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Abstract Tritrichomonas foetus is an amitochondriate
parasite that possesses hydrogenosomes, unusual aner-
obic energy-producing organelles. In these organisms
the ““mitochondrial cell death machinery” is supposed to
be absent, and the mechanisms that lead to cell demise
remain to be elucidated. The presence of a cell death
program in trichomonads has already been reported,
suggesting the existence of a caspase-like execution
pathway in such organisms. Here we demonstrate the
alterations provoked by the fungicide griseofulvin and
raise the possibility that other cell death pathways may
exist in 7. foetus. Dramatic changes in trichomonads
morphology are presented after griseofulvin treatment,
such as intense plasma membrane and nuclear envelope
blebbing, nucleus fragmentation, and an abnormal
number of oversized vacuoles. One important finding
was the exposition of phosphatidylserine (PS) in the
outer leaflet of the plasma membrane in cells after drug
treatment, and also the presence of a high amount of
misshapen flagella and tubulin precipitates as vacuolar
contents, suggesting an autophagic process of abnormal
cellular elements. Interestingly, immunoreactivity for
activated caspase-3 was not detected during griseofulvin
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treatment, a finding distinct from the observed when this
cell was treated with H,O,. The possibility of the exis-
tence of different pathways to cell death in trichomonads
is discussed.
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Introduction

Tritrichomonas foetus is a protist parasite that causes a
sexually transmitted bovine disease named trichomo-
nosis. This parasite lacks mitochondria but possesses
hydrogenosomes, an unusual anerobic energy-producing
organelle.

It is well established that mitochondria plays a
pivotal role during cell death of many different cell
types, including unicellular organisms (Arnoult et al.
2001, 2002; Lee et al. 2002; Sen et al. 2004). This
organelle constitutes the primary site of action of
members of the Bcl-2 protein family, which control the
mitochondrial membrane permeabilization, and release
of some mitochondrial proteins to cytosol. These
molecules act in the amplification of the apoptotic
signal, and in effectuation of cell death (for review see
Ravagnan et al. 2002; van Loo et al. 2002). In ami-
tochondriate organisms such as trichomonads, such
death machinery is supposed to be absent, and the
mechanisms that lead to cell demise remain to be elu-
cidated.

In previous reports, Chose et al. (2002) and Mariante
et al. (2003) have shown the presence of an execution
program in the amitochondriate 7. vaginalis and
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T. foetus, respectively. In both works it was suggested
that there is the existence of a caspase-like pathway for
cell death in trichomonads.

In the present study we raised the possibility that
another different execution pathway may exist in
T. foetus submitted to distinct stressing conditions.
Unlike hydrogen peroxide (Mariante et al. 2003), gris-
eofulvin seems to lead cells to death in a fashion
apparently independent of caspase-3, one of the key
executioners of caspase-mediated cell death programs in
several cell types (for review see Cohen 1997; Chang and
Yang 2000; Stennicke and Salvesen 2000). The signifi-
cance of alternative routes of cell demise in such
organisms is discussed.

Materials and methods
Parasites

T. foetus, K strain, was isolated by Dr. H. Guida
(EMBRAPA, Rio de Janeiro, Brazil) from the urogen-
ital tract of a bull, and cultivated at 37°C in TYM
Diamond’s medium (Diamond 1957) supplemented with
10% fetal calf serum.

Drug treatment

Cells were treated with 50 pg/ml griseofulvin at different
time intervals (from 3 to 48 h). Cell motility was checked
by visual inspection by light microscopy, and the num-
ber of motile cells (those cells presenting normal move-
ment) was calculated using a Neubauer hemocytometer.
In order to verify the reversibility of griseofulvin effects,
cells were grown in presence of drug and then trans-
ferred to fresh medium without the drug. Controls were
performed with cells grown in the absence of the gris-
eofulvin or in presence of 0.5% DMSO, the diluting
agent of griseofulvin.

Fluorescence microscopy
DAPI

Cells were harvested by centrifugation and fixed with
4% paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.2). Afterwards, cells were rinsed with
phosphate-buffered saline (PBS) and allowed to adhere
to poly-L-lysine-coated glass coverslips. In order to
investigate morphological alterations of the nucleus,
cells were stained with 5 pg/ml DAPI (Molecular
Probes, USA) for 15 min and examined in an Axiophot
II Zeiss microscope equipped with UV epifluorescence.
Images were acquired with a Hamamatsu chilled CCD
camera C5985 and processed using Adobe Photoshop
(Adobe, USA).

