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Benznidazole, a drug employed in the treatment of Chagas’ disease, down-regulates
the synthesis of nitrite and cytokines by murine stimulated macrophages
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SUMMARY

Benznidazole (BZL) is a nitroheterocyclic drug employed in the chemotherapy of Chagas’ disease, a
protozoan disease caused Bgypanosoma cruziBecause this parasite mostly replicates in macro-
phages, we investigated whether BZL was likely to modify the synthesis of macrophage mediators such
as nitrite, tumour necrosis factor-alpha (TMNf-IL-18, IL-6 and IL-10. Control and stimulated murine
macrophages (lipopolysaccharide (LPS) and/or interferon-gamma-JfiNere treated with BZL and
measurements were carried out in culture supernatants collected 24 h later. Synthesis of nitrite, IL-6 and
IL-10 was maximal upon combined stimulation with LR$FN-v, whereas lower amounts of the three
mediators were detected when both stimuli were given alone. BZL treatment significantly reduced
nitrite, IL-6 and IL-10 production, to undetectable levels in some cases, particularly IL-6 and IL-10.
LPS was the most potent stimulus of lI5-And TNFe production, followed by LPS- IFN-y and IFN-y

in decreasing order. BZL partly inhibited TN&-synthesis, but this effect was smaller than that
observed for nitrite, IL-6 and IL-10. LPS-induced production of |B-Wvas also affected by BZL.
Semiquantification of gene expression for inducible nitric oxide synthase (iNOS) showed that BZL
completely inhibited INOS gene induction by IFN-and resulted in respective inhibitions of 30% and
50% with LPS- and LP§- IFN-y-stimulated cells. BZL was not cytotoxic on macrophage cultures, as
shown by the lactate dehydrogenase activity. Besides its trypanocidal activity, BZL may also alter the
balance between pro- and anti-inflammatory mediators with important consequences for the course of
T. cruziinfection.
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INTRODUCTION investigated thén vitro effects of BZL on the functional activity

of cultured macrophages. We studied the synthesis of various
Q&acrophage-synthesized soluble mediators known to be pre-
sent duringT. cruzi infection: nitrite, a measurement of nitric
oxide (NO) production, tumour necrosis factor-alpha (T
IL-18, IL-6 and IL-10 [6—12]. Some of these probably play a
role in the immunopathological mechanisms accompanying
is trypanosomiasis.

Synthesis of NO occurs through the conversion-afginine to
citrulline by different isoforms of the NO synthases (NOS): two
constitutive enzymes (NOS-1 and NOS-III) detected in the central
As BZL is also toxic to the mammalian host [5], the question nervous s_ystem and endothe_lial cells, _and an indugible .NO
arises whether it induces any metabolic changes in cells serving asg/nthase (INOS or NOS-I)) that is present in many cells, lqclgdlng

macrophages [13,14]. In these cells, the enzyme is transcriptionally

sites of habitation byf. cruzi such as macrophages. We therefore . ) o .
¥ : phag induced by interferon-gamma (IFi-alone or synergistically with

Correspondence: Dr Oscar Bottasso, Instituto de Inmurm|@gicultad !ipqpolysaccharide (LPS? or TNé- [15,16]. Several studies
de Ciencias Meicas, Universidad Nacional de Rosario, Santa Fe 3100,indicate that NO production by activated macrophages plays an
Rosario (2000), Argentina. essential role inn vitro andin vivo resistance against. cruzi

Benznidazole (BZL) is a nitroheterocyclic drug usually employed
in the chemotherapy of Chagas’ disease, a protozoan disea
caused by the haemoflagellaeypanosoma cruaivhich remains

a major health problem in Latin America [1,2]. Although the

biochemical basis for the trypanocidal activity of BZL is still not

properly understood, experimental studies suggest that BZL coul
interfere directly in the synthesis of macromolecules via covalent
binding or other types of interaction between nitroreduction inter-
mediates and various cellular components, like DNA, lipids and
proteins ofT. cruzi[3,4].
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infection [6,17—-19], while excessive amounts of NO released byTechnologies, @co BRL, Cergy Pontoise, France). Successful

