting action on cell proliferation are reverted by
iron supplementation with ferric nitrilotriacetate, and are
mimicked by incubation with desferrioxamine. Our results
suggest that NO synthesis can be stimulated in endothelial
cells by chloroquine via an impairment of iron metabolism.
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Introduction

 

Nitric oxide (NO)

 

1

 

 is a short-lived messenger molecule pro-
duced in many mammalian cell types (1) and involved in a
wide spectrum of activities, such as smooth muscle relaxation,

inhibition of platelet activation, neurotransmission, and cyto-
toxicity (2). A class of NADPH-dependent NO synthases

 

(NOS), competitively inhibited by 

 

L

 

-arginine analogues, favors
the conversion of 

 

L

 

-arginine to 

 

L

 

-citrulline and NO with a 1:1
stoichiometry (3, 4). In oxygenated living systems, NO is rap-
idly converted into nitrite and nitrate. At least three different
isoenzymes have been characterized (5): two of them are con-
stitutive (endothelial and neuronal cNOS), and one is an in-
ducible iNOS detected in macrophages.

NO plays an important role in aspecific immunity, and is ef-
fective against various microbes and tumor cells (6). As an ex-
ample, NO has been involved in the host control of progres-
sion of malaria infection. It has been suggested that the
parasite induces host cells (leucocytes, endothelium, hepato-
cytes, etc.) to produce NO by eliciting an enhanced synthesis
of cytokines (TNF, IL-1, IFN-

 

g

 

, IL-6, etc.) (7–9) or by releas-
ing a NOS-activating soluble factor (10); NO reduces the
growth and invasiveness of asexual blood stages and exoeryth-
rocytic stages of parasites (11–16), and killing of malaria para-
sites by the mouse immune system correlates with increased
levels of reactive nitrogen intermediates in plasma (17, 18).

Chloroquine is an aminoquinolinic drug used in treatment
of several pathologic conditions, such as malaria infection and
autoimmune diseases (rheumatoid arthritis and lupus erythe-
matosus). Indeed, it inhibits parasite growth (19) and blocks
cytokines production and proliferation in monocytes, mac-
rophages, and lymphocytes (20, 21). The mechanism of action
and the molecular targets of chloroquine are not completely
known: its antimalarial properties have been attributed, at
least partly, to the ability to inhibit a heme polymerase in 

 

Plas-
modium falciparum

 

 trophozoites (22), but it is poorly under-
stood how it acts as an immunosuppressive drug. Owing to its
weak base properties, chloroquine may accumulate in acid in-
tracellular compartments (23), causing a pH increase and thus
interfering with endocytosis, exocytosis, phagocytosis (21), and
other related phenomena, such as antigen presentation and
iron metabolism (20).

Our study has been aimed to demonstrate that: 

 

a

 

) chloro-
quine stimulates NO synthesis in endothelial cells; 

 

b

 

) chloro-
quine-evoked NO synthesis is, at least partly, responsible for
the inhibition of cell proliferation induced by the drug; 

 

c

 

) these
effects are mediated by the ability of the drug to affect iron
metabolism via a lysosomotropic mechanism.

 

Methods

 

Reagents. 

 

FCS was supplied by GIBCO BRL (Paisley, Scotland);
plastic for cell culture was from Falcon (Becton Dickinson, Bedford,
MA); the cationic exchange resin Dowex AG50WX-8, N-(1-naph-
thylethylenediamine) dihydrochloride, and sulfanilamide were from

 

Aldrich Italia (Milan, Italy); L-[2,3,4,5-

 

3

 

H]arginine monohydrochlo-
ride (62 Ci/mmol) and DL-[1-

 

14

 

C]ornithine (58 mCi/mmol) were ob-
tained from Amersham International (Bucks, UK); 6-carboxyfluores-
cein diacetate (CFDA) was from Calbiochem-Behring (San Diego,
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Abbreviations used in this paper:

 

 CFDA, carboxyfluorescein diace-
tate; ecNOS, endothelial constitutive nitric oxide synthase; FeNTA,
ferric nitrilotriacetate; iNOS, inducible nitric oxide synthase; NO, ni-
tric oxide; NOS, nitric oxide synthase; ODC, ornithine decarboxylase;
PAEC, porcine aortic endothelial cells.
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CA). Other reagents were purchased from Sigma Chemical Co. (St.
Louis, MO). Mouse monoclonal antibodies anti–human endothelial
cNOS (ecNOS) and anti–murine macrophage iNOS, directed against
20.4–22.3–kD protein fragments (ecNOS: amino acids 1030–1209;
iNOS: amino acids 961–1144), were from Transduction Laboratories
(Lexington, KY). Electrophoresis reagents were obtained from Bio-
Rad Laboratories (Hercules, CA). The protein content of cell mono-
layers and cell lysates was assessed with the BCA kit from Pierce
(Rockford, IL).

Composition of Hepes-Na/EDTA buffer (mM): Hepes (Na

 

1

 

 salt)
20, EDTA 2, pH 6. Composition of Hepes/EDTA/DTT buffer (mM):
Hepes 20, EDTA 0.5, DTT 1, pH 7.2. Composition of Na

 

1

 

 solution
(mM): 145 NaCl, 5 KCl, 1 MgSO

 

4

 

, 10 Hepes, 10 glucose, 1 CaCl

 

2

 

, pH
7.4. Composition of K

 

1

 

 solution (mM): 15 NaCl, 120 KCl, 1 MgSO

 

4

 

,
20 Hepes, 10 glucose; pH was adjusted at different values with Tris
(6.6–7.8 at 37

 

8

 

C). Hepes-Ca buffer (mM): NaCl 145, KCl 5, MgSO

 

4

 

 1,
Hepes-Na 10, glucose 10, CaCl

 

2

 

 1, pH 7.4.

 

Cell cultures.

