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ABSTRACT

Objective: To investigate the leishmanicidal effects of two antioxidants, caffeic acid and
quercetin on Leishmania major (L. major) promastigotes in vitro, and their immuno-
modulatory effects on infected phagocytes derived from susceptible BALB/c mice.
Methods: Caffeic acid and quercetin-induced cell deathwas examinedbyPi-Hoechst double
staining of L. major promastigotes and MTT assay, in the presence or absence of protease
inhibitors in vitro. Caffeic acid or quercetin were administered subcutaneously to BALB/c
mice infected with L. major promastigotes through a dorsal air pouch. Nitric oxide and su-
peroxide anion production by phagocytes infiltrating the air pouch and the expression of
inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNF-a) andnuclear factor
kappa B in the air pouch membrane were therefore evaluated using appropriate methods.
Results: Caffeic acid and quercetin displayed a dose-dependent cytotoxic effect against
L. major promastigotes, and induced cell death via caspases-independent pathways.
In vivo, L. major promastigotes inoculation into air pouch cavity of BALB/c mice leads to
a sequential influx of neutrophils (hours), followed by macrophages (days). Results
showed that L. major delayed apoptosis of infected neutrophils and macrophages by the
cleavage of the nuclear factor kappa B p65RelA subunit, and persisted by inhibiting TNF-a
and iNOS expression and reactive oxygen species generation. Caffeic acid or quercetin
restored reactive oxygen species production and TNF-a-induced iNOS activity, and
abrogate apoptosis delay of infected phagocytes.
Conclusions: The leishmanicidal effect of caffeic acid and quercetin on promastigotes
and amastigotes, as well as reactivation of infected phagocytes apoptosis, suggested a
potential therapeutic role against cutaneous leishmaniasis.
1. Introduction

Algeria is the second largest focus of cutaneous leishmani-
asis, and one of the eight countries that cumulate 90% of
cutaneous leishmaniasis, worldwide [1]. Leishmania infantum
and Leishmania major (L. major) are the causative agents of
two endemic clinical forms of cutaneous leishmaniasis in
northern and southern Algeria, respectively [2,3].

Neutrophils are innate cells that internalize Leishmania pro-
mastigotes in the first hours of infection, before being them-
selves phagocytised by macrophages, about two days later [4,5].
This silent way of infection reinforces the role of neutrophil in
innate response to leishmaniasis.

Intracellular oxidative killing of phagocytised pathogens by
neutrophils involves nicotinamide adenine dinucleotide phos-
phate oxidase 2 activation and rapid and massive production of
reactive oxygen species (ROS) by oxidative burst. In addition,
neutrophils can form extracellular traps (NETs), a network of
double strands of DNA fragments coated with antimicrobial
molecules that contribute to the extracellular killing of parasites
[6,7]. NETs participate to cell death by both ROS dependent and
independent pathways [8].
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Leishmania parasite shows some sensitivity to superoxide
anion (O2.-), derived from the respiratory burst of phagocytes,
primarily neutrophils [9–11]. However, it can escape oxidative
attack by the inhibition of oxidative burst, and the blockade of
early fusion of tertiary and specific granules with the parasite-
containing phagosome [12,13].

Nitric oxide (NO) produced by interferon gamma (IFN-g)
and tumor necrosis factor alpha (TNF-a) activated macrophages
is the most effective endogenous oxidant for killing intracellular
amastigotes [14]. Parasite killing is also dependent on neutrophil
elastase and TNF-a production in resistant B6 mice. Otherwise,
the phagocytosis of apoptotic neutrophils exacerbates L. major
growth through prostaglandin E2 and transforming growth
factor beta (TGF-b) production by macrophages of BALB/c
susceptible mice [15–17].

Infected phagocytes have delayed apoptosis involving nu-
clear factor kappa B (NF-kB) signalling [18,19]. Thus,
deciphering the role of NF-kB in immunity to L. major could
have crucial implications for the design and delivery of vaccines.

