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a b s t r a c t

Programmed cell death (PCD) is induced in Entamoeba histolytica by a variety of stimuli in vitro and
in vivo. In mammals, intracellular acidification serves as a global switch for inactivating cellular processes
and initiates molecular mechanisms implicated in the destruction of the genome. In contrast, intracellu-
lar alkalinization produced by P-glycoprotein overexpression in multidrug-resistant cells has been
related to apoptosis resistance. Our previous studies showed that overexpression of E. histolytica P-glyco-
protein (PGP) altered chloride-dependent currents and triggered trophozoite swelling, the reverse pro-
cess of cell shrinkage produced during PCD. Here we showed that antisense inhibition of PGP
expression produced a synchronous death of trophozoites and the enhancement of biochemical and mor-
phological characteristics of PCD induced by G418. The nucleus was contracted, and the nuclear mem-
brane was disrupted. Moreover, chromatin was extensively fragmented. Ca2+ concentration was
increased, while the intracellular pH (ipH) was acidified. In contrast, PGP overexpression prevented intra-
cellular acidification and circumvented the apoptotic effect of G418.
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1. Introduction

Amoebiasis produced by Entamoeba histolytica is a major public
health disease in developing countries. It affects 500 million peo-
ple, and each year causes 50 million clinical cases of dysentery or
amoebic liver abscess along with 100,000 deaths (World Health
Organization, 1997). Reports on drug treatment failure and the
generation of drug-resistant clones in vitro suggest that drug resis-
tance might be clinically important in the near future (Hanna et al.,
2000; Wassmann et al., 1999; Samarawickrema et al., 1997).
Although the overexpression of P-glycoproteins (PGPs) has been
implicated in the development of the multidrug-resistance pheno-
type (MDR) (Jonstone et al., 2000; Tsai et al., 2007), a large body of
evidence strongly supports important roles for PGPs that only to
extrude chemotherapeutic agents from cells (Ambudkar et al.,
1999; Borst et al., 1999; Gottesman and Pastan, 1993; Sharom
et al., 1993).

PGPs have been implicated in the removal of xenobiotic
agents from the cell, lipid metabolism and translocation (Cor-
don-Cardo et al., 1989; van Helvoort et al., 1996; Jonstone
et al., 2000), as well as cytokine transport (Drach et al., 1996),
PGPs are also potential regulators of ion channels and cell swell-
ing-activated chloride channels (Valverde et al., 1996; Delgadillo
et al., 2002).

Previous reports have proposed that PGP overexpression also
confers resistance to apoptosis (Robinson et al., 1997). Apoptosis
is an active and energy-dependent process characterized in part
by nuclear condensation and cell shrinkage (Perl et al., 2005). It
has been evolutionarily conserved for most animal and plant spe-
cies, but presents inter- and intra-species variations. It has been
partially described in various parasites, such as Leishmania, (Holz-
muller et al., 2002) Trichomonas (Chose et al., 2002) and Trypano-
soma (De souza et al., 2006).

Recently, our group (Villalba et al., 2007a) and others (Ghosh
et al., 2010; Ramos et al., 2007) reported that programmed cell
death (PCD) is induced in E. histolytica by G-418 antibiotic, ni-
tric oxide and oxygen reactive species. The process is character-
ized by cell shrinkage, DNA fragmentation, overproduction of
reactive oxygen species (ROS), intracellular pH acidification, de-
creased intracellular K+ and increased cytosolic calcium (Villalba
et al., 2007a; Ghosh et al., 2010). Ramos et al., (2007) found
that PCD is also marked by the inhibition of hemolytic activity
and complement resistance, which suggested that molecules,
such as phospholipases, amoebapores and CD59, are affected.
Several cellular markers of PCD have been defined; Meisenhold-
er et al., 1996 proposed that intracellular acidification serves as
a global switch to inactivate cellular processes and initiate the
molecular mechanisms implicated in the destruction of the gen-
ome. In contrast, other studies suggested that overexpression of
P-glycoprotein in multidrug-resistant cells is related to apopto-
sis resistance (Robinson et al., 1997), and it has also been asso-
ciated with intracellular alkalinization (Robinson et al., 1997). In
concordance with these results, our previous reports in E. his-
tolytica demonstrated that EhPGP5 overexpression alters chlo-
ride-dependent currents and causes trophozoite swelling
(Delgadillo et al., 2002; Bañuelos et al., 2002), the reverse pro-
cess of cell shrinkage reported during the induction of PCD
(Nickel and Tannich, 1994). Whether or not intracellular alkalin-
ization triggered by P-glycoproteins overexpression prevents
apoptotic acidification and other aspects of the apoptosis cas-
cade is still unknown. In this study, we showed that inhibition
of E. histolytica P-glycoprotein produced the acidification of
intracellular pH (ipH) and enhancement of PCD induced by
G418. In contrast, PGP overexpression prevented intracellular
acidification and circumvented the PCD.
2. Materials and methods