 

sEnd.1 cell line, murine endothelial cells trans-
formed by middle T antigen of polyoma virus (24), were grown in
DME supplemented with 10% FCS. ECV-304 (immortalized human
umbilical vein endothelial cells) cell line was a kind gift of Ruggero
Pardi (Dibit, San Raffaele Hospital, Milan, Italy), and was cultured as
sEnd.1 cells. Porcine aortic endothelial cells (PAEC) were isolated as
previously described (25) and cultured in Ham’s F-12 supplemented
with 10% FCS. In each experimental condition, cell viability was
checked by trypan blue exclusion, and never decreased under 95%.

 

Measurement of NOS activity in cell lysates. 

 

Cells grown at con-
fluence on 35-mm diameter Petri dishes, after incubation in the ex-
perimental conditions described in Results, were detached by trypsin/
EDTA (0.05/0.02% vol/vol); the cells from each dish were washed
with PBS, and then resuspended in 0.3 ml of reaction buffer (mM:
Hepes 20, EDTA 0.5, DTT 1, pH 7.2) and sonicated on ice with two
10 s bursts. In each test tube, the following reagents were added to
100 ml lysate at the final concentrations: 2 mM NADPH, 2.5 

 

m

 

Ci

 

L

 

-[

 

3

 

H]arginine (

 

5

 

 0.4 

 

m

 

M) (26, 27). In these conditions, due to the
presence of 0.5 mM EDTA, only the Ca

 

11

 

-independent NOS activity
was detectable; by adding 1.5

 

 

 

mM

 

 

 

CaCl

 

2

 

 (final concentration) to the
lysate, it was possible to measure the Ca

 

11

 

-dependent NOS activity.
When indicated, NOS inhibitors were added to the other reagents.
After a 15-min incubation at 37

 

8

 

C, the reaction was stopped by add-
ing 2 ml Hepes-Na/EDTA buffer; the whole reaction mixture was ap-
plied to 2-ml columns of Dowex AG50WX-8 (Na

 

1

 

 form) and eluted
with 4 ml of water. The radioactivity corresponding to [

 

3

 

H]citrulline
content in 6.1 ml eluate was measured by liquid scintillation counting.
Citrulline synthesis was expressed as pmol citrulline/min/mg cell pro-
tein.

 

Measurement of nitrite. 

 

Confluent cell cultures in 35-mm diame-
ter Petri dishes were incubated in fresh medium for 6–24 h in the ex-
perimental conditions indicated in Results. Then nitrite production
was measured by adding 0.15 ml of cell culture medium to 0.15 ml of
Griess reagent (28) in a 96-well plate, and, after a 10-min incubation
at 37

 

8

 

C in the dark, absorbance was measured at 540 nm in a Packard
EL340 microplate reader. A blank was prepared for each experimen-
tal condition in the absence of cells, and its absorbance was sub-
tracted from that obtained in the presence of cells. Nitrite concentra-
tion was expressed as nmol of nitrite produced in 24 h/mg cell protein.

 

Western blots. 

 

Cells were directly solubilized in boiling Laemmli
buffer (containing 2 mM PMSF and 0.5 mM EDTA), and proteins,
separated by SDS-PAGE (7%), were transferred to nitrocellulose
sheets and probed with a monoclonal antibody (diluted 1:500 in
PBS-BSA 1%) anti-iNOS or anti-ecNOS; after 1 h of incubation, the
membrane was washed with PBS-Tween 0.1% and subjected to a per-
oxidase-conjugated antibody (diluted 1:1,000 in PBS-Tween with
Blocker Non-Fat Dry Milk 5%, Bio-Rad) anti–mouse IgG (sheep;
Amersham). The nitrocellulose was washed again with PBS-Tween
and proteins were detected by enhanced chemiluminescence (Amer-
sham International).

 

mRNA analysis of ecNOS. 

 

Total RNA was obtained by the

guanidine isothiocyanate/cesium chloride method (29). 25 

 

m

 

g of total
RNA were electrophoresed on a 1% agarose gel containing 6.3%
formaldehyde in Mops buffer and blotted on a Nylon Duralon-UV
membrane (Stratagene, La Jolla, CA) by the traditional capillary sys-
tem in 10

 

3

 

SSC (30). Prehybridization and hybridization steps were
performed overnight in 50% deionized formamide, 10% dextran sul-
fate, 1 M NaCl, with 100 

 

m

 

g/ml denaturated salmon sperm DNA at
42

 

8

 

C. The cDNA for endothelial cNOS (a gift from T. Michel,
Brigham and Women’s Hospital, Boston, MA) was labeled with

 

a

 

-[

 

32

 

P]dCTP (3,000 Ci/mmol, Amersham International) at 2.2 

 

3 

 

10

 

8

 

cpm/

 

m

 

g sp act by the random primer labeling kit (Amersham Interna-
tional), according to the manufacturer’s instructions. Posthybridiza-
tion washes were performed at high stringency (twice in 2

 

3 

 

SSC plus
0.1% SDS for 30 min at room temperature, twice in 0.2

 

3 

 

SSC plus
0.1% SDS for 30 min at room temperature, and twice in 0.1

 

3 

 

SSC
plus 0.1% SDS for 30 min at 55

 

8

 

C), and the membrane was exposed
on autoradiography with Hyperfilm-MP (Amersham International)
and intensifying screens at 

 

2

 

80

 

8

 

C.

 

Measurement of free cytosolic Ca

 

11

 

 ([Ca

 

11

 

]i).