these cells may have harmful effects because of its proinflammaisolation of undegraded RNA was checked by minigel electro-
tory activity. Given this background, we were also interested inphoresis. Specific mMRNA was detected by Northern blot analysis
ascertaining whether BZL could affect INOS gene expression if21]. To this end, 2@.g of total RNA were denatured with 6%

stimulated macrophages. formaldehyde, submitted to denaturing 1% agarose gel electro-
phoresis in MOPS buffer, and transferred to a nylon membrane
MATERIALS AND METHODS (PaII Biodyne B; 046¢m) The blot was hybrldlzed for 24h
at 42C with approximately 1-810° ct/min per ml of «-3%P-
Reagents radiolabelled cDNA probe, washed twice for 15min with %-1

Recombinant murine IFN-(specific activity 2¢10° U/mg) was & SSPE/0-1% SDS at 85 and exposed for phosphorimager analysis
gift from Dr G. Adolf (Boehringer-Ingelheim, Vienna, Austria), (Molecular Dynamics). The iNOS cDNA probe was a 781-base
and BZL was a gift from Roche Labs. (Buenos Aires, Argentina). pair BamH| fragment excised from whole murine cDNA for iNOS
LPS from Escherichia coli serotype 0111:B4, was from Sigma of 2.9 kb, kindly provided by Dr Lowenstein [22]. Single-stranded
(St Louis, MO). cDNA was synthesized from total RNA using Moloney’s murine

. . leukaemia virus reverse transcriptase and random hexamers as
Cell cultures and stimulation

. rimers. The reaction mixture was composed ofull6f cDNA
The ma(_:rop.hage cell line RAW 264'7. (macrophage, Abe!sorfemplate (diluted 1:500) obtained fromud of extracted RNA,
leukaemia virus transformed) was obtained from the America

. . : r‘\E.Opmol for iINOS primers and 40pmol foB-actin primers,
Type Cultu_re Collection (Rockville, MD). Cells were adjusted to a 25 nmol of each dNTP (Pharmacia, Uppsala, Sweden), 1.25 U of
concentration of 250000 cells/well (24-well Nunc plates) and
in Dulb , dified Eagle’ inimal i ITaq DNA polymerase (Roche, Meylan, France)ull6f 10x PCR
grog\{n |nDMIL:—JMeccos| mo Itlz 'thagsf(;sh mtlnlmat. etsséjer; If‘lbuffer (Promega, Madison, WI), in a final volume of 140
medium ( ) supplemented wi >0 heat-inactivated feta Amplifications were performed in a thermocycler (Perkin-Elmer)
calf serum (FCS) shown to be endotoxin-free, 2 mglutamine, . : R .
) tial ami ids. 2nEPES and 2 " R according to the following programme: initial denaturation &4
g?/n gssencla“ammo acl ItS‘ d - ?1? SQS gen ar?lycm Ilr; for 5min (one cycle) followed by denaturation for 1 min at@4
0 Q. Cells were cultured overnight. ubsequently, cu ul'eannealing for 1 min at 5€ and extension at 7€ for 72s (35
medium was replaced by 1 ml of fresh medium with or without . . . .
LPS (100 na/ml). i b f ou/mi d cycles). Final extension was done at@Zor 10 min. The primer
(100 ng/ml), in presence or absence of H{600 U/ml), an used for INOS was designed to generate a fragment of 598 bp:

of le'- (final Conci“”‘."‘“ﬁns ?'1"7“ 0-5my, or 1mu). BZI'- Was  sense, 5SAAGCTGCATGTGACATCGACCCGT-3 anti-sense,
) MOl 0] 4n CCATCTGGTAGCCAGCGTACCGG S The priner st
IFN-y were added with similar amounts of 2-methoxiethanol Wereused to generate a fragment of 644 bp Poactin was: sense,
. i - “5-ATCATGTTTGAGACCTTCAA-3, anti-sense, 5TTGCGCT-

also performed for comparison purposes. After 24 h of St.'mUIatlonCAGGAGGAGCAAT-S. Semiquantification of gene expression
culture supernatants were collected and stored@I'C until use. 5 i oS was performed after co-amplification and normalization
with the B-actin internal control. The expression levels for the
iINOS transcript were evaluated after ethidium bromide staining by

nsitometric scanning using a video camera (Imager, Appligene,
lllkirch, France) and analysed using Image 1.44 b1l Maclntosh