2.1. E. histolytica trophozoites

Clone CA trophozoites (strain HM1: IMSS) were axenically cul-
tured in TYI-S-33 medium (Diamond et al., 1978). Transfected tro-
phozoites were cultured in the presence of 10 lg/ml of G418.

2.2. EhPgp5 and anti-EhPgp5 plasmid constructions

The complete EhPgp5 was cloned in the transcription vector
pBS-KS (Stragene, CA) under the T7 promoter direction
(pBSEhPgp5) using the KpnI and BamHI enzymes. PCR amplifica-
tions were performed with pBSEhPgp5 plasmid (50 ng) as tem-
plate, 2.5 U of Taq polymerase (Qiagen) and the following primer
sets: Pgp5 S-25 (50 AAGGATCCATGACAAGTGAACCAGC 30) and
Pgp5 AS-25 (50 TTGGTACCTTAATTCACAGTTCCAA 30) for the EhPgp5
complete open reading frame (ORF) (3900 bp); and antiS-28
(50 GTAGGAGGTGCAGTATTCCC 30) and antiAS-29 (50 GTCAAACAA-
GAAATAGGATGG 30) aligning in the positions 2158 and 2428 of the
ORF, respectively to amplified a 270 bp EhPgp5 antisense fragment.
PCR was performed using the following profile for 30 cycles: 94 �C
for 50 s, 47 �C for 40 s and 72 �C for 3.5 min, according to standard
methods. PCR products were cloned independently into the TA
one-step cloning vector (Invitrogen) and subcloned into the
transfection vector pEhNeoCAT (kindly provided by Dr. E. Tannich,
Hamburg, Germany). The CAT gene was replaced by cloning the
EhPgp5 ORF or the EhPgp5 antisense sequence into the KpnI/BamHI
sites to generate the pNeoEhPgp5 and pNeoAnti-EhPgp5 plasmids.

2.3. Transfection assays

Clone CA trophozoites (1 � 106) were transfected with 250 lg
pNeoEhPgp5 or pNeoAnti-EhPgp5 plasmids as described (Nickel
and Tannich, 1994). Plasmid containing only the neomycin gene
(pNeo) was used as control. Electroporated trophozoites were
incubated in TYI-S-33 medium for 48 h at 37 �C. Cultures were se-
lected with G418 (10 lg/ml) to generate the CANeo, CANeoPgp5
and CANeoAnti-Pgp5 clones.

2.4. Kinetics of growth

After transfection, CANeo, CANeoPgP5 or CANeoAnti-Pgp5
clones (1 � 105 trophozoites) were grown in the presence of
G418 (10 lg/ml). Cell counting was evaluated every 12 h during
72 h. Viability of trophozoites was determined by trypan blue
dye exclusion using an inverted microscope (Nikon Eclipse
TE-300) and a Neubauer chamber. Transfections were done in
three independent biological replicates.

2.5. Detection of EhPgp5, anti-EhPgp5 and Neo transcripts by reverse
transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated with Trizol reagent according to the
manufacturer’s protocol (Invitrogen). RNA concentration was
determined spectrophotometrically at 260 nm. Isolated RNA was
treated with RQ1 RNase-Free DNase (Promega) to avoid genomic
DNA contamination. RNAs (5 lg) from CANeo, CANeoPgP5 or
CANeoAnti-Pgp5 clones obtained after 12 h of 10 lg/ml G418 incu-
bation, were reverse transcribed with a Access RT-PCR System Kit
(Promega), containing 10 mM dNTPs, AMV/TFI buffer, 25 mM
MgSO4, 5 U of AMV reverse transcriptase (Promega) and 40 lM
each of antisense oligonucleotides (Pgp5 AS-25 and antiAS-29).
The ASNeo oligonucleotide (50 TTAGAAGAACTCGTC 30) was used
for Neo synthesis. The reactions were incubated at 48 �C for
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45 min. For the PCR protocol, we added in three independent reac-
tions Taq DNA polymerase (Promega) and the Pgp5S-25, antiS-28
or SNeo sense oligonucleotides. PCRs were performed in a Per-
kin-Elmer thermal cycler for 30 cycles (94 �C for 30 s, 47 �C for
35 s, 72 �C for 38 s) with a final extension step of 72 �C for 7 min.
Amplified fragments of 270 bp for EhPgp5 and anti-EhPgp5 and
700 bp for Neo were obtained and analyzed in 2% agarose gels
stained with ethidium bromide solution (0.5 lg/ml; Gibco).