 

Cells were seeded
on sterile glass coverslips (12-mm diameter) and let to grow to conflu-
ence, and then incubated for 24 h in the presence or absence of 20 

 

m

 

M
chloroquine. The integrity of the monolayer was assessed by light
microscopy examination. [Ca

 

11

 

]i transients were measured by using
the calcium-sensitive fluorescent probe Fluo3 acetoxy methylester
(Fluo3-AM) (31). A non-ionic surfactant, Pluronic F-127, was used to
aid solubilization of the Fluo3-AM into aqueous medium. 1 

 

m

 

l of a
25% (w/w) stock solution of Pluronic F-127 in dry DMSO was mixed
with every 10 nmol of Fluo3-AM before thoroughly dispersing the
mixture into aqueous solution (31). Coverslips were incubated for 30
min in the presence of 10 

 

m

 

M Fluo3-AM in Hepes-Ca buffer at 37

 

8

 

C
and 5% CO

 

2

 

 atmosphere. After loading, coverslips were washed with
Hepes-Ca buffer. Fluorescence of intracellular Fluo3 was measured
in a Perkin-Elmer LS-5 spectrofluorometer. The standard monochro-
mator settings were 490-nm excitation (5-nm slit width) and 530-nm
emission (10-nm slit width). For the test, the coverslip was firmly po-
sitioned in a quartz cuvette (1 cm) containing 1 ml of Hepes-Ca
buffer; the cuvette holder was thermostatted at 37

 

8

 

C. Fluorescence
spectral analysis of adherent cells after loading revealed a peak at
520–530 nm, demonstrating intracellular accumulation of Fluo3. For
calibration, the fluorescence of Ca

 

11

 

-saturated dye (F

 

max

 

) was taken
as the maximal emission from cells treated with 10 

 

m

 

M ionomycin in
Ca

 

11

 

-containing medium. 2 mM EGTA, which enters the cells via the
ionophore and quenches Fluo3 fluorescence completely, was then
added. The resulting fluorescence (F

 

min

 

) was essentially equal to the
background signal obtained before Fluo3 loading. Calculation of
[Ca

 

11

 

]i levels was performed as previously described (31).

 

Measurement of cytosolic aconitase activity. 

 

Cells grown at con-
fluence on 100-mm diameter Petri dishes, after incubation in the ex-
perimental conditions described in Results, were detached by trypsin/
EDTA (0.05/0.02% vol/vol); the cells from each dish were washed
with PBS, and then resuspended in lysis buffer containing 0.1% Tri-
ton X-100 and 50 mM Hepes (pH 7.4); the protease inhibitors PMSF
(10 

 

m

 

M), aprotinin (10 

 

m

 

M), and 

 

e

 

-aminocaproic acid (20 

 

m

 

M) were
then added. Cytosolic aconitase was separated from the mitochon-
drial aconitase by centrifugation at 13,000 rpm for 10 min at 14

 

8

 

C;
therefore, the residual mitochondrial aconitase in the supernatant
was inhibited by incubation for 30 min at 0

 

8

 

C with 10 mM ferrozine.
Most assays of aconitase were performed by adding 50 

 

m

 

l of the solu-
ble fraction of the cell lysate into a quartz cuvette containing 1 ml of
50 mM Hepes (pH 7.4, prewarmed at 37

 

8

 

C) and 2 

 

m

 

l of 0.1 M 

 

cis

 

-
aconitate. The mixture was placed in a spectrophotometer (Perkin-
Elmer Lambda 3) cuvette holder thermostatted at 37

 

8

 

C. Aconitase
activity was assayed by directly monitoring aconitate absorbance de-
crease at 240 nm (32). Blank incubations lacking aconitate were sub-
tracted. Cytosolic aconitase activity was calculated as nmol/min/mg
cell protein.

 

Measurement of heme by luminescence. 

 

Heme-enhanced lumi-
nescence was measured taking advantage of the heme-associated per-
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oxidase activity that catalyses electron transfer from t-buthylhydro-
peroxide to luminol (5-amino-2,3-dihydro-1,4-phtalazinedione). Cells
grown at confluence on 100-mm diameter Petri dishes, after incuba-
tion in the experimental conditions described in Results, were de-
tached by trypsin/EDTA (0.05/0.02% vol/vol); the cells from each
dish were washed with PBS, and then resuspended in lysis buffer con-
taining 0.1% Triton X-100 and 50 mM Hepes (pH 7.4). 0.1 ml lumi-
nol/NaOH solution (luminol 1 

 

m

 

g/ml, dissolved in 0.1 M NaOH/3 mM
EDTA) and 0.1 ml t-buthylhydroperoxide/NaOH solution (7.26 mM
t-buthylhydroperoxide dissolved in 0.1 M NaOH/3 mM EDTA) were
injected simultaneously into a cuvette with 5 

 

m

 

l of cell lysate. Lumi-
nescence output, expressed as counts per second (cps), was measured
during 2 s at room temperature, using a lumimeter Lumac 2000 with
automatic injection, and calculated as pmol heme/mg cell protein
(33).

 

Cytosolic pH (pHi) determination.

 

Cells were seeded on sterile
glass coverslips (12-mm diameter), let to grow to confluence, and
then incubated for 24 h in the presence or absence of 20 

 

m

 

M chlo-
roquine. The cell-coated coverslips were washed twice with Na

 

1

 

-
solution and incubated for 15 min in a 37

 

8

 

C water bath with 30 

 

m

 

M
6-CFDA in Na

 

1

 

-solution. 6-CFDA readily enters the cells, where es-
terases remove the two acetate groups; the resulting non permeant
6-CF is trapped in the cytoplasm. When excited at 490 nm, the inten-
sity of its emission at 520 nm is a function of pH. After 6-CF loading,
the coverslips were washed twice with Na

 

1

 

-solution and put for fluo-
rescence determination in 1 ml of K

 

1

 

-solution at different pH: cali-
bration of the fluorescence signal and pHi measurement have been
performed as previously described (34, 35). To check pHi variations
in cells after short-term chloroquine treatment, we placed control
PAEC monolayers in Na

 

1

 

-solution, added 20 

 

m

 

M chloroquine, and
fluorescence was monitored during the following 20 min as previously
described (35).

 

Measurement of ornithine decarboxylase (ODC) activity. 