A variety of stress stimuli, such as heat shock and NO can
induce an apoptotic-like cell death independently of caspases
activation, which leads to fragmentation of genomic DNA into
many oligonucleosomes [20–22].

Various therapeutic molecules were used against leishmaniasis
with little success, due to their toxicity, chemo-resistance and their
high cost. Thus,most people living in affected areas depend largely
on popular treatments and traditional medicine practices [23].

Natural compounds such as plant extracts deployed potent
immuno-modulatory potential, which could be a convenient
adjuvant to conventional chemotherapy.

Phenolic compounds are subdivided into phenolic acids
(caffeic acid), flavonoids (quercetin), and tannins. Recent studies
demonstrated significant immuno-modulatory effects and anti-
leishmanial activity of polyphenols, in vitro [24–26].

This study evaluated the apoptotic and leishmanicidal effects of
quercetin, and the hydroxy derivative of cinnamic acid, a precursor
of flavonoids, caffeic acid on promastigotes in vitro, and on the
production of superoxide anion, and NO by macrophages and
neutrophils from BALB/c mice infected through a dorsal air pouch,
as well as the expression of TNF-a, inducible nitric oxide synthase
(iNOS) andNF-kBin subcutaneous tissue of apexpouchmembrane.

2. Materials and methods

2.1. Reagents

Caffeic acid and quercetin were obtained from Fluka and
BDH, respectively. All other chemicals were from Sigma
Aldrich, except otherwise indicated.

2.2. Ethics statement

All experimentswere conducted in accordancewith the Ethical
Committee for animals’ welfare of the Université des Sciences et
de la Technologie Houari Boumediene, Algiers, Algeria.

2.3. Evaluation caffeic acid and quercetin effects on
L. major promastigotes in vitro

2.3.1. Production of promastigotes
Algerian strain of L. major (MHOM/DZ/2000/LIPA1126)

was kindly provided by the Laboratoire d’Eco-Epidémiologie et
Génétique des Populations, Institut Pasteur (Algiers, Algeria).
L. major promastigotes were collected at stationary phase from
biphasic NNN (Novy-McNeal-Nicolle) and RPMI 1640 culture
media supplemented with 10% heat-inactivated fetal calf serum,
100 IU/mL of penicillin and 100 mg/mL of streptomycin.

2.3.2. Determination of L. major promastigotes viability
The effect of caffeic acid and quercetin on promastigotes

viability was determined by modified MTT assay [27].
Promastigotes (0.2 × 106 cells/well) in a 96-well plate were
treated with increasing concentrations of caffeic acid or quer-
cetin (0, 150, 250 and 400 mmol/L). After 24 h at 25 �C, cell
pellets were collected and suspended in 100 mL of phosphate
buffer saline (PBS) containing 1 mg/mL MTT, and incubated for
4 h at 25 �C.

Intracellular MTT-formasan crystals were dissolved, and
absorbance was read at 550 nm. Otherwise, stationary phase
parasites were exposed to a heat shock at 55 �C followed by 1 h
incubation at 25 �C.

The % of viable cells was calculated as follows: (AT – AB)/
(AC – AB) × 100, where AC, AT, AB were absorbance of
control, treated cells and blank, respectively [28].

2.3.3. Determination of L. major promastigotes
apoptosis

The morphological changes induced by caffeic acid and
quercetin were analyzed on promastigotes smears stained with
May-Grunwald-Giemsa. Up to 20 microscopic fields were
screened under light microscope for each sample (MOTIC®).
Otherwise, aliquots of promastigotes were attached on positively
charged super frost slides and loaded with the fluorescent nu-
clear stain propidium iodide (5 mg/mL), and Hoechst 33258
(1 mg/mL) for 30 min. The number of apoptotic cells was
evaluated for 100 cells under fluorescence microscopy (Carl
Zeiss Inc., Thornwood, NY).