2.6. Quantitative real-time PCR (qRT-PCR) assays

The inhibition of EhPgp5 expression was evaluated by triplicate
in three independent biological replicates. Total RNA from CANeo,
CANeoPgP5, or CANeoAnti-Pgp5 clones obtained after 12 h of
10 lg/ml G418 incubation, were isolated, quantified, and treated
with DNase. RNAs were reverse transcribed using the Cloned
AMV First Strand cDNA Synthesis Kit (Invitrogen), according to
the manufacturer’s protocol. Quantitative RT-PCRs (qRT-PCRs)
were performed by real-time monitoring of fluorescence in the
ABI PRISM 7000 Sequence Detection System (Applied Biosystems)
using the primers for EhPgp5 and the SYBR Green PCR Master Mix
(Applied Biosystems, Foster, CA). GAPDH (glyceraldehyde 3-phos-
phate dehydrogenase) was used as an internal control.

Relative quantification was calculated by the comparative Cycle
Threshold (CT) method, which uses the arithmetic formula 2�DDCT

(Livak and Schmittgen, 2001). To validate the 2�DDCT method, we
verified that the amplification efficiency of EhPgp gene and the
internal control GAPDH were nearly equal. Statistically significant
differences in gene expression between transfected and non-trans-
fected trophozoites after 12 h of G418 incubation were analyzed
using Kruskal–Wallis One-Way Analysis of Variance on Ranks
(Livak and Schmittgen, 2001) and multiple comparisons were
analyzed with the Tukey Test.

2.7. Western blot assays

Cell lysates of CANeo, CANeoPgp5 and CANeoAnti-Pgp5 tropho-
zoites incubated for 12 h in the presence of 10 lg/ml G418 were
prepared after three freeze–thaw cycles in 100 mM p-hydroxymer-
curibenzoic acid (PHMB) (Sigma). Total extracts (50 lg) from each
clone were analyzed by 7.5% SDS–PAGE and transferred to nitrocel-
lulose membranes (Amersham, Biosciences). Western blot assays
were performed with anti-EhPgp384 antibody (1:2000 dilution)
(Bañuelos et al., 2002). Nitrocellulose membranes were incubated
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin G (IgG; Zymed; 1:1000) for 1 h. Antigen–Anti-
body reactions were revealed with a fresh preparation of 3 mg/
ml of 4-choro-1-naphtol until the color was developed. For internal
control, membranes were incubated with monoclonal mouse anti-
actin antibody (1:1000; kindly provided by Dr. Manuel Hernández,
CINVESTAV, México) and HRP-conjugated anti-mouse IgG antibody
(Zymed; 1:2000). Western blot experiments were done by
triplicate.

2.8. Terminal dUTP nick end labeling (TUNEL)

CA, CANeo, CANeoPgp5 and CANeoAnti-Pgp5 clones were incu-
bated with G418 (10 lg/ml) for 12 h. Trophozoites were fixed in
4% formaldehyde for 45 min at 4 �C. After two PBS washes, 50 ll of
TUNEL reaction mixture of the In situ cell death detection kit (Roche)
was added and incubated for 60 min at 37 �C in a humidified atmo-
sphere in the dark. Slides were rinsed 3 times with PBS and visual-
ized with a Nikon fluorescence microscope. As a negative control,
clone CA trophozoites were grown without G418. As an internal con-
trol, trophozoites were incubated with DNAse I (Promega).
2.9. Transmission electron microscopy

Trophozoites of clones CA, CANeo, CANeoPgP5 and CANeoAnti-
PgP5 were incubated for 12 h in the presence of G418 (10 lg/ml)
and washed twice with 0.1 M sodium cacodylate buffer, pH 7.4.
Cells were fixed for 1 h with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4. Fixed trophozoites were washed twice
with 0.1 M sodium cacodylate buffer, post-fixed with 2% osmium
tetroxide, dehydrated with increasing concentrations of ethanol
and treated with propylene oxide. Trophozoites were then embed-
ded in epoxy resins. Semi-thin sections were stained with toluidine
blue for examination by light microscopy. Thin sections were
stained with uranyl acetate, followed by lead citrate, and then
examined in a Zeiss EM-10 electron microscope.