 

Cells
grown at confluence in 35-mm diameter Petri dishes were detached
with trypsin/EDTA, washed with PBS, and resuspended in 300 

 

m

 

l of
50 mM Tris-HCl, pH 7.4; suspension was sonicated with two 10 s
bursts and incubated in a reaction mixture containing 

 

DL

 

-[1-

 

14

 

C]orni-
thine and 

 

L

 

-ornithine, as previously described (36). ODC activity was
measured as a function of CO

 

2

 

 released during 1 h of incubation, and
expressed as pmol CO

 

2

 

/h/mg cell proteins.

 

Determination of cells number by crystal violet staining. 

 

Cells
were plated at 2,000/well in a 96-well plate and, after 24 h of incuba-
tion at the experimental conditions indicated, checked for cell num-
ber with a photometrical method as previously described (37): cells
were fixed with glutaraldehyde, and their nuclei were then stained
with crystal violet solution; after washing, crystal violet absorbed by
the nuclei was extracted, and its absorbance was read at 590 nm in a
Packard EL340 microplate reader.

 

Statistical analysis. 

 

Each experimental point has been performed
in duplicate or triplicate per experiment; all data in the text and fig-
ures are given as means

 

6

 

SEM. Statistical analysis was carried out us-
ing the Student’s

 

 t

 

 test for unpaired data.

 

Results

 

NO synthesis is stimulated by chloroquine. 

 

sEnd.1 cells ex-
hibited a detectable NOS activity, measured as ability of the
cell lysate to convert 

 

L

 

-[

 

3

 

H]arginine into 

 

L

 

-[

 

3

 

H]citrulline (Fig.
1). This activity was completely inhibited when assessed in the
lysate in the presence of the NOS inhibitors 

 

L

 

-canavanine
and N

 

G

 

-nitro-

 

L

 

-arginine methyl ester (Fig. 1). When compared
to controls, NOS activity was significantly increased in cells in-
cubated for 24 h with 5–50 

 

m

 

M chloroquine, reaching a maxi-
mal effect at 20 

 

m

 

M (Fig. 1); a similar pattern was observed in
PAEC (not shown). For this reason, we used 20 

 

m

 

M chloro-
quine in the subsequent experiments. After a 24-h incubation

 

of sEnd.1 cells and PAEC in the presence of 20 

 

m

 

M chloro-
quine, nitrite levels in the culture supernatants were signifi-
cantly higher than in corresponding controls (Fig. 2). Chloro-
quine-induced nitrite accumulation was dependent on NO
production, as it was inhibited by coincubation of cells with
different NOS inhibitors (N

 

G

 

-nitro-

 

L

 

-arginine methyl ester,

 

L

 

-canavanine, aminoguanidine) or with packed human eryth-
rocytes, used as reservoir of the NO scavenger hemoglobin
(Fig. 2). In the lysate of the same PAEC used to detect nitrite
accumulation, NOS activity was measured both in the pres-
ence and absence of Ca

 

11

 

. The Ca

 

11

 

–dependent enzyme ac-
tivity was significantly increased in chloroquine-treated cells in
comparison with controls, whereas the Ca

 

11

 

–independent ac-
tivity was not modified (Fig. 3). In the subsequent experi-
ments, we then checked always the Ca

 

11

 

–dependent activity.

 

The chloroquine-evoked synthesis of NO is dependent on a
de novo synthesis of proteins, but it does not require an in-
crease of NOS expression. 

 

Western blot experiments showed
the presence in PAEC and sEnd.1 cells of both the ecNOS and
the macrophagic iNOS isoforms, as bands of 

 

z 

 

130 kD (Fig. 4

 

A). Chloroquine (20 mM, 24 h) did not modify the amount of
ecNOS and iNOS, thus ruling out the possibility that the drug
induced an increased NOS expression. Northern blot experi-
ments excluded that the increase of Ca11-dependent NOS ac-
tivity could be due to an augmented expression of ecNOS
mRNA transcription (Fig. 4 B). In PAEC and sEnd.1 cells the
chloroquine-evoked increase of NO synthesis was already de-
tectable after a 6-h incubation, when measured as both NOS
activity in the lysate and nitrite accumulation in the extracellu-
lar medium (Fig. 5). The increase of NOS activity and NO pro-
duction were dependent on a de novo protein synthesis, as
both of them were blocked by coincubation with cyclohexi-
mide (Fig. 5).

Figure 1. NOS activity in sEnd.1 cells incubated for 24 h in DME 1 

10% FCS with 0–50 mM chloroquine, in the absence (open square) or 
presence (closed square) of 1 mM L-canavanine or NG-nitro-L-argi-
nine methyl ester (open circle). After this time, NOS activity was 
measured in the cell lysates, as described in Methods. Measurements 
were performed in duplicate, and data are presented as means6SEM 
(n 5 8). Versus 0 mM chloroquine: *P , 0.02.
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Chloroquine inhibits cell proliferation in a NO-dependent
way. NO at high concentrations may act as a cytotoxic agent.
Thus, the chloroquine-induced increase of NO synthesis could
be paralleled by an inhibition of cell proliferation. One of the
most sensitive indexes of cell proliferation is the activity of
ODC, a key enzyme of polyamine synthesis (38). A 24-h chlo-
roquine treatment evoked in sEnd.1 cells a profound decrease
of ODC activity (Fig. 6), which was significantly reverted by
coincubation with NOS inhibitors (NG-nitro-L-arginine methyl
ester, L-canavanine). The determination of cell number by
crystal violet staining in PAEC and sEnd.1 cells confirmed that
the inhibitory effect exerted by chloroquine on cell growth was
dependent on NO synthesis, as such an effect was significantly
reverted by the NOS inhibitors (Fig. 7).