2.3.4. Determination of proteases activity in L. major
promastigotes

The role of caspases and other proteases in caffeic acid or
quercetin induced cell death was examined by treatment of
promastigotes (0.2 × 106/200 mL) in a 96-well plate for 2 h with
1 mmol/L phenylmethylsulfonyl fluoride (PMSF) or 10 mmol/L
ethylenediaminetetraacetic acid (EDTA), and then incubated
with increasing concentrations of caffeic acid or quercetin (0,
150, 250 and 400 mmol/L) for 24 h at 25 �C. The viability of
promastigotes was evaluated using MTT assay [27].

2.4. Dorsal air pouch infection of susceptible BALB/c
mice

BALB/c mice (6–8 weeks old) were bred under controlled
conditions. They were supplied standard rodent chow and water,
ad libitum.

Dorsal air pouches were raised on BALB/c mice (n = 6) by
subcutaneous injection of 4 mL of sterile air on Days 0 and 3.
L. major promastigotes (5 × 106/air pouch) were sterilely inoc-
ulated at Day 6. Control air pouches received sterile PBS or 2%
starch. Treated groups received 25 mg/kg of caffeic acid or
quercetin, subcutaneously once daily for 4 days. Mice were
lethally anesthetized at 0 h, 4 h, 24 h, and 96 h. Air pouch ex-
udates were collected and analyzed for their leukocytes content.
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Apex of pouch membranes were punctured with a scalpel and
separated from adjacent subcutaneous and paraspinal tissues.
Specimens of apex membranes were either fixed in 10% buff-
ered formalin overnight and processed for histological analyses,
or homogenized in 50 mmol/L ice-cold phosphate buffer (pH
7.2) containing 0.5% TritonX-100 and freezed-thawed three
times. Homogenates were centrifuged at 10000 g for 10 min at
4 �C. Membrane supernatants were collected and stored
at −70 �C for biochemical analyses.

2.5. Biochemical assays

2.5.1. NO assay
Equal volumes of air pouch exudates or membranes super-

natants and Griess reagent (1% sulfanilamide and 0.1% N-(1-
naphtyl) ethylenediamine dihydrochloride in 2.5% H3PO4)
were incubated for 20 min at room temperature. Absorbance was
measured at 540 nm, and nitrites levels were expressed as mmol/
L of nitrites per mg of protein.

2.5.2. Superoxide anion assay
Phagocytes harvested at 4 h, 24 h and 96 h post L. major

inoculation in pouch cavity, were seeded in a 96-well plate at
106 cells/mL of PBS pH 7.4, containing 80 mmol/L cytochrome
C, and stimulated by 160 nmol/L of phorbol 12-myristate, 13-
acetate (PMA) for 30 min at 37 �C [29].

Absorbance was read at 550 nm with a microplate reader
(EL800), and the results were expressed as mmol/L/min/
106 cells.

2.5.3. Assessment of phagocytes recruitment into
inflamed tissues

Neutrophils influx was assessed by myeloperoxidase (MPO)
activity. Membranes supernatants were added to 50 mmol/L
phosphate buffer (pH 6.0) containing 0.167 mg/mL of o-dia-
nisidine hydrochloride. The reaction was started with 0.000 5%
H2O2, and the absorbance at 460 nm was read after 5 min at
30 �C. MPO activity was expressed as mmol/L of H2O2/min/mg
protein [30].

Macrophages recruitment was quantified by a-naphtyl ace-
tate esterase activity (ANAE), using a slightly modified method
[31]. Briefly, membranes supernatants were incubated in
20 mmol/L sodium phosphate buffer solution (pH 7.0) and
25 mmol/L a-naphtyl-acetate for 15 min at 30 �C. After o-
dianisidine treatment, absorbance was read at 600 nm. ANAE
activity was expressed as mmol/L a-naphthol min/mg protein.