Acridine orange

In order to verify the presence of autophagic vacuoles,
living cells were incubated for 15 min in the dark with
20 pg/ml acridine orange (Sigma, USA) in TYM med-
ium. Next, cells were collected by centrifugation, washed
with PBS and observed as described earlier.

Didansylcadaverine (DDC)

Following griseofulvin treatment, cells were incubated
with 50 pg/ml DDC (Sigma, USA) in TYM medium at
37°C for 2 h. Cells were then covered with glycerol and
analyzed in an Axiophot II Zeiss microscope as de-
scribed earlier.

3-Methyladenine (3-MA)

In order to verify if the incorporation of DDC was via
autophagy, cells were pre-incubated for 3 h with 10 mM
3-MA (Sigma, USA), an autophagic inhibitor, before
induction of cell death.

Conventional scanning electron microscopy (SEM)

Cells were fixed with 2.5% glutaraldehyde in 0.1 M so-
dium cacodylate buffer (pH 7.2), rinsed with PBS, and
allowed to adhere to poly-L-lysine-coated glass cover-
slips. Parasites were post-fixed in 1% OsO4 in 0.1 M
sodium cacodylate buffer (pH 7.2), dehydrated in etha-
nol, and critical-point-dried using CO,. The samples
were coated with gold-palladium and observed in a
JEOL 5800 scanning electron microscope.

High-resolution field emission scanning electron
microscopy (FESEM)

In order to observe the effects of griseofulvin in para-
site’s internal structures, drug-treated cells were adhered
to poly-L-lysine-coated glass coverslips and then treated
with a permeabilization buffer (2 mM glycerol, 0.1 M
pipes, 1 mM PMSF, 1 mM MgSO,, 2 mM EGTA,
0.1% Nonidet P-40, pH 6.8) (Gordon et al. 2001) for 1-
10 min. Afterwards, cells were fixed with 2.5% glutar-
aldehyde in 0.1 M sodium cacodylate buffer (pH 7.2),
post-fixed with 1% OsO4 in 0.1 M sodium cacodylate
buffer (pH 7.2), dehydrated in ethanol, critical-point-
dried using CO,, and sputter-coated with carbon. Sam-
ples were examined in a Jeol JSM-6340F FESEM.

Transmission electron microscopy (TEM)

Cells were fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2), washed with PBS,
and post-fixed with 1% OsOy4 in 0.1 M sodium cacody-
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Fig. 1 Griseofulvin effects on T. foetus growth (a) and motility (b).
The drug was added with 50 griseofulvin pg/ml in different time
intervals. Legend: CT control with no drug treatment; DMSO
control with 0.5% dimethyl sulfoxide, the fungicide diluting agent;
GF 50 pg/ml griseofulvin. Note the inhibitory effects of the
compound within the first few hours of treatment

late buffer plus 5 mM CaCl, and 0.8% potassium fer-
ricyanide. Afterwards, parasites were washed with PBS,
dehydrated in acetone, and embedded in Epon. Ultra-
thin sections were stained with uranyl acetate and lead
citrate, and observed in a Jeol 1210 electron microscope.

Immunocytochemistry
Caspase-3

The CM1 antibody was a gift from Dr. Anu Srinivasan
(Idun Pharmaceuticals, USA), and a detailed description
was provided by Namura et al. (1998). Briefly, the
antiserum was raised against the C-terminal peptide-
spanning amino acids 163+£175 of the p20 cleavage
product of human or mouse caspase-3, which has been
demonstrated, by Western blots, to preferentially rec-
ognize the activated form of caspase-3 (Namura et al.
1998). Cells were fixed with 4% paraformaldehyde in
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Fig. 2 Differential interference contrast (DIC) and fluorescence
microscopy of T. foetus stained with 5 pg/ml DAPI. a Control cell,
with no drug treatment. b, ¢ Tritrichomonas foetus cells treated with
50 pg/ml griseofulvin for 24 h. Note the membrane blebbing
(arrowheads), apoptotic body formation (black arrows), axostyle-
pelta complex (asterisks), and multiple nuclei or nuclear fragmen-
tation (white arrows). Peripheral masses of heterochromatin are
also seen (c¢). Bar 10 um