Chloroquine increases NO synthesis owing to its lysosomo-
tropism. Chloroquine can act as a weak base, accumulating in
acid cell compartments and increasing pH rapidly; by this way,

the drug can interfere with the functions of the acid vesicle sys-
tem (lysosomes and endosomes) (23). To relate the NOS-acti-
vating effect of chloroquine to its weak base behavior, we com-
pared the effect of another lysosomotropic agent, NH4Cl, on
NO synthesis in sEnd.1 cells (Fig. 8 A) and PAEC (Fig. 8 B):
ammonium chloride exerted the same activating effect of chlo-
roquine on nitrite accumulation in the extracellular medium
(Fig. 8). In parallel, NOS activity in the cell lysate was signifi-
cantly increased by a 24-h incubation with 20 mM NH4Cl both
in sEnd.1 cells (6.7860.38 pmol/min/mg cell protein versus
3.3960.28 pmol/min/mg cell protein in controls, P , 0.001, n 5
4) and in PAEC (0.47960.027 pmol/min/mg cell protein versus
0.25360.009 pmol/min/mg cell protein in controls, P , 0.02,
n 5 4), whereas cell proliferation was inhibited in the same ex-
perimental conditions (Fig. 9).

Chloroquine stimulates NO synthesis by limiting the avail-
ability of iron. Chloroquine and NH4Cl, by increasing lysoso-
mal and endocytic vesicle pH, may interfere with intracellular
free iron availability (39). To clarify the possible involvement
of this mechanism in our experimental conditions, we added to
the cells ferric nitrilotriacetate (FeNTA), an iron chelate com-
pound able to hold iron in a soluble form also at neutral or al-
kaline pH (39). After a 24-h incubation, FeNTA reverted the
effect of chloroquine and NH4Cl on nitrite production (Fig. 8)
and cell proliferation (Fig. 9) both in sEnd.1 cells and PAEC,
thus suggesting that their action was dependent on the ability
to interfere with iron metabolism. The dependence of NO syn-
thesis on iron availability was confirmed by the effect of the
iron chelator desferrioxamine; this compound stimulated ni-
trite synthesis (Fig. 8) and inhibited cell growth (Fig. 9), and
FeNTA reverted both effects (Figs. 8–9). As well as chloro-
quine, in sEnd.1 cells, the effect of desferrioxamine on NOS
activity and nitrite production was already detectable after a
6-h incubation, and reverted by cycloheximide and FeNTA
(Fig. 10, A and B).

Figure 2. Nitrite levels in extracellular medium of sEnd.1 cells (A) 
and PAEC (B) incubated for 24 h in the absence (open bar) or pres-
ence (hatched bar) of chloroquine (20 mM), and in the absence or 
presence of NG-nitro-L-arginine methyl ester (L-NAME, 1 mM),
L-canavanine (L-CANA, 1 mM), aminoguanidine (AG, 1 mM), 
packed human red blood cells (5 ml/ml, rbc). After this time, extracel-
lular medium was removed and checked for nitrite concentration, as 
described in Methods. Measurements were performed in duplicate, 
and data are presented as means6SEM (sEnd.1: n 5 4; PAEC:
n 5 6). Versus control: *P , 0.05, **P , 0.01, ***P , 0.0001; versus 
chloroquine: (closed circle) P , 0.0001.

Figure 3. NOS activity in PAEC incubated for 24 h in the absence 
(open bar) or presence (hatched bar) of chloroquine (20 mM); the ac-
tivity was measured in the cell lysate in the presence (1Ca11) or in 
the absence (2 Ca11) of 0.5 mM CaCl2. Measurements were per-
formed in duplicate, and data are presented as means6SEM (n 5 3). 
Versus 0 mM chloroquine: *P , 0.0001.
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Chloroquine does not influence the level of the iron-con-
taining molecules aconitase and heme. To evaluate the role
played by chloroquine in modifying the bioavailability of iron,
we measured the activity of cytosolic aconitase (an enzyme
containing an iron–sulfur cluster that plays a key role in con-
trolling iron use by the cell) (40) and the level of total heme.
The cytosolic aconitase activity in PAEC after incubation with
20 mM chloroquine for 24 h (14.9561.54 nmol/min/mg cell pro-
tein, n 5 5) was not significantly changed in comparison with
controls (11.5260.85 nmol/min/mg cell protein, n 5 5). Also
the heme content in PAEC was not significantly modified
by chloroquine incubation in the same conditions (control:
8.3361.14 pmol/mg cell protein, n 5 5; 20 mM chloroquine:
9.7360.73 pmol/mg cell protein, n 5 5). These results suggest
that chloroquine interferes only with the pool of free ionized
iron, but does not influence the level of iron complexed into
organic molecules.

Figure 4. (A) Western blot detection of the endo-
thelial cNOS (ecNOS) and inducible (iNOS) iso-
forms, identified as z 130 kDa band, in PAEC 
and sEnd.1 cells incubated for 24 h in the presence 
(1CQ) or absence (2CQ) of 20 mM chloroquine. 
This experiment is representative of three similar 
experiments. (B) Expression of the ecNOS 
mRNA in PAEC and sEnd.1 cells incubated for 
24 h in the presence (1CQ) or absence (2CQ) of 
20 mM chloroquine. This Northern blot experi-
ment is representative of two similar experiments.