2.5.4. Assessment of cell death
Thin sections of apex pouch membranes or cell suspensions

collected from exudates at 4 h, 24 h and 96 h post infection were
exposed to the DNA binding dyes propidium iodure (5 mg/mL)
and Hoechst (1 mg/mL), 30 min at room temperature [32]. Cell
apoptosis was evaluated on about 100 phagocytes and
200 cells under fluorescence microscopy for nuclear
morphology alterations (Carl Zeiss Inc., Thornwood, NY).

2.6. Immuno-histochemical detection of iNOS, TNF-a
and NF-kB expression

Histological sections of formalin fixed apex membranes were
spread on positively charged super frost slides. Antigen was
retrieved by incubating the slides in Tris–EDTA buffer (pH 9.0),
0.05% Tween-20, for 30 min at 95 �C. Endogenous peroxidases
and nonspecific binding sites were blocked with 3% H2O2 for
10 min followed by 0.3% non-fat dry milk for 2 h.

The slides were incubated overnight at 4 �C with the primary
antibody p65RelA, anti-iNOS, and anti-TNF-a (1:100,
Invitrogen-Life Technologies), and then treated for 2 h with
biotinylated goat anti-rabbit immunoglobulin horseradish
peroxidase-conjugated streptavidin (1:500), and visualized using
3,3’-diaminobenzidine as substrate (Invitrogen-Life Technolo-
gies). The slides were counterstained with hematoxylin, and 20
fields/section were analyzed by light microscopy (MOTIC®).
Pictures were taken using a digital camera at 200, 400 and 1000
resolution.

2.7. Statistical analysis

Data were analyzed using student's t-test. Differences be-
tween infected mice compared to infected treated mice were
considered significant at P < 0.05. Apoptosis rates were
analyzed by Mann–Whitney's U test. Two independent experi-
ments were analyzed for five to six mice per group.

3. Results

3.1. Caffeic acid and quercetin induced cell death in
L. major promastigotes

L. major cell death was investigated by light and fluorescence
microscopy (Figure 1A, B) and by MTT assay (Figure 1C).

In contrast to control promastigotes that displayed elongated
form, caffeic acid and quercetin treated promastigotes had
granular ovoid or round shape morphology with condensed
chromatin, and a short and thick flagellum evoking amastigotes
(Figure 1A).

As shown in propidium iodure and Hoechst doubled-stained
slides, (51 ± 1)% (P < 0.001) of caffeic acid-treated promasti-
gotes were apoptotic, compared to 2% of apoptotic untreated
cells. The percentage of propidium iodure-stained cells ranged
from 2.00% in caffeic acid-treated promastigotes to 29.26% in
quercetin-treated promastigotes, indicating that caffeic acid
leishmanicidal activity is driven primarily by apoptosis, while
quercetin preferentially induced necrosis (Figure 1).

Caffeic acid and quercetin decreased the viability of pro-
mastigotes in a dose-dependent manner that reached 68.90% and
59.22%, respectively with the dose of 400 mmol/L.

3.2. Caffeic acid and quercetin induced caspases-
independent promastigotes death

Caffeic acid (400 mmol/L) reduced the viability of promas-
tigotes to (31.09 ± 0.45)% of control. This remained unchanged
in the presence of PMSF, a serine proteases inhibitor
(38.62 ± 1.03)% and EDTA, a metalloproteases inhibitor
(42.29 ± 1.24)%. Quercetin (400 mmol/L) reduced the viability
of extracellular parasite to (40.77 ± 7.97)% of control. PMSF
(44.44 ± 4.56)% and EDTA (47.40 ± 1.99)% were without any
further effect (Figure 1C).

Proteases implication in the death of Leishmania was also
assessed by fluorescence. The level of caffeic acid induced
apoptotic promastigotes (51 ± 1)% remained unaltered in
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Figure 1. L. major cell death is independent of serine proteases and metalloproteases.
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presence of PMSF (63.33 ± 2.88)% and EDTA (50.66 ± 5.50)%.
Quercetin induced-cell death (54.33 ± 8.02)% remained un-
changed in presence of PMSF (64 ± 4)% and EDTA
(53 ± 10.14)%. These results suggested that caffeic acid or
quercetin caused a protease-independent programmed cell death
of Leishmania promastigotes (Figure 1A, B).