Nitrite determination

Nitrite accumulation in supernatants from cultured cells was
measured by the Griess method [13]. The Griess reagent w
prepared by mixing equal volumes of 1% sulfanilamide in 30%
acetic acid and 0-1% naphthylethylene diamine dihydrochloride irsoftware.

60% acetic acid. Equal amounts of culture supernatant from the ) o

macrophages and Griess reagent were combined, and incubated ffidies of cell viability _ _

10 min at room temperature. Absorbance was measured at 543 niff€!l cytotoxicity was determined by measuring the release of
Nitrite concentration was quantified using various Nahg@n-  |actate dehydrogenase (LDH) activity (Sigma assay) in culture
centrations in culture medium as standard and data were expressegPernatants.

in pm. - .
Statistical analysis

Cytokine immunoassays Four sets of independent experiments were conducted under
Murine cytokines were measured by specific two-site ELISA identical conditions, unless otherwise stated. Results are presented
according to the manufacturer's specifications with referenceds the meant s.e.m. of triplicate determinations from one set of
standard curves, using known amounts of the respective murinXperiments. The significance of the observed differences was
recombinant cytokines. The antibody pairs (capture antibody angalculated by analysis of variance and Studettést.P <0-05 was
horseradish peroxidase (HRP)-conjugated antibodies) for th&onsidered significant.

detection of TNFe (detection limit 23-4 pg/ml), IL-6 (detection

limit 15-6 pg/ml), IL-10 (detection limit 15-6 pg/ml) and IL31 RESULTS

(detection limit 3 pg/ml) were from R&D Systems (Minneapolis,

MN). All samples were assayed in duplicate and plates were reafiffects of BZL on thén vitro synthesis of nitrite and cytokines

on an ELISA reader. by stimulated macrophages

Differences in nitrite production and cytokine synthesis were
RNA extraction, cDNA synthesis and polymerase chain analysed according to stimulation procedures and BZL concentra-
reaction amplification tions added to culture media. Data wherein LPS, BHEN-y or

Cells from parallel cultures were lysed in Trizol reagent, and totallFN-y were added with 2-methoxiethanol are omitted as they did
RNAs was extracted as described by the manufacturer (Lifenot differ from their counterparts without solvent.
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Nitrite production in unstimulated cells was low and was only when it was added at 1nm Although TNF« values in
unaffected by the addition of BZL (Fig. 1). In contrast, synthesiscultures containing 0-5mand 1 nm BZL appeared to be signifi-
of TNF-o by unstimulated cells appeared to be significantly cantly below those from LPS-stimulated control cultures, such a
lowered in cultures containing 0-5wmand 1m BZL. IL-16, decrease was much less important in biological terms.
IL-6 and IL-10 were not found in any culture supernatants. BZL caused a marked decrease of nitrite production in 4=N-
LPS stimulation of cell cultures increased ThFand nitrite  stimulated cells, and completely blocked IL-6 and IL-10 synthesis
production, and also induced ILB1 IL-6 and IL-10 synthesis even at its lowest concentration (Fig. 3). TNFlevels were
(Fig. 2). Measurements in supernatants from BZL-treated cellslightly reduced in BZL-treated cultures, the effect being more
showed that BZL at any of the employed concentrations signifi-pronounced at 0-5m and 1mu. Nevertheless, it should be
cantly lowered nitrite, IL-6, and IL-10 levels, dose-relatedly in the emphasized that the down-regulatory effects of BZL on TdNF-
case of the first two. IL-8 levels were also lowered by BZL, but synthesis by IFNy-stimulated cells did not reach the inhibition
seen in the case of nitrite, IL-6 and IL-10 production. Synthesis of
IL-13 by IFN-y-stimulated cells was low irrespective of whether or
Nitrite not cultures contained BZL.
4 Data analysis from cultures stimulated with LPS plus WN-
showed that synthesis of nitrite, IL31and IL-6 was affected by
in vitro BZL treatment (Fig. 4). Decreased nitrite production was
observed at 0-5m and 1mu BZL, whereas IL-B and IL-6
synthesis was reduced at all three BZL concentrations. In contrast,
addition of BZL to cultures did not affect synthesis of TNFoer
IL-10, levels of which were increased in all culture supernatants,
with statistical comparisons yielding non-significant differences.