2.10. Flow cytometry assay

Changes in the size and light scattering properties of trophozo-
ites were determined by flow cytometry, as described by Hawley in
2004, with a Becton Dickinson FACSCalibur equipped with Cell
Quest software (Becton Dickinson). CA, CANeo, CANeoPgp5, and
CANeoAnti-Pgp5 trophozoites (1 � 106) were treated with G418
(10 lg/ml) for 12 h and analyzed with a 488 nm argon laser. A spe-
cific gate, based on the proprieties of control trophozoites, was se-
lected to determine position identifications on a forward scatter
versus side scatter dot plot. Light scattered in the forward direction
is roughly proportional to cell size, whereas light scattered at a 90�
angle (side scatter) is proportional to cell density.

2.11. Cytosolic Ca2+ concentrations

Changes in intracellular Ca2+ concentration (i[Ca2+]) were mon-
itored in CA, CANeo, CANeoPgp5 and CANeoAnti-Pgp5 clones using
the fluorescent probe Fura-2/AM (Sigma) after 140 min of incuba-
tion with G418 (10 lg/ml). Trophozoites (1 � 106) were washed
twice at 1500 rpm for 2 min at 4 �C in buffer I (116 mM NaCl,
5.4 mM KCl, 0.8 mM MgSO4, 5.5 mM D-glucose, and 50 mM HEPES,
pH 7.0). Amoebae were resuspended in loading buffer (116 mM
NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 5.5 mM D-glucose, 1.5% sucrose,
50 mM HEPES, pH 7.4, and 6 lM Fura-2/AM). The cellular suspen-
sion was incubated for 1 h at 37 �C with soft agitation. Trophozo-
ites were washed four times with ice-cold buffer I to remove
extracellular dye. For fluorescence measurements, 125 ll of tro-
phozoite suspension was diluted with 2.4 ml of buffer I. Fura-2/
AM was excited at 340 nm, and emission at 510 nm was registered
by a Perkin Elmer MPF44A fluorimeter. The i[Ca2+] concentrations
were determined at 30 �C using the formula:

i½Ca2þ� ¼ Kd� ðF2� F3Þ
ðF4� F1Þnmoles

F1 is the fluorescence signal obtained from the entire cell, while F2
represents the fluorescence signal after addition of 1 mM EGTA. F3
is the fluorescence following cell lysis with 0.04% Triton X-100 in
30 mM Trizma base, and F4 is the fluorescence after adding 4 mM
CaCl2. Kd represents the dissociation constant value of 224 nM, as
reported (Grynkiewicz et al., 1985).

2.12. Intracellular ipH measurements

Trophozoites (1 � 106) of CANeo, CANeoPgP5, and CANeoAnti-
PgP5 clones were incubated with G418 (10 lg/ml) for 12 h, resus-
pended in TYI-S-33 medium and washed twice with buffer A
(140 mM KCl, 4 mM CaCl2, 25 mM HEPES-Tris, pH 7.4). Trophozo-
ites were then loaded with 10 lM 2,7-bis (2-carboxyethyl)-5-
(and 6)-carboxyfluorescein (BCECF) (Sigma) for 45 min in 1 ml



Fig. 1. Viability and PGP expression in CANeoAnti-Pgp5 trophozoites. (A) Kinetics of growth of CANeo, CANeoPgp5 and CANeoAnti-Pgp5 trophozoites cultured in the
presence of G418. Viability was evaluated every 12 h by trypan blue exclusion. Upper panel shows trophozoite morphology at 12 h. (B) Left, agarose gel (2%) electrophoretic
mobility of RT-PCR products using 5 lg/ll of total RNA from CANeoPgp5 and CANeoAnti-Pgp5 trophozoites incubated with 10 lg/ml G418 antibiotic after 12 h. Lane M,
uX174DNA/Hae III molecular marker; lanes 2 and 6, lanes 3 and 7, and lanes 4 and 8 show Neo, EhPgp5 and anti-EhPgp5 RT-PCR transcription products, respectively. Lanes 1
and 5 are the negative controls. Right, relative expression of EhPgp5 gene in CANeoAnti-Pgp5 clone grown without G418 (empty bar graph) or in the presence of G418 after
12 h of incubation (fill bar graph) (10 lg/ml). (C) Western-blot analysis showing EhPgp5 protein expression (anti-EhPgp384 antibody) in CANeo, CANeoPgp5 and CANeoAnti-
Pgp5. Anti-actin antibody was used as an internal control. The graph shows the densitometry analysis of P-glycoprotein expression levels, using the actin detection for
normalization.
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buffer A, supplemented with nigericin (1 lg/ml). Finally, fluorescence
was registered at 535 nm in a Perkin Elmer MPF44A fluorimeter.