3.3. L. major induced leukocytes recruitment, in vivo

Inoculation of L. major led to a rapid and massive accumu-
lation of inflammatory cells in air pouch cavity. Neutrophils
(77.50 ± 8.18)%, macrophages (18.33 ± 6.65)%, eosinophils
(9.00 ± 5.29)%, and lymphocytes (1.33 ± 0.57)% were recruited
4 h after L. major inoculation. Neutrophils level was maintained
at 82.75%, 24 h post infection (Figure 2).

This infection resulted in a massive influx of leucocytes in
pouchmembranes (Figure 3A,Dd). They reached (76.50±4.04)%
and (77.50 ± 3.53)%, respectively 4 h and 24 h post infection and
decreased to (37.00 ± 4.24)% at 96 h (Figure 3B), while the
number of macrophages enhanced from (14.50 ± 0.70)% to
(52.50 ± 3.53)% at 4 h and 96 h, respectively (Figure 3C, D).

3.4. Caffeic acid and quercetin reduced inflammatory
cells infiltrate

Caffeic acid and quercetin decreased neutrophils influx in air
pouch cavity by 10.68% and 3% at 4 h (P < 0.01), and by
63.74% and 62.13% at 24 h (P < 0.01) (Figure 2B). In contrast,
neutrophils number enhanced by 21.38% and 25.25% at
4 h (P < 0.05), and by 39.62% and 32.17% at 24 h (P < 0.05),
respectively, compared to infected group (Figure 3C).

L. major enhanced the relative density of macrophages in air
pouchexudates by 2.8 and 2.7 fold, andby 7.2 and7.4 fold at 4 h and
24 h after caffeic acid and quercetin treatment (Figure 2C). How-
ever, caffeic acid increased the number of macrophages (2.47, 2.31
and 1.45 fold) at 4 h, 24 h and 96 h, and reduced the rate of neu-
trophils (1.89 fold) at 96 h in skin of infected mice. No significant
difference was observed in the density of resident macrophages of
quercetin-treated mice, compared to infected group (Figure 3C).

MPO activity increased by 152% (P < 0.001) and 155%
(P < 0.01) at 4 h and 24 h, while ANAE increased by 112.73%
(P< 0.05) at 96 h.Caffeic acid and quercetin reducedMPOactivity
inmembranes supernatants by 61.27% and 59.25% (P< 0.001), by
51.64% and 41.65% (P < 0.001), and by 25% (P < 0.05) and
2.74% (P < 0.05) at 4 h, 24 h and 96 h, respectively (Figure 4A).

Esterase activity decreased by about 32% with caffeic acid
(P < 0.05) and quercetin (P < 0.01) 4 h after infection, while no
significant change was observed at 24 h. Caffeic acid enhanced
by 20.57% ANAE activity at 96 h post infection, concomitantly
with enhanced macrophages influx (Figure 4B).

3.5. Caffeic acid and quercetin enhanced apoptosis of
infected cells

Fluid exudates and pouch membranes of L. major infected
BALB/c mice contained viable inflammatory cells harbouring
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test, *: P < 0.05; **: P < 0.01; ***: P < 0.001 caffeic acid or quercetin
treated v.s. untreated cells; #: P < 0.05; ##: P < 0.01; ###: P < 0.01 infected
v.s. uninfected cells; CA: Caffeic acid.
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viable amastigotes (Figures 5 and 6A). The rate of apoptosis
remained unchanged, compared to PBS-treated mice
(Figure 6B). Interestingly, caffeic acid and quercetin-treated
mice revealed the presence of apoptotic and necrotic neutro-
phils harbouring dead amastigotes as assessed by their respective
bright blue or pink staining (Figures 5 and 6A). Caffeic acid and
quercetin enhanced apoptosis by 194% and 80% (P < 0.05), and
by 165% and 91% (P < 0.01) in pouch membranes, by 40% and
Pi-Hoechst     MGG