0.1 M phosphate buffer (pH 7.2) and were allowed to
adhere to coverslips previously coated with poly-L-ly-
sine. Fixed cells were incubated with 3% H,O, in PBS
for 30 min to inactivate endogenous peroxidase activity,
followed by PBS washes. Afterwards, cells were incu-
bated with a buffer containing 2% bovine serum albu-
min, 0.2% non-fat milk powder, 2% normal goat serum,
and 0.8% Triton X-100 in PBS for 1 h at room tem-
perature in order to quench and block unspecific sites.
After blocking, parasites were incubated overnight at
4°C with the CM1 primary antibody diluted (1:5,000) in
blocking buffer. The immunocytochemical reaction was
developed with HRP-ABC kit (Vectastain, Vector Lab-
oratories, USA). Cells were analyzed in an Axiophot II
Zeiss microscope.
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Fig. 3 SEM of T. foetus under
griseofulvin treatment. a A
typical untreated cell displaying
its elongated shape, three
anterior flagella (4F), a
recurrent flagellum (RF), and
axostyle tip (4). b—e After

50 pg/ml griseofulvin treatment
for 24 h the cells displayed
abnormal size and shape,
internalized flagella, plasma
membrane projections (arrows)
and apoptotic body formation
(arrowheads). Bars 5 pm

Tubulin

Cells were fixed with 4% paraformaldehyde in 0.1 M
sodium phosphate buffer (pH 8.0), and allowed to ad-
here to poly-L-lysine-coated glass coverslips. Parasites
were then permeabilized with 3% Nonidet P-40 for
40 min and acetone at —20°C for 15 min. Fixed cells
were quenched using 50 mM ammonium chloride solu-
tion and 3% bovine serum albumin in PBS (BSA/PBS).
Next, they were incubated overnight, at 4°C, with the
monoclonal anti-tubulin TAT-1 antibody, which is
provided by Dr. Keith Gull (Oxford, UK), followed by
1 h incubation with a fluorescein-conjugated anti-mouse
antibody diluted (1:100) in BSA/PBS. Parasites were
also stained with 5 pg/ml DAPI to visualize the nucleus.
Finally, cells were washed and examined as described
earlier for fluorescence microscopy.

Flow cytometry
In order to verify phosphatidylserine (PS) exposition on

the outer plasma membrane annexin V (Molecular
Probes, USA) was used. Parasites were washed twice

with cold PBS and annexin-binding buffer (ABB,
10 mM HEPES, 140 mM NacCl, 2.5 mM CaCl,), and
10° cells were resuspended in 100 ul ABB containing
1 pl annexin V FITC-conjugated. Cells were then incu-
bated for 15 min in the dark at room temperature.
Afterwards, 200 pl of ABB were added to cells, which
were kept on ice until analysis. This was conducted for
30,000 cells using a FACSCalibur flow cytometer (BD
Biosciences, San José, CA, USA) using the WinMDI
software (http://facs.scripps.edu/, Joseph Trotter). Cell
viability was analyzed using 1 pg/ml propidium iodide
prior analysis.

Results
Cell growth and motility

Initially, the cytotoxic effects of drug were investigated
by treating parasites with 50 pg/ml griseofulvin at dif-
ferent time intervals (Fig. 1). Within the first few hours it
was possible to verify the inhibitory effects provoked by
the drug. Untreated cells, or cells treated with 0.5%
DMSO, displayed a normal growth (Fig. 1a), and pre-



Fig. 4 FESEM micrography of T. foetus under griseofulvin
treatment followed by permeabilization. The cell presents blebbing
on the nuclear envelope (asterisks). The nucleus (N) and the
axostyle-pelta complex (Ax-Pe) are also shown. Bar 2 pm

sented no changes in motility (Fig. 1b). Treatment with
griseofulvin led to culture growth inhibition (Fig. 1a),
and loss of motility in about 50% of the population
within the first 3 h (Fig. 1b). Interestingly, almost 100%
of the cells have lost the motility after 9 h of drug
treatment (Fig. 1b). These drug effects were found
completely irreversible after 12 h treatment (Fig. 6¢).
The cells’ appearance was quite different from any
known morphology of trichomonads since cells showed
their cytoplasm and glycogen with intense extraction,
and an unhealthy aspect (Fig. 6¢). The incubation time
of 24 h was chosen for structural studies.