3. Results

3.1. Establishment of trophozoites transfected with EhPgp5 and anti-
EhPgp5 sequences

Trophozoites transfected with pNeoEhPgp5 (CANeoPgp5) and
pNeoAnti-EhPgp5 (CANeoAnti-Pgp5) were selected using G418
(10 lg/ml). Fig. 1A shows the growth kinetics of both test clones
and the control CANeo clone. While trophozoites transfected with
pNeo or pNeoEhPgp5 plasmids were able to grow after 48 h of
G418 selection, no stable transfectants were obtained with the
pNeoAnti-Pgp5 plasmid. At the beginning of incubation (12 h),
CANeoAnti-EhPgp5 trophozoites had rounded forms, and cell
shrinkage was evident (upper panel). Trophozoite death was ob-
served after 24 h of G418 treatment. Multiple transfection assays
with lower amounts of the selection antibiotic or higher plasmid
concentrations were performed without any success. To ascertain
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if the CANeoAnti-Pgp5 trophozoites expressed the Neo resistance
gene and to determine if there was any relationship between the
incapability of trophozoites to grow in the presence of G418 with
overexpression of anti-EhPgp5, trophozoites from each clone were
collected after 12 h of G418 incubation to perform RT-PCR and
Western blot assays. Fig. 1B demonstrates that the Neo transcript
was similarly detected in CANeoPgp5 and CANeoanti-Pgp5 tropho-
zoites (Fig. 1B, lanes 2 and 6). The Pgp5 transcript, as expected, was
overexpressed in CANeoPgp5 (Fig. 1B, lane 3). Detection was lower
in CANeoAnti-Pgp5 probably due to basal expression of P-glyco-
protein in trophozoites (Fig. 1B, lane 7). In contrast, anti-EhPgp5
transcript was not detected in CANeoPgp5 (Fig. 1B, lane 4), while
it was strongly expressed in CANeoAnti-Pgp5 trophozoites
(Fig. 1B, lane 8). Negative RT-PCR controls using RNAs as templates
from both clones are shown in lanes 1 and 5. Quantitative real-
time expression analysis of CANeoAnti-Pgp5 trophozoites showed
that after 12 h incubation with G418 (10 lg/ml), EhPgp5 gene
expression diminished 60% of levels displayed in the absence of
drug (Fig. 1B, graph).

Densitometry analysis of Western blot assays (Fig. 1C) revealed
that trophozoites of clone A transfected with the Neo plasmid (CA-
Neo) displayed a basal P-glycoprotein expression, in concordance
with the expression of the wild type (CA) trophozoites (Bañuelos
et al., 2002). In contrast, trophozoites of CANeoPgp5 showed an
increment of 71% from the basal P-glycoprotein expression after
12 h of G418 incubation. Interestingly, the P-glycoprotein expres-
sion diminished significantly in trophozoites expressing the anti-
sense sequence (CANeoAnti-Pgp5), representing only the 54.3% of
the CANeo expression. These results suggested that overexpression
of the antisense Pgp5 sequence could interfere with P-glycoprotein
production. Actin was used as an internal control.
3.2. Anti-EhPgp5 transcript overexpression altered nuclear structure
and DNA