PBS

24h

96h

L. major

Pi-Hoechst    MGG

Figure 5. Pro-apoptotic and necrotic effect of caffeic acid and quercetin on in
Propidium iodure-Hoechst and MGG stained sections showed apoptotic or/and
staining, compared to controls. Presence of apoptotic or necrotic neutrophils
quercetin treated mice.
36% (P < 0.01), and by 57% and 51% (P < 0.01) in fluid ex-
udates at 24 h and 96 h, respectively (Figure 6B).

3.6. Caffeic acid and quercetin generated ROS in
L. major primed neutrophils

Our results showed that the level of superoxide anion release
by L. major treated and PMA stimulated neutrophils ex vivo
decreased by 81%, 70% and 64% (P < 0.001) at 4 h, 24 h and
96 h, respectively, compared to PMA stimulated cells
(Figure 7A, B).

Caffeic acid slightly restored superoxide anion production by
L. major and PMA stimulated neutrophils by 28% and 12% at
24 h and 96 h (P < 0.05), respectively. Similarly, quercetin
increased superoxide anion release by 63% (P < 0.05) at 4 h, but
decreased it by 52% and 22% at 24 h and 96 h (Figure 7B).
3.7. Caffeic acid and quercetin restored iNOS
expression and activity via TNF-a stimulation

A parallel increase in NO level (15%, P < 0.05), and in the
expression of iNOS and TNF-a was measured in infected sub-
cutaneous tissue at 24 h and 96 h (Figures 8 and 9).

Caffeic acid and quercetin potentiated NO level by 25.7%
(P < 0.05) and 16.7% at 4 h, and by 56.0% (P < 0.05) and 11.2%
respectively, at 96 h, compared to infected mice (Figure 8C).

Similarly, NO level in pouch exudates of infected mice
enhanced by 31.04% and 33.87% at 24 h and 96 h, respectively.
Caffeic acid restored NO level in exudates by 44.9% (P < 0.05),
and 88.34% (P < 0.05) at 24 h and 96 h (Figure 8D). Whereas,
quercetin restored it by 34.64% and 11.18% at 24 h and 96 h,
respectively, compared to infected untreated mice.

Caffeic acid restored in parallel, iNOS and TNF-a expression
in apex membranes by 86.34% and 155.43% (P < 0.01) at 24 h
and 96 h. Quercetin was less effective and increased iNOS and
TNF-a expression by 36.58% and 24.43% (P < 0.05) at 24 h
and 96 h (Figure 9).
L. major + caffeic acid L. major + quercetin

Pi-Hoechst    MGG Pi-Hoechst    MGG

nate cells influx 24 h and 96 h post infection.
necrosis cells containing fragmented nuclei with their pink or bright blue
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Figure 6. Apoptotic effect of caffeic acid and quercetin on innate cells recruitment in subcutaneous tissue 24 h and 96 h post L. major infection.
A: Subcutaneous tissue of dorsal section was harvested at 24 h and 96 h as described in materials and methods section and double stained with Pi-Hoechst; a,
e: Subcutaneous tissue of PBS treated BALB/c mice at 24 h and 96 h; b, f: Subcutaneous tissue of L. major infected BALB/c mice at 24 h and 96 h showed
neutrophils (arrow) harbouring viable amastigotes (arrow head); c, g: Predominance of apoptotic cells (bright blue staining) and presence of apoptotic
neutrophils (arrow) harbouring apoptotic amastigotes (arrow head) in caffeic acid treated mice at 24 h and 96 h; d, h: Predominance of necrotic cells (pink
staining) in quercetin treated mice at 24 h and 96 h; B: The number of apoptotic cells in Pi-Hoechst stained sections; Cell death was evaluated in sub-
cutaneous tissue of mice treated with caffeic acid or quercetin by observation of 100 cells under fluorescence microscopy (200× and 400×). Means ± SD,
using Mann Whitney's U test; #: P < 0.05 infected v.s. PBS-treated mice; *: P < 0.05 caffeic acid or quercetin treated v.s. untreated mice; CA: Caffeic acid.
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3.8. Caffeic acid and quercetin effect on L. major
induced cleavage of p65RelA