Cell morphology

A typical untreated trichomonas displays a tear-drop
shape, one nucleus, three anterior flagella, a recurrent
flagellum forming the undulating membrane, several
roughly spherical hydrogenosomes, the microtubular
axostyle-pelta complex, a costa, some endoplasmic
reticulum profiles, a prominent Golgi complex, lyso-
somes localized at the cells’ posterior region, and some
small-sized vacuoles (Figs. 2a, 3a, 5a, 7a, 8a, 9a, 10a).
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After griseofulvin treatment striking alterations were
observed: cells became rounded with intense membrane
blebbing; the axostyle-pelta complex was seen frag-
mented when longer incubation times were used
(Fig. 2b—); giant cells with multiple nuclei and/or
nucleus fragmentation were frequent (Figs. 2b—, 7c).
Some of these multinucleated cells also exhibited
peripheral masses of heterochromatin (Fig. 2¢). The
nuclear apoptotic condensation pattern was confirmed
using dyes as Hoechst 33342 and propidium iodide (not
shown). Structures resembling apoptotic bodies were
found associated with the cell’s surface (Fig. 2b—c).

In order to better analyze these changes after gris-
eofulvin treatment, TEM and SEM were used. As seen
by SEM, parasites clearly exhibited a different mor-
phology (Fig. 3b—e). Besides the apoptotic features as
membrane blebbing and apoptotic bodies, treated
parasites also displayed flagella internalization and
abnormal cell shapes (Fig. 3b—e). These observations
were confirmed by TEM (Fig. 5Sb—e). Interestingly,
when plasma membrane was removed by detergent
treatment and analyzed by high-resolution FESEM,
blebbing was found in the nuclear envelope (Fig. 4). In
addition, intense cytoplasmic vacuolization (Figs. 5b, e,
6), a feature wusually associated with autophagic
cell death, was evident. Other alterations included
axostyle-pelta complex fragmentation and abnormal
hydrogenosomes (Fig. 5d—e).

Autophagic vacuoles

Drug-treated cells observed by TEM exhibited vacu-
oles surrounded by membranous profiles similar to
endoplasmic reticulum, a feature commonly found
during autophagic processes. Interestingly, these vac-
uoles displayed different contents, including membrane
profiles, and remnants of disorganized flagellar axo-
nemes (Fig. 6). In addition, they contained deposits of
unknown periodic structures, which were hypothesized
to be precipitated tubulin (Fig. 6b). Positive reaction
for tubulin was found in these vacuoles by immuno-
fluorescence microscopy (Fig. 7). Untreated cells pre-
sented a weak labeling in flagella, and an intense
staining in the axostyle-pelta complex (Fig. 7a),
whereas griseofulvin-treated cells displayed an intense
labeling in internal structures, possibly corresponding
to internalized flagella and/or the axostyle-pelta com-
plex (Fig. 7b), and in vacuoles of similar sizes ob-
served by TEM (Fig. 7b-—c). When the medium
containing the drug was removed and replaced by
fresh medium without drug, the cells did not recover
and died (Fig. 6c).

Autophagic vacuoles were detected with acridine
orange (Fig. 8). In control cells, an intense labeling
was found in structures preferentially localized at the
posterior region of the cell (Fig. 8a), which in tricho-
monads corresponds to lysosomes. An intense labeling
was noticed in many intracellular vacuoles after gris-
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Fig. 5 TEM of T. foetus after griseofulvin treatment. a An
untreated cell displaying its typical structures. Three anterior
flagella (F), recurrent flagellum (RF), Golgi complex (G), costa (C),
axostyle (A4), pelta (P), nucleus (N) and hydrogenosomes (H) are
seen. b—e Cell observed after 50 pg/ml griseofulvin treatment for
24 h present intense membrane blebbing (arrows), and cytoplasmic
vacuolization (V). Nucleus membrane projections could also be

eofulvin treatment (Fig. 8b—c), suggesting the presence
of an autophagic process. A similar labeling pattern
was observed in cells incubated with the fluorescent
drug DDC, an autophagolysosome marker (Fig. 9a—
b). An inhibitory effect of the incorporation of DDC
was observed when cells were pre-treated with 3-MA,
a specific inhibitor of the early stages of autophagic
processes, as seen by fluorescence microscopy
(Fig. 9c).