We previously detected DNA fragmentation during PCD induc-
tion with TUNEL staining (Villalba et al., 2007a). To investigate if
Fig. 2. DNA fragmentation and ultrastructural changes in trophozoites after G418 tre
CANeo, CANeoPgp5 and CANeoAnti-Pgp5 trophozoites after treatment with G418 (10 lg/
also shown. Bars, 20 lm. (B) Ultrastructure of CA, CANeo, CANeoPgp5 and CANeoAnti-P
nucleus; (V) vacuoles. Arrows show the plasma membrane. Inset in CANeoAnti-Pgp5 (1
anti-EhPgp5 transcript overexpression was associated with tropho-
zoite death, we assayed positive TUNEL staining in CANeoAnti-
Pgp5 trophozoites in comparison to trophozoites from CA, CANeo
and CANeoPgp5 clones. Fig. 2A shows that parasites expressing
the Neo gene or the Neo and EhPgp5 genes (CANeo and CANeoPgp5,
respectively) displayed few positive staining nuclei. In contrast
after G418 incubation, non-transfected trophozoites (CA) and
trophozoites overexpressing the anti-EhPgp5 sequence (CANeoAn-
ti-Pgp5) showed several positive staining nuclei (Fig. 2A). As a
positive control, trophozoites were incubated with DNAse I endo-
nuclease and a negative staining control was also performed.

We further analyzed the ultrastructural changes associated
with nuclear shrinkage, chromatin condensation and DNA frag-
mentation. Using transmission electron microscopy (Fig. 2B), we
found that non-G418-treated trophozoites from the different
clones had dense peripheral chromatin with a central endosome,
while the nuclear and plasma membranes appeared intact
(Fig. 2B, left panels). After 12 h of G418 incubation (Fig. 2B, right
panels), the clones displayed important differences. Chromatin in
CA trophozoites appeared fragmented and displaced to one side
of the amoeba nucleus with round nuclear bodies and several gly-
cogen deposits in the cytoplasm. CANeo and CANeoPgp5 trophozo-
ite clones did not show any alterations; chromatin remained
peripheral, and the nuclei appeared normal. However, the ultra-
structural architecture of CANeoAnti-Pgp5 trophozoites presented
several alterations. The cytoplasm showed abundant vacuoles and
glycogen deposits. The nuclear membrane was not clearly defined,
and the DNA seems to be damage (inset of CANeoAnti-Pgp5,
Fig. 2B). Moreover, chromatin was fragmented, and several small
nuclear bodies were evident; the cytoplasmic membrane remained
integrate.
3.3. Cellular and biochemical changes associated with PCD

In E. histolytica, we had previously reported that PCD produced
cytoplasmic alterations as a consequence of cell damage. To ascer-
tain whether death produced in trophozoites transfected with
atment. (A) Confocal microscopy analysis showing nuclear TUNEL staining of CA,
ml). As a positive control, trophozoites were treated with DNase I; negative control is
gp5 trophozoites before (left panels) and after (right panels) G418 treatment. (N),
2 h) showed the nuclear damage.



Fig. 3. Cell size and granularity of trophozoites after G418 treatment. Representative flow cytometry plots indicate cell size (forward scatter) and granularity (side scatter) of
CANeo, CANeoPgp5 and CANeoAnti-Pgp5 trophozoites that were cultured in the presence of G418 (10 lg/ml). CA plot of trophozoites grown without drugs was utilized as a
control.

O. Medel Flores et al. / Experimental Parasitology 135 (2013) 532–540 537
antisense construct had the typical morphological and biochemical
changes associated with PCD, we measured cell size and granular-
ity. Fig. 3 demonstrates that the CANeoAnti-Pgp5 trophozoite pop-
ulation displayed a substantial reduction in cell size. While the
population sizes of trophozoites from CA, CANeo and CANeoPgp5
(36%, 34% or 32%, respectively) were greater than the mean value.
Trophozoites expressing the anti-EhPgp5 sequence had diminished
size; only 18% of the trophozoites were over the mean x axis value.
The results in the side scatter plot suggested a dramatic increase in
granularity in the CANeoAnti-Pgp5 trophozoites; 20%, 22% and 16%
in CA, CANeo and CANeoPgp5, respectively, compared to 58% in
CANeoAnti-Pgp5.