um

iINOS gene expression
Given the differences observed in nitrite production when adding
BZL to cultures, we investigated iINOS gene expression in such
cells. Northern blot analysis indicated that INOS mRNA induction
could be detected after 6 h of stimulation, being highest in cells
BZL 01 BZL 05 BZL 1 Control stimulated with LPSkIFN-y, with presence of BZL (1m)
leading to a marked inhibition of INOS mRNA induction regard-
less of the inducing agent (data not shown). In order to quantify the
reduction in INOS mRNA expression by BZL treatment, the same
400~ preparation of total RNA was submitted to semiquantitative
TNF-a reverse transcriptase-polymerase chain reaction (RT-PCR). BZL
treatment markedly reduced iINOS mRNA levels (Fig. 5). In
P < 0-001 agreement with findings from Northern blot analysis, densito-
1 metric quantification by using-actin as an internal control
i — indicated that BZL completely inhibited iNOS gene induction
by IFN-y, and led to respective reductions of 30% and 50% with
200 |- LPS- or IFN< + LPS-stimulated cells (same figure). Similar
results were obtained in three independent experiments.
3 To rule out changes in cell viability due to BZL treatment,
LDH levels in supernatants from stimulated cells were measured.
100 [ Data analysis revealed no significant differences in LDH concen-
trations in culture supernatants, irrespective of whether or not
cultures were BZL-treated. In all cases, LDH values did not exceed
0-5% of the total LDH activity obtained from the corresponding
cell extracts (data not shown).

300 [~

pg/ml

BZL 01 BZL 0-5 BZL 1 Control

Fig. 1. Nitrite and tumour necrosis factor-alpha (TNf-production by DISCUSSION

RAW 264.7 murine macrophages subjected to benznidazole (BZL) treat-

ment. Macrophages (28L0°cells/well) were cultured in Dulbecco’s Activated macrophages have long been recognized as the effector

modified Eagle’s medium (DMEM) plus 5% heat-inactivated fetal calf arm of cell-mediated immunity. With regard to experimental

serum,L-glutamine, noh—essential amino acids, HEPES and _gentar_nycminfections, such macrophages have been shown to exert an anti-

After 24 h, culture medium was replaced by 1 ml of fresh medium with or picropial effect against a broad range of intracellular pathogens,

without B.ZL (final concentrations 0-1wm 0-5mm, or 1mu, dissolved in . mainly through the synthesis of NO. In murine cells, synthesis of

2-methoxiethanol). Nitrite and TNE-measurements were performed in Oi ilv inducible by IENy i binati ith d

culture supernatants collected 24 h later. Data correspond to a represen%‘-_ IS ea?'y induci e_ y Nr_m com Ina.lon with a secon
stimulus like LPS, which constitutes a major component of the

tive experiment of four independent experiments performed with similar ; .
results. Bars and columns represent the mean of triplicate determinatiorRUter membrane of Gram-negative bacteria. Furthermore, LPS has