Caspase-like immunoreactivity

In order to check the probable involvement of caspase-3
in trichomonad cell death immunocytochemistry was
performed using the CM1 antibody. A group of cells
was treated for 3, 6 and 24 h in the presence of griseo-
fulvin, whereas other cells were treated with 0.5 mM
H,0,, which were used as positive control (Mariante
et al. 2003). Unexpectedly, an activated caspase-3 was
not detected after griseofulvin treatment, even after 24 h
(Fig. 10).

noticed (b arrowhead). Hydrogenosomes presenting high electron-
dense contents are seen, and membranous profiles are observed
within the hydrogenosome matrix in some cells (d asterisk).
Endoplasmic reticulum profiles are also seen surrounding the
vacuoles (d arrowheads). The axostyle-pelta complex became
completely fragmented after drug treatment (e). Bars 2 pm (a),
3 um (b—c), 1.5 pm (d-e)

Phosphatidylserine (PS) exposition

In order to investigate PS exposition in the outer plasma
membrane leaflet, one of the hallmarks of apoptosis
(Deshmukh and Johnson 1998), cells were incubated
with annexin V, and analyses were performed by flow
cytofluorometry. Griseofulvin treatment induced PS
exposure within 24 h (Fig. 11). The plasma membrane
remained intact since no nucleus PI labeling was de-
tected. Hypotheses of alternative pathways of tricho-
monads cell death are suggested in Fig. 12.

Discussion

Griseofulvin is a metabolic product of Penicillium spp.
(Develoux 2001). This drug has been mainly used as an
antifungal, although its precise mechanism of action is
not well known. Although griseofulvin effects on cell
death have been reported mainly in fungus, its role on
growth inhibition has been demonstrated in Dictyoste-
lium discoideum (Rubino et al. 1982), and in Tetrahy-



Fig. 6 High magnification of vacuoles under 50 pg/ml griseofulvin
treatment for 24 h. Membranous profiles are found within most of
the vacuoles (a, b). Several compartments were seen fulfilled with
abnormal flagella axonemes (b, arrowheads), and microtubule-like
deposits (b asterisks). In ¢ the drug was removed and the cells were
maintained in fresh medium without drug for 24 h. The cells
present glycogen and cytoplasm extraction, and this culture was
not recovered. H hydrogenosome; N nucleus. Bars 700 nm (a),
800 nm (b), 1 um (c)
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Fig. 7 DIC and immunofluorescence microscopy of T. foetus
stained with the monoclonal anti-tubulin TAT-1 antibody. a
Control cell showing intense labeling at Ax-Pe, and F. b, ¢ Cells
treated with 50 pg/ml griseofulvin for 24 h display a different
labeling pattern, possibly corresponding to fragmented axostyle-
pelta complex and/or flagella (arrows), and cytoplasmic vacuoles
(arrowheads). Note the presence of more than one nucleus stained
with 5 pg/ml DAPI. Bar 10 pm

mena pyriformis (Sparagano 1995). In addition, this
fungicide provoked significant ATP level changes in
T. pyriformis (Sparagano 1995), a feature commonly
associated with cell death (for review see Huettenbren-
ner et al. 2003).

Besides inhibition of cell culture growth, and cells’
motility, several morphological alterations were ob-
served in T. foetus after griseofulvin treatment. Many of
these alterations have already been previously described
in trichomonas after hydrogen peroxide (Mariante et al.
2003), taxol, or nocodazole (Madeiro da Costa and
Benchimol 2004) treatments. Among the main altera-
tions, signs of apoptosis, such as nucleus fragmentation,
plasma membrane blebbing, and apoptotic bodies for-
mation, and also autophagic characteristics, for exam-
ple, cytoplasmic vacuolization, were observed.
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Fig. 8 DIC and fluorescence microscopy of T. foetus stained with
20 pg/ml acridine orange. a Control cell presenting intense labeling
in structures posteriorly located, probably the lysosomes (arrows).
b—c¢ Cells treated with 50 pg/ml griseofulvin for 24 h. Giant cells
presenting several stained vacuoles randomly distributed (arrow-
heads) are seen after drug treatment. Bars 5 um

The nuclear changes here reported suggested the
existence/activation of molecules similar to those found
in higher eukaryotes, such as endonuclease G, AIF and/
or CAD, in T. foetus cell death. Studies at molecular
level would help to clarify this hypothesis. Membrane
blebbing has also been described during degeneration of
T. thermophila induced by staurosporine (Christensen
et al. 1998), and in T. foetus treated with drugs that
target microtubules (Madeiro da Costa and Benchimol
2004). Apoptotic bodies are related to apoptotic
degeneration, and once formed, they are phagocytosed
by neighboring cells or macrophages (Wyllie 1981; Savill
and Fadok 2000). However, in vitro cultivation of uni-
cellular parasites leads to a necrotic phenotype, since
they are not in contact with phagocytic cells.