Marked cell shrinkage in CANeoAnti-Pgp5 was indicative of
cytoplasm fluid loss and other ionic alterations such as an increase
in cytosolic Ca2+ concentration. We measured intracellular calcium
concentration in trophozoites after 120 min of incubation with
G418. Fig. 4 showed that non transfected trophozoites (CA) with-
out G418 treatment displayed a basal calcium concentration of
40 nM; instead G418-treated trophozoites (CA-treated) displayed
165 nM, representing an increment of 312.5%. Measurement of
intracellular calcium concentration of trophozoites transfected
with the empty vector (CANeo) without G418 treatment displayed
70 nM. These results suggest that concentration differences
between non-transfected and transfected trophozoites may be
due the increase in the electrical conductivity during electropora-
tion that promotes also cell permeability of internal trophozoite
membranes, provoking calcium delivering from reservorious.
Interestingly, CANeoAnti-Pgp5 trophozoites displayed 140 nM of
intracellular calcium concentration, representing an increment of
100% of the calcium concentration from trophozoites transfected
with the empty vector (CANeo). On the other hand, trophozoites
from clone CANeoPgp5 showed similar calcium concentrations to
CANeo, representing only a marginal increment of 14.2% (Fig. 4).

In other systems, imbalance of ionic concentrations alters mem-
brane potential, which subsequently decreases ipH levels (Kawasa-
ki et al., 2009). Thus, we evaluated the changes in ipH using DFCA.



Fig. 4. Intracellular cytosolic Ca2+ concentration i(Ca2+) in trophozoites after G418
treatment. Ca2+ concentration was evaluated by fluorimetry using Fura-2/AM dye.
Ca2+ measurements were performed for CA, CANeoPgp5 and CANeo-AntiPgp5 after
treatment with G418 (10 lg/ml) for 12 h. CA and CANeo trophozoites incubated
without G418 were included as internal controls.

Fig. 5. Intracellular pH (ipH) measurement in trophozoites before and after G418
treatment. ipH was examined by using BCECF fluorescent dye in CA, CANeo,
CANeoPgp5 and CANeoAnti-Pgp5 trophozoites before (solid bars) and after G418
treatment (empty bars).
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Fig. 5 demonstrates that ipH during CA clone growth without G418
antibiotic was 7.1; however, when trophozoites were cultured in
the presence of G418, the ipH decreased to 6.5. In concordance
with the biochemical alterations previously presented, the ipH of
CANeoAnti-Pgp5 was also acidified (ipH 6.7). In contrast, CANe-
oPgp5 trophozoites incubated in the presence of G418 that overex-
pressed P-glycoprotein had an alkalinized ipH, from 7.1 to 7.4. As
expected, also trophozoites transfected with pNeo (CANeo) incu-
bated in the presence of G418 remained at a neutral ipH (7.1).
4. Discussion

A growing body of evidence supports the occurrence of PCD in E.
histolytica. A variety of different external stimuli including antibi-
otics (Villalba et al., 2011) as well as oxygen and nitric oxide spe-
cies (Ghosh et al., 2010; Ramos et al., 2007) induced similar
characteristics of PCD compared to those reported in other organ-
isms. Although the final phenotype resembled apoptosis in multi-
cellular organisms, several differences existed in the molecular
pathways and time course of events. In unicellular organisms, it re-
mains to be known how diverse extracellular signals, such as
growth factor withdrawal, reactive species, heat shock and drug
exposure, lead to the similar sequence of morphological and bio-
chemical changes that define PCD. In E. histolytica, we previously
found (Villalba et al., 2007a,b) that these alterations potentially oc-
cur in a specific sequence and include changes in cell volume,
intracellular ipH, ROS, K+ and Ca2+ ions along with the putative
activation of proteases to produce the nuclear condensation and
DNA damage. Recently using AFLP’s polymorphisms and real-time
qRT-PCR, we identified grainin 1, grainin 2, sir-2, 40S, glutaminyl-t-
RNA synthetase and saposin-like genes probably involved in pro-
and anti-apoptotic gene signaling pathways (Sánchez et al., 2010).

One hypothesis is that the changes in intracellular ionic equilib-
rium might be involved in regulating PCD because profound
changes in cellular volume and pH appear to occur early in PCD
(Barry et al., 1993).

Several studies reported that multidrug-resistant P-glycopro-
teins, which are located in the cellular plasma membrane, have
been associated with drug transport (Bañuelos et al., 2002) and
the regulation of cellular permeability (Valverde et al., 1996), while
other reports also suggested that P-glycoproteins were associated
with apoptosis (Robinson et al., 1997). In E. histolytica, we demon-
strated that P-glycoprotein overexpression was correlated with an
increase in drug export from the cell (Bañuelos et al., 2002). P-gly-
coprotein also induced trophozoite swelling and probably func-
tioned as a chloride channel or a chloride channel regulator
(Delgadillo et al., 2002).