+1s.e.m. TNF levels in control and BZL 0-1 significantly different from been implicated as the primary initiating agent in Gram-negative
BZL 0-5 and BZL 1,P<0-005. sepsis because of the activation of inflammatory cells, particularly
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Fig. 2. Effect of benznidazole (BZL) on nitrite, tumour necrosis factor-alpha (B)FH.-6, IL-10 and IL-13 production by lipopoly-
saccharide (LPS)-stimulated RAW 264.7 murine macrophages. Cells were cultured overnight as described for Fig. 1. Culture medium was
then discarded and cells were grown for 24 h in fresh medium containing LPS (100 ng/ml) with or without BZL. Data correspond to a
representative experiment of four independent experiments performed with similar results. Bars and columns represent the mean of triplicate
determinationst 1 s.e.m. TNFe levels of LPS significantly different from BZL 0-5 and BZL B<0-01.
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Fig. 3.IFN-y stimulation of RAW 264.7 murine macrophages and the effect of benznidazole (BZL) on the synthesis of nitrite, tumour necrosis
factor-alpha (TNF), IL-6, IL-10 and IL-18. Following overnight incubation with supplemented Dulbecco’s modified Eagle’s medium
(DMEM) medium (see Fig. 1 legend), culture medium was replaced by fresh medium containing(829-U/ml) with or without BZL.

Culture supernatants were collected 24 h later for nitrite and cytokine measurements. Data correspond to a representative experiment of four

independent experiments performed with similar results. Bars and columns represent the mean of triplicate detersihations.
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Fig. 4. Levels of nitrite, tumour necrosis factor-alpha (TNJ-IL-6, IL-10 and IL-13 in culture supernatants from lipopolysaccharide
(LPS)+ IFN-y-stimulated RAW 264.7 murine macrophages in the presence or absence of benznidazole (BZL). Experimental conditions were
similar to those employed in LPS-stimulated cultures except for the fact thay 1890 U/ml) was also present in the medium with which

cells were cultured during the last 24 h. Data correspond to a representative experiment of four independent experiments performed with
similar results. Bars and columns represent the mean of triplicate determinatbbsse.m.

the mononuclear phagocyte, which releases a series of additionatimulus of IL-18 production, like LPS, and when employing the
mediators including TNFe, IL-1 and IL-6 [23]. highest BZL concentration for cultures stimulated with LPS alone.
In the studies reported here, we have demonstratednthéto The mechanism underlying BZL-induced changes in the
BZL treatment of mouse activated macrophages down-regulatedctivity of macrophages, in terms of their immunologically
the synthesis of nitrite, IL-6, and to a lesser extent Bahd IL-10.  active secreted mediators, is presently unknown. Some experi-
In fact, BZL-induced inhibition of nitrite and IL-6 production was mental evidence indicates that BZL-reactive metabolites resulting
observed regardless of whether or not cells were stimulated witlrom the enzymatic reduction of BZL are able to bind covalently to
LPS and/or IFNy. In contrast, BZL-related blocking of the DNA, nuclear proteins and lipids [24—26], which in turn might be
synthesis of IL-B and IL-10 was more dependent on the way responsible for the deleterious effects that BZL is known to have in
that the cells were stimulated. More specifically, decreased synmammalian cells [24—-26]. If decreased macromolecular synthesis
thesis of IL-10 was demonstrated when BZL was added to culturesesulting from covalent binding of drug-reactive metabolites to
stimulated with LPS or IFNy alone, whereas in the case of II3-1  cellular components is to account for our results, a rather unspecific
the BZL-induced inhibition became evident upon using a powerfulinhibition of the synthesis of all macrophage products should have

Iy £ i g AT,
iINOS = T A——
1 2 3 4 5 6 7 8

Fig. 5. Induction of inducible nitric oxide synthase (iINOS) gene expression in RAW 264.7 murine macrophages stimulated in the presence of
benznidazole (BZL). Cells were stimulated in the absence or presence of lipopolysaccharide (LPS; 100 ng/ml) and(600R0¥ml), with

or without BZL. Total RNA of cells stimulated for 6 h was reverse-transcribed and polymerase chain reaction (PCR) co-amplification was
performed for iNOS and th@-actin gene, as described in Materials and Methods. The expression levels for the iINOS transcript were evaluated
after ethidium bromide staining by densitometric scanning using a video camera and analysed by using Image 1.44 b11 MaclIntosh software.
Lanes 1 and 5, untreated cells; lanes 2 and 6, {Fikeated cells; lanes 3 and 7, LPS-treated cells; lanes 4 and 8} LIP$-y-treated cells.

Cells were untreated (lanes 1-4) or treated withMLBZL (lanes 5-8).
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