The subcutaneous lesions showed positive brown staining to
p65RelA antibody, indicating enhanced activation of NF-kB that
leads to the cleavage and translocation of the p65RelA subunit to
the nucleus. The number of p65RelA positive cells was enhanced
by 8.17, and 10.25 fold (P < 0.01) at 24 h and 96 h, respectively,
compared to PBS-treated mice. Caffeic acid potentiated the
density of p65RelA positive cells in pouch membrane (38.5% and
41.0%, P < 0.05), at 24 h and 96 h, respectively. Whereas,
quercetin treatment inhibited NF-kB by 11% (P < 0.05) at 96 h
(Figure 10).

4. Discussion

Conventional chemotherapy remains the only curative
approach to human leishmaniasis, pending an available vaccine
[20,23]. However, the highly toxic side effects and chemo-
resistance of chemical drugs requires the development of more
efficient medicine. Caffeic acid and quercetin used in this study
are major secondary metabolites of many plants used in tradi-
tional medicine against leishmaniasis.

Caffeic acid and quercetin are natural antioxidants with low
toxicity against mammalian cells [23–26]. Our results showed that
they reduce dose-dependently the viability of promastigotes,
in vitro. Caffeic acid and quercetin induced characteristic fea-
tures of necrosis and apoptosis. The associated pink or bright
blue fluorescence under propidium iodure-Hoechst double
labelling was not altered by cell permeable protease inhibitors,
thus excluding the involvement of proteases (i.e. caspases) in
parasite death (Figure 1).

Alternative death pathways resulting in caspases-independent
pathways have been reported for L. major promastigotes and
amastigotes [21,22,32]. Previous in vitro studies showed that
quercetin inhibited the growth of both promastigotes and
amastigotes of Leishmania donovani by the blockade of DNA
synthesis, while caffeic acid has a strong leishmanicidal
activity on L. major amastigotes buried in macrophages [24–

26]. Apoptosis inducing factor can contribute to caspases
independent cell death by affecting mitochondrial function and
inducing chromatin degradation [33].

We then used the dorsal air pouch model to mimic the
phlebotomine infection in BALB/c mice. L. major inoculation
drives the massive recruitment of inflammatory cells into the
sterile pouch cavity. Interestingly, pouch membranes from
L. major-stimulated BALB/c mice were thicker and massively
invaded by neutrophils within the first hours of infection, fol-
lowed by macrophages 2–3 days later (Figure 2). This suggests
that inflammatory cells joined the membrane, by transmigration
of multiple blood microcapillaries (Data not shown). Neutrophils
can host viable promastigotes (Figure 5) [16]. Once recruited to
infectious sites, neutrophils can form NETs by the extracellular
release of mixed nuclear and cytoplasmic contents [6–8].
Different species and strains of Leishmania can induce NETs
formation and parasite clearance by Th1 polarised neutrophils
functions [34]. Alternatively, NETs compete with the early
recruitment and activation of dendritic cells, leading to
exacerbated cutaneous lesions and persistence of parasite [35].

Some features of phagocytosis mimic NETs formation in
caffeic acid-treated BALB/c mice, suggesting that caffeic acid
can induce NETs formation, in a ROS dependent way
(Figures 2De and 8).