Fig. 9 Inhibition of DDC incorporation by 3-MA. a Control cells
exhibited labeling in compartments posteriorly located (arrows). b
Cells treated with 50 pg/ml griseofulvin for 24 h and incubated
with DDC show labeled vacuoles randomly distributed throughout
the cytoplasm (arrows). ¢ Cells pre-treated with 10 mM 3-MA for
3 h had DDC accumulation prevented. Bar 10 um

Vacuolization has been reported during autophagic
degeneration of T. thermophila after staurosporine
treatment (Christensen et al. 1998), and also in D. dis-
coideum, in a non-apoptotic form of cell death, named
paraptosis (Sperandio et al. 2000; Wyllie and Goldstein
2001). Large vacuoles were also reported in G. intesti-
nalis submitted to oxidative stress (Lloyd et al. 2000) in
L. donovani after induction with antimicrobial peptides
(Bera et al. 2003), and in T. foetus treated with other
drugs, such as hydroxyurea, fibronectin, hydrogen per-
oxide, nocodazole, or colchicine (Benchimol 1999, 2001;
Ribeiro et al. 2002; Mariante et al. 2003; Madeiro da
Costa and Benchimol 2004).

The vacuole contents displayed abnormal axonemes,
probably those originated from flagella and/or axostyle-
pelta complex fragmentation. Contrary to previous
observations in trichomonads (Noél et al. 2003), the
axostyle-pelta complex was not seen depolymerized, but
rather fragmented in 7. foetus after drug treatment, a



Fig. 10 DIC microscopy of T. foetus after immunocytochemistry
for activated caspase-3. a Untreated cells. b Cells treated with
0.5 mM H,O0, for 4 h (positive control). ¢ Cells treated with 50 pg/
ml of griseofulvin for 24 h. Note that griseofulvin-treated cells do
not present any labeling, in a similar way of the untreated cells,
whereas cells treated with H,O, exhibit an intense positive labeling.
Bar 10 pm

finding that agrees with its stable microtubule compo-
sition (Ribeiro et al. 2000).

Acridine orange and DDC were used in order to
detect autophagolysosomes, structures usually ob-
served during autophagic degeneration. Several vacu-
oles displayed intense labeling after griseofulvin
treatment. It has been reported that 3-MA prevents
the autophagic cell death pathway (Seglen and Gordon
1982). Accordingly, in these experiments this drug
seemed to prevent the autophagic death pathway since
no labeling was observed after DDC incubation in
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Fig. 11 Flow cytometry analysis of trichomonads cell death. a T.
foetus was incubated in the absence (CTRL) or presence (GRISEO)
of griseofulvin (50 pg/ml) for 24 h, and PS exposure was analyzed.
Percentages of positive cells (squares) are indicated. b Fluorescence
intensity of griseofulvin-treated parasites (open histogram). Filled
histogram represents basal cell fluorescence in the absence of the
drug

cells previously treated with 3-MA. Together with the
observation of endoplasmic reticulum profiles sur-
rounding vacuoles containing cell’s structures, these
results suggest an autophagic cell death process in
trichomonads.

T. foetus submitted to stressing conditions internalize
their flagella to form pseudocysts (Granger et al. 2000;
Pereira-Neves et al. 2003), which could be a defensive
strategy to environmental changes. The hydrogeno-
somes have an essential role in the parasite survival,
being the site of formation of ATP. They present simi-
larities with mitochondria (reviewed in Muller 1990,
1993) and thus, as trichomonads are amitochondriated,
hydrogenosome could be a putative candidate partici-
pating in the death of trichomonads cells.

Interestingly, when trichomonads were under gris-
eofulvin treatment, the activated form of caspase-3 was
not detected. Although this protease plays a pivotal
role during apoptotic cell death in several organisms,
other cell death pathways, independent of caspases,
may exist. Besides, the same stimuli seem to lead the
activation of different cell signaling pathways, depen-
dent or independent on one another (for review see Jia
et al. 1997, Guimardes et al. 2003; Huettenbrenner
et al. 2003).