Figure 5. NOS activity (open bar) and nitrite production (hatched 
bar) in sEnd.1 cells (A) and PAEC (B) incubated for 6 h in DME 1 
10% FCS, in the presence or absence of 10 mg/ml cycloheximide 
(CHX) and/or 20 mM chloroquine (CQ). After incubation, cells were 
detached and NOS activity was measured in their lysate, while the ex-
tracellular medium was checked for nitrite concentration. Measure-
ments were performed in duplicate, and data are presented as 
means6SEM (n 5 3). Versus respective control (0 mM CQ): *P , 

0.05, **P , 0.01.
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Chloroquine does not influence the level of free cytosolic
Ca11 ([Ca11]i). As the Ca11-dependent NOS activity in
PAEC was increased after incubation in the presence of chlo-
roquine, we checked the ability of chloroquine to affect
[Ca11]i levels, after both long- and short-term stimulation, by
using the fluorescent probe Fluo3. This fluorescent indicator
was chosen as its fluorescence and absorbance spectra are not
altered by chloroquine. [Ca11]i level was 176635.8 (n 5 6) in
control PAEC, and 109.2622.08 (n 5 6, P 5 NS) in PAEC in-
cubated for 24 h with 20 mM chloroquine. The level of [Ca11]i
was not modified also when chloroquine was added to control
PAEC during fluorometric measurement (n 5 6, data not
shown).

Chloroquine does not influence the cytosolic pH (pHi).
As NOS activity has been demonstrated to be influenced by
variations of pHi in rabbit endothelium (41), and chloroquine
is a weak base, we explored the possibility that chloroquine ac-
tivates NOS by inducing an increase of pHi. After a 24-h incu-
bation of PAEC with chloroquine, the pHi (7.1760.03, n 5 6),
measured with a fluorescent pH-sensitive probe, was not sig-
nificantly different from control cells (7.1560.03, n 5 6). Simi-
larly, the addition of 20 mM chloroquine to control PAEC cells
in Na1-solution did not change the pHi during the following 20
min (7.1760.04, n 5 5).

The effect of chloroquine is present in human cells too.
As chloroquine is a drug used in humans, it is interesting to see
whether its effects are evident in human endothelial cells too.
When ECV-304 cells (a human endothelial cell line) were in-
cubated for 24 h with chloroquine, both NOS activity and ni-

trite production increased significantly by 50% and . 100%,
respectively (Fig. 11); the effect of chloroquine was reverted in
both conditions by FeNTA, and nitrite increase was also inhib-
ited by the NOS inhibitor L-canavanine and by the presence of
hemoglobin (as packed erythrocytes) in the extracellular me-
dium (Fig. 11).

Discussion

NO has been found to be effective against a number of patho-
genic agents (bacteria, parasites, helminths, viruses, and tumor
cells), and plays an important role in acute and chronic inflam-
mation (6). As many other flogistic mediators, it can exert both

Figure 6. ODC activity in sEnd.1 cells incubated for 24 h in DME 1 
10% FCS, in the absence (open bar) or presence (hatched bar) of 
chloroquine (20 mM), and in the absence or presence of NG-nitro-
L-arginine methyl ester (L-NAME, 1 mM) or L-canavanine
(L-CANA, 1 mM). After incubation, cells were detached and enzyme 
activity was checked in the lysate (see Methods). Measurements were 
performed in duplicate, and data are presented as means6SEM
(n 5 3). Versus control: *P , 0.0001; versus chloroquine: (closed cir-
cle) P , 0.05, (two closed circles) P , 0.0001.

Figure 7. Determination of cell number by crystal violet staining in 
sEnd.1 cells (A) and PAEC (B) incubated for 24 h in DME 1 10% 
FCS, in the absence (open bar) or presence (hatched bar) of chloro-
quine (20 mM), and in the absence or presence of NG-nitro-L-arginine 
methyl ester (L-NAME, 1 mM) or L-canavanine (L-CANA, 1 mM). 
After incubation, cells were stained with crystal violet for cell number 
determination (expressed as milliunits of optical density; see Meth-
ods). Measurements were performed in duplicate, and data are pre-
sented as means6SEM. A (n 5 3): Versus control *P , 0.005; versus 
chloroquine (closed circle) P , 0.05, (two closed circles) P , 0.002. B 
(n 5 6): Versus control *P , 0.0001; versus chloroquine (closed cir-
cle) P , 0.0001.
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positive and negative effects on the host organism, depending
on the site, time, and amount of its production. We investi-
gated the possible involvement of NO in the effects exerted by
the antimalarial and antiinflammatory drug, chloroquine. An
in vitro incubation of murine and porcine endothelial cells with
chloroquine significantly increased NO synthesis, measured as
both nitrite accumulation in the cell culture medium and intra-
cellular NOS activity. Nitrite accumulation was prevented by
NOS inhibitors or by the NO scavenger hemoglobin, and NOS
activity was completely inhibited by NOS inhibitors. Nitrite
level and NOS activity give complementary information about
NO production, being measured in different experimental con-
ditions. Nitrite accumulation is an index of the actual produc-
tion of NO by whole cells, whereas the lysate NOS activity in-
dicates the total amount of active enzyme and its maximal
activity in the presence of saturating concentrations of sub-
strate. This accounts for the fact that NOS activity and nitrite
levels do not exhibit similar increases. The chloroquine effect

was dose dependent, and reached its maximum value at 20 mM.
This concentration is from 2- to 10-fold higher than that mea-
sured in serum with the regimens used to treat rheumatoid dis-
ease (23, 42) or achieved in plasma of malaria patients during
intravenous infusion (43) and intramuscular administration
(44), but it is very likely to be reached and overcome in endo-
thelial cells lining the vessel wall. Indeed, the drug accumulates
thousands-fold in the intracellular acid compartments within
few minutes, due to its weak base properties (23), and this
leads to a very high gradient of chloroquine through the cell
membrane.

Chloroquine in PAEC increased only the Ca11-dependent
NOS activity. It is difficult to relate this activity to a specific
NOS isoform, as both constitutive and inducible isoenzymes
can be activated by Ca11 in different tissues (45). In sEnd.1

Figure 8. Nitrite production in sEnd.1 cells (A) and PAEC (B) in-
cubated for 24 h in DME 1 10% FCS, in the absence (open bar) or 
presence (hatched bar) of 0.3 mM FeNTA and in the absence or 
presence of 20 mM chloroquine (CQ), 20 mM ammonium chloride 
(NH4Cl), and 50 mM desferrioxamine (desf). After incubation, the 
extracellular medium was checked for nitrite concentration. Mea-
surements were performed in duplicate, and data are presented as 
means6SEM (n 5 5). Versus control: *P , 0.05, **P , 0.005, ***P , 
0.001.