Infected neutrophils persisted 24 h post infection, but super-
oxide anion production is altered in this cells (Figure 7) [11,36].
Consequently, not all internalized parasites could be killed, as
attested by morphologically intact parasites detected in
neutrophils of infected mice (Figures 5 and 6). The phagocytosis



Radia Belkhelfa-Slimani, Bahia Djerdjouri/Asian Pac J Trop Biomed 2017; 7(4): 321–331330
of infected apoptotic neutrophils by macrophages represents a
silent way for parasites dissemination that could explain the dis-
ease promoting effect of neutrophil in L. major infection [4,16].
Amastigotes and promastigotes drive down superoxide anion
production by inhibiting nicotinamide adenine dinucleotide
phosphate oxidase 2 activity (Figure 7) [36,37].

Caffeic acid and quercetin trigger early generated ROS ex vivo
by infected neutrophils, while caffeic acid alone controls ROS
generation by both neutrophils and macrophages at the late phase
of infection, leading to rapid apoptosis [38–40]. We showed that
quercetin induced cell death by apoptosis and necrosis
(Figures 5–7). Recent reports indicated that quercetin can induce
a ROS-dependent and caspases-independent necrosis [38,39].

Failure to cure cutaneous leishmaniasis was associated with
reduced ability of neutrophils to secrete TNF-a. Moreover, their
phagocytosis by macrophages of susceptible BALB/c mice leads
to the inhibition of TNF-a production by macrophages of sus-
ceptible mice [13]. L. major infected neutrophils release TNF-a that
inhibits leukocytes migration by a NO dependent mechanism
(Figures 8 and 9). Our results showed that infected cells treated
with caffeic acid have higher levels of NO, suggesting a direct anti-
amastigotes effect of caffeic acid against L. major through
macrophagic iNOS activation. Radtke et al. demonstrated that
caffeic acid activates Leishmania-infected macrophages for the
release of TNF-a, interleukin-6 and interferon gamma. In contrast,
there is no significant potential of this polyphenol on TNF-a or
interleukin-6 induction in non-infected host cells, attesting for the
selective immuno-modulatory effect [25].

TNF-a up-regulation by caffeic acid or quercetin could
inhibit phagocytes migration as assessed by the parallel reduc-
tion of MPO and ANAE activities. Importantly, apoptotic neu-
trophils harbouring apoptotic parasites are shown exclusively in
caffeic acid or quercetin-treated mice (Figures 5 and 6), sug-
gesting that caffeic acid and quercetin treatment could suppress
L. major induced apoptosis delay in vivo.

Therefore, L. major infected macrophages from susceptible
(BALB/c) and resistant (C57BL/6) mice can resist to apoptosis
[16–18]. However, the mechanism by which Leishmania parasites
achieve the inhibition of apoptosis is yet unknown.

Recent studies showed that activation of the transcription
factor NF-kB protects cells from TNF-a induced apoptosis, and
that pharmacological inhibition of ERK1/2 activation reversed
the delay of apoptosis induced by L. major infection. Whereas,
inhibition of p38 MAPK signalling, during Leishmania infection
had no effect on parasite-induced resistance to apoptosis [41,42].

Infection with L. major increased the level of NF-kB p65RelA

subunit in agreements with previous study showing that infec-
tion of macrophages with Leishmania promastigotes in vitro
causes specific cleavage of the NF-kB p65RelA subunit
(Figure 10) [43].

We hypothesize that caffeic acid induced NF-kB expression
in infected mice could result from enhanced apoptosis and
activation of TNF-a, rather than a direct activation of NF-kB.
For Neuzil et al. [44], the cleavage of p65RelA is a consequence of
caspases activation (Figure 8). The weak control of NF-kB level
by quercetin, may be due to the necrosis mechanism of cell
death (Figure 9).

In conclusion, restoring apoptosis of infected phagocytes by
caffeic acid and quercetin could be related to the anti-leishmanial
activity demonstrated on both L. major promastigotes and
amastigotes, as it could be also associated with antioxidant/pro-
oxidant, anti-inflammatory and immuno-modulatory activities
of these two major naturally occurring secondary metabolites in
plants. Our results associated with previous studies reveal a
decisive potential for caffeic acid and quercetin for the develop-
ment of safer pharmacological drugs against leishmaniasis.
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