It has been shown that a pro-apoptotic drug, such as
staurosporine, provokes the exposition of phosphati-
dylserine (OS) in the outer leaflet of several unicellular
organisms, including 7. vaginalis (Chose et al. 2002).
However, in such organisms the mechanism seems to be
caspase-independent since previous treatment with cas-
pase inhibitors failed to prevent this effect (Chose et al.
2002). Here it was analyzed whether or not griseofulvin
treatment induces PS translocation to the outer cell
plasma membrane. In agreement with Chose et al.
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Fig. 12 Proposed model for
possible execution pathways
during T. foetus cell death,
which includes the presence of
possible death receptors,
hydrogenosome participation, Death
autophagy, and nucleus receptors
fragmentation. Abbreviations: ?

PS phosphatidylserine, CAD
caspase-activated DNase,
ICAD inhibitor of CAD

Autophagic L
vacuoles

Caspase pathway
? ~

(2002), it was found that the drug treatment induced cell
membrane PS outside exposition.

The different results obtained with T. foetus after
treatment with hydrogen peroxide (Mariante et al.
2003) or griseofulvin (present study) suggest the exis-
tence of more than one mechanism of cell demise in
these parasites (Fig. 12). The first one, observed after
hydrogen peroxide treatment, would count with the
participation of caspase-3. In other cell types this
protease is known to be activated by either caspase-8,
which is itself activated by oligomerization through
recruitment by cell death receptors, or caspase-9, which
together with ATP and mitochondrial proteins, such as
cytochrome ¢, form the apoptosomes (van Loo et al.
2002). Since trichomonads do not possess mitochondria
or cytochrome ¢, the apoptosome pathway seems un-
likely to occur in such organisms. Thus, it is reasonable
to suppose that other routes of cell death may be
present in the parasite. In addition these routes could
occur either through known mechanisms, such as the
death receptors pathway, or through still unknown
signaling pathways, which could involve the release of
hydrogenosome molecules, with functions probably
analogous to those of mitochondrial proteins. On the
other hand, a second cell death pathway seems to
involve the autophagic machinery and the formation of
autophagosomes. In the same cell population, or even
in a unique cell, features of both apoptotic and auto-
phagic processes are observed. As stated by Jia et al.
(1997) and Guimaraes et al. (2003) in other cell types,
an autophagic route may be required for caspase acti-
vation and apoptosis in trichomonads. However, since
cell death induced by griseofulvin seems not to involve
the caspase pathway, it is reasonable to suppose that
another route of cell demise, dependent on the auto-
phagic route, occurs in trichomonads, reinforcing the
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idea that a cell can switch between apoptosis and
autophagy as the dominant form of cell death. In
addition, inhibition of autophagosomes formation with
3-MA apparently does not affect the death of cells, a
finding that suggests the existence of a mechanism of
cell degeneration independent of autophagy.

Finally, nuclear changes observed in 7. foetus after
drug treatment could be related to the presence of
molecules, which could be activated by the caspase
pathway or be released from the hydrogenosomes to
the nucleus following a death stimulus. However,
these proposals need further studies in order to be
confirmed.

One could argue that many of the cell changes de-
scribed in this work—such as some morphological
alterations and inhibition of cell growth and motil-
ity—could be solely due to the antimicrotubular effect of
griseofulvin. Although this possibility cannot be ruled
out, other evidences point out to the presence of a cell
death program machinery. Besides typical apoptotic and
autophagic morphological features—such as nuclear
alterations, membrane blebbing, apoptotic bodies, and
intense vacuolization, PS translocation to the outer
leaflet would not be caused solely by cytoskeleton
changes. The mechanisms underlying PS exposure are
just beginning to be elucidated, but it seems to be
mediated by the activation of scramblase transporters.
These proteins enhance lipid transport across plasma
membrane, and are externally maintained as a conse-
quence of the inhibition of ATP-dependent flipases,
which normally brings PS back to the inner membrane
leaflet—and by the polyamine metabolism. Polyamines
are essential for cell survival and proliferation, and de-
crease in their intracellular levels correlates with apop-
tosis (reviewed in Moreira and Barcinski 2004). Thus,
griseofulvin seems to act by not only affecting the



cytoskeleton but also seems to have an important
implication in the molecular pathways of cell death in
trichomonads.

In conclusion, a possible alternative execution route
during T. foetus cell death has been shown. Altogether,
the results suggest that both caspase-dependent and
independent pathways of cell demise may exist in the
amitochondriate trichomonads.
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