Figure 9. Determination of cell number by crystal violet staining
(expressed as milliunits of optical density) in sEnd.1 cells (A) and 
PAEC (B). Cells were incubated for 24 h in DME 1 10% FCS, in the 
absence (open bar) or presence (hatched bar) of 0.3 mM FeNTA, and 
in the presence or absence of 20 mM chloroquine (CQ), 20 mM am-
monium chloride (NH4Cl), and 50 mM desferrioxamine (desf). After 
incubation, cells were stained with crystal violet for cell number de-
termination (see Methods). Measurements were performed in dupli-
cate, and data are presented as means6SEM (n 5 5). Versus control: 
*P , 0.02, **P , 0.0001.
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cells and PAEC, the chloroquine-evoked increase of NOS ac-
tivity, already detectable after a 6-h incubation, was inhibited
by cycloheximide. This suggests that the activation of NO pro-
duction depended on a de novo synthesis of proteins. As West-
ern blot experiments ruled out that chloroquine induced an in-
creased synthesis of constitutive or inducible NOS, we suppose
that NOS activation implicates the expression of a regulatory
protein. Furthermore, chloroquine has been shown to inhibit
the activities of several enzymes (ATPases, acetylcholines-
terase) by inducing reversible changes in the level of mem-
brane phospholipids, cholesterol, and fatty acids (46); eNOS
has been found to be regulated by its binding to the cell mem-
branes (47, 48), and chloroquine could modulate the enzyme
activity by altering the membrane fluidity and NOS compart-
mentalization.

NO may exert cytotoxic effects by several mechanisms: it
can block glycolysis, by inhibiting glyceraldehyde 3-phosphate
dehydrogenase (49), and cell respiration, via nitrosylation of
iron–sulfur clusters of enzymes (cis-aconitase) and electron
transporters (complexes I, II, and IV of respiratory chain; 50).
Furthermore, NO can elicit nitrosylation of thiol groups
(having either activating or, more often, inhibiting effects on
protein targets; 51), inhibition of ribonucleotide reductase
(leading to inhibition of DNA synthesis; 52), activation of
poly(ADP-ribose) synthase (causing depletion of NAD1 and
ATP; 53), and mutagenesis (54). For these reasons, increased
synthesis of NO is often accompanied by inhibition of cell pro-
liferation (2). Also, chloroquine is cytotoxic, but the mecha-
nisms of its action are controversial (23). Intercalation into
DNA requires doses of drug much higher (1–2 mM) than those

Figure 10. NOS activity (A) and nitrite production (B) in sEnd.1 cells 
incubated for 6 h in DME 1 10% FCS, in the presence or absence of 
10 mg/ml cycloheximide (CHX), 50 mM desferrioxamine (desf), and/
or 0.3 mM ferric nitrilotriacetate (FeNTA). After incubation, cells 
were detached and NOS activity was measured in their lysate, 
whereas the extracellular medium was checked for nitrite concentra-
tion. Measurements were performed in duplicate, and data are pre-
sented as means6SEM (n 5 3). Versus control: *P , 0.02; versus 
desferrioxamine: (closed circle) P , 0.05.

Figure 11. NOS activity (A) and nitrite production (B) in ECV-304 
cells incubated for 24 h in DME 1 10% FCS, in the presence or ab-
sence of 20 mM chloroquine (CQ), 0.3 mM ferric nitrilotriacetate 
(FeNTA), 1 mM L-canavanine (cana), and/or 5 ml/ml packed human 
red blood cells (rbc). After incubation, cells were detached and NOS 
activity was measured in their lysate, whereas the extracellular me-
dium was checked for nitrite concentration. Measurements were per-
formed in duplicate, and data are presented as means6SEM (n 5 3). 
A: versus control *P , 0.02; B: versus control *P , 0.05, **P , 0.01.
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effective to inhibit growth of malaria parasites and mammalian
cells (23). It has been suggested that chloroquine, consistent
with its properties of weak base, accumulates within acid vesi-
cles (coated vesicles, endosomes, lysosomes, Golgi complex,
and plasmodium food vacuole), thus interfering with cell func-
tions associated to these membrane-bound compartments (20,
21, 23).

In murine and porcine endothelial cells, chloroquine inhib-
ited cell proliferation via a NO-dependent mechanism, as the
number of cultured cells was restored to control levels in the
presence of NOS inhibitors. ODC catalyzes the rate-limiting
step in the biosynthetic pathway of polyamines, which are es-
sential for cell growth and function (38). ODC inhibition abro-
gates cells growth, and the activity of this enzyme has shown to
be a very sensitive index of the extent of proliferation rate
(55). In sEnd.1 cells, chloroquine treatment reduced ODC ac-
tivity as well as the cell number, and also this inhibition was re-
verted by NOS inhibitors. Thus, our results suggest that chlo-
roquine inhibits endothelial cells proliferation by stimulating
NO synthesis.

Chloroquine is an amphiphilic cationic compound and a
potent lysosomotropic agent. To determine if weak base prop-
erties are involved in chloroquine-induced stimulation of NO
synthesis, we investigated NOS activity in sEnd.1 cells and
PAEC incubated with ammonium chloride, a compound
widely used, as well as chloroquine, to raise the pH of acid ves-
icles in mammalian cells (23). At the concentration generally
used to increase vesicle pH, ammonium chloride increased ni-
trite accumulation and NOS activity up to levels comparable
to those achieved with chloroquine. This leads us to suppose
that chloroquine activates NOS owing to its ability to increase
intravesicular pH.

By disrupting the pH gradient in the acid vesicles system,
chloroquine and ammonium chloride have been reported to
alter a number of cell functions, such as receptor-mediated en-
docytosis, targeting of acid hydrolases, degradation of internal-
ized macromolecules, antigen processing, and cell growth (23).
For instance, also intracellular transport and mobilization of
iron depend on the normal function of the acid vesicle system:
iron enters the cell while still bound to transferrin, via the
binding of the iron–transferrin complex to a specific cell sur-
face receptor; iron release from transferrin occurs in acid vesi-
cles, and in many cell types it is inhibited by lysosomotropic
agents that elevate vesicular pH, as chloroquine and ammo-
nium chloride (39, 56–60). NO production and iron metabo-
lism are two cell functions interrelated in a complex way. Be-
ing a hemoprotein, NOS needs iron to be synthesized, and in
turn NO causes cells to lose iron, increases expression of trans-
ferrin receptor, decreases expression of ferritin, and inhibits
heme synthesis (2). In murine macrophages, NOS gene tran-
scription is induced by iron deprivation with desferrioxamine
and is inhibited by Fe3

1 (61). A double regulatory loop be-
tween iron and NO has been suggested, in which NO increases
“free” cellular iron, and the increase of intracellular concen-
trations of free iron induces inhibition of NOS transcription
(61). Our data suggest that chloroquine and NH4Cl activate
NOS in endothelial cells by limiting the availability of iron. In
fact, their stimulating effects on NO synthesis and inhibiting
action on cell proliferation were reverted by iron supplementa-
tion with FeNTA, and were mimicked by incubation with des-
ferrioxamine. Chloroquine seems to interfere with the avail-
ability of the free iron pool only, as it did not modify the

activity of cytosolic aconitase (an enzyme containing an iron–
sulfur cluster; 40) and the content of total intracellular heme.
As the methods used for these measurements rely on the cor-
rect redox state of iron in the two molecules, we can conclude
that chloroquine does not modify the Fe11/Fe111 ratio of or-
ganic iron.

Chloroquine influenced the Ca11-dependent component of
NOS activity, but did not modify per se the level of cytosolic
free Ca11 ([Ca11]i), both immediately after cell stimulation
and after a 24-h incubation. This suggests that chloroquine did
not increase NOS activity by modifying [Ca11]i levels, in keep-
ing with the long time required for the drug to alter NO syn-
thesis. NOS activity in rabbit endothelium has been attenuated
by intracellular acidification produced by a Na1/H1 exchanger
inhibitor (41). As chloroquine is a weak base, we explored the
possibility that chloroquine would activate NOS by inducing
an increase of pHi. Chloroquine treatment did not significantly
affect cytosolic pH in PAEC, both immediately and after a 24-h
incubation, thus indirectly confirming that its main site of ac-
tion is the acidic compartment of the cell, where it can be con-
centrated at levels much higher than in cytosolic or extracellu-
lar environment (23).

Taken as a whole, our results show that NO synthesis can
be stimulated by chloroquine, via an impairment of iron me-
tabolism at the level of the acid cell compartments. This effect
is observed in murine, porcine, and human endothelial cells,
and is not mediated by an increased synthesis of NOS, but it
probably needs the induction of some regulatory protein(s).
Thus, our study proposes a further mechanism by which chlo-
roquine may elicit both therapeutic action and side effects. By
stimulating the NO synthesis in host cells, chloroquine could
potentiate immune response against infective agents. The in-
hibitory effect exerted by the drug on proliferation of Le-
gionella pneumophila (39) and Histoplasma capsulatum (62)
in human mononuclear phagocytes has been attributed to a
limited availability of iron to the microorganisms. With the
same mechanism, chloroquine could also potentiate NO syn-
thesis and immune reaction of the host cell, thus favoring the
inhibition of parasite multiplication. Similarly, chloroquine
could potentiate immune response of phagocytes against in-
gested erythrocytic forms of plasmodia. Our preliminary re-
sults suggest that chloroquine induces NO synthesis in human
monocytes as well as in endothelial cells. In murine macro-
phages, chloroquine has been found to inhibit IFN-g and ma-
laria antigen–induced synthesis of nitrite (63), but the effect of
chloroquine on basal nitrite production was not investigated.
A NOS activation in inflammatory cells could account for a
“suicidal” cytotoxic effect, leading to a mitigation of autoim-
mune or chronic inflammatory diseases sensitive to chloro-
quine, as rheumatoid arthritis (64), lupus erythematosus (65),
active ulcerative colitis (66), and psoriatic arthritis (67). For in-
stance, both chloroquine (21) and NO (68) inhibit T cell prolif-
eration. The efficacy of chloroquine in the therapy of por-
phyria cutanea tarda (69) could be mediated by NO, which has
been reported to inhibit heme synthesis (2). On the other
hand, an increased NO production may account for some side
effects of chloroquine, mainly observed after treatment with
high doses of drug or during parenteral administration: inhibi-
tion of platelet aggregation (70), transient hypotension (71),
reduced forearm vascular resistance (72), in vivo vasodilation
(73), mutagenic effects (74), and neuropathies (75). If so, NOS
inhibitors could be associated to high dosage chloroquine
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treatment to prevent the onset of several toxic effects of the
drug.

We are now trying to identify the regulatory protein(s) in-
volved in chloroquine-induced NOS activation. Our prelimi-
nary results suggest that in PAEC chloroquine increases the
expression of ferritin, independently of the intracellular iron
contents. Thus, it is conceivable that chloroquine-induced fer-
ritin could act as an iron scavenger, mimicking the effect of
desferroxamine on NOS activity. Our further efforts will be
addressed to clarify the signaling mechanism by which impair-
ment of acid vesicle system and reduced iron availability acti-
vate NOS, to measure the nitrate levels in blood and urine of
subjects under chloroquine therapy or prophylaxis, as an index
of NO production in vivo, and to extend our study to other cell
types.
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