The present study evaluated the effect of P-glycoprotein anti-
sense interference in the PCD phenotype by a variety of indepen-
dent measures. Two different constructs were employed,
pNEOEhPgp5 containing the EhPgP5 ORF and pNeoAnti-Pgp5 con-
taining the anti-EhPgp5 sequence. Even though antisense transfec-
ted trophozoites (CANeoAnti-Pgp5) also expressed the G418
resistance gene, no stable transfected trophozoites were obtained.
Instead, trophozoites death along with the enhancement of bio-
chemical and morphological characteristics of PCD were observed
after 12 h of G418 incubation. Amoeba size diminished, while
granularity increased. Importantly, the P-glycoprotein antisense
interference enhanced DNA alterations induced by G418. While
chromatin in G418-treated CA trophozoites appeared fragmented
and displaced to one side of the amoeba nucleus, the ultrastruc-
tural architecture of CANeoAnti-Pgp5 trophozoites showed sub-
stantial differences: the nucleus was contracted, the nuclear
membrane was disrupted, and chromatin was extensively frag-
mented. In contrast, nuclei from CANeo and CANeoPgp5 trophozo-
ite clones treated with the antibiotic, kept their normal
morphology and did not show ultrastructural DNA alterations. Pre-
vious reports in other systems suggested that besides the efflux
pump function of PGP, it also appears to reduce apoptosis induced
by drugs and other stressors at a variety of levels within death
signaling pathways (Dudley, 1998; Fojo and Bates, 2003). Upon
treatment with doxorubicin, P388/Dox cells (a doxorubicin drug-
resistant P388 murine leukemia cell line) exhibit a reduction in
DNA laddering, which is a characteristic of apoptosis (Ling et al.,
1993). More recently, results from two different groups clarified
the relationship between the expression of P-glycoprotein, apopto-
sis and drug resistance. Xiaohua et al., 2007 suggested that CIAPIN1
(cytokine-induced apoptosis inhibitor 1) could significantly up-
regulate the expression of MDR1 and Bcl-2 and the inhibition of
CIAPIN1 expression by RNA interference as well as the use of Pgp
inhibitors sensitized cells to drugs. In contrast, overexpression of
human REIC/DKK-3 (reduced expression in immortalized cell) gene,
resulted in the sensitization of multidrug-resistant breast cancer
MCF7/ADR cells to doxorubicin decreasing the levels of P-glycopro-
tein and inducing apoptosis in multidrug-resistant cells (Kawasaki
et al., 2009).
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Typically during apoptosis, cell shrinkage is caused by the loss
of cytoplasmic fluid and the denaturation of proteins (Huppertz
et al., 1999), which produces characteristic biochemical features.
One of the critical determinants of the cellular response to exoge-
nous stimuli is cellular redox status. Intracellular generation of ROS
causes an increase in the level of lipid peroxidation (Sen et al.,
2004b) that causes an osmotic imbalance and an increase in intra-
cellular calcium levels. In unicellular organisms, particularly in
protozoan parasites, there is a dearth of knowledge about the
importance of cytosolic cations in the apoptotic process. In Leish-
mania donovani, the formation of ROS inside leishmania cells by
CTP-induction causes an increase in the levels of lipids peroxida-
tion and cytosolic calcium (Sen et al., 2004a). In Eukaryotes, normal
intracellular Ca2+ concentrations range at �100 nM, 20,000-fold
lower than 2 mM concentrations found in the extracellular med-
ium (Peng et al., 2003). Elevation of cytosolic Ca2+ causes cellular
damage and death through the disruption of cytoskeleton net-
works and the action of Ca2+-stimulated catabolic enzymes, such
as proteases, phospholipases, and endonucleases (Tagliarino
et al., 2001).

In other systems, excessive free cytosolic calcium, due to the
opening of Ca2+ ATPase channels, leads to uncoupling of mitochon-
drial oxidative phosphorylation and directs the cells to follow the
executionary part of apoptosis (Jiang et al., 1994). Recently, studies
were carried out to determine whether changes in intracellular
Ca2+ levels correlated with the apoptosis increment in time and
dose dependent manner. In Toxoplasma gondii nitric oxide donor
(SNP) that induced apoptosis-like death, produced intracellular
calcium increment from 113 nM, of non-treated parasites, to
372 nM of apoptotic induced organisms. In our study, we observed
that intracellular Ca2+ concentration in CANeoPgp5 and CANeo tro-
phozoites were within normal intracellular range (100 nM), even
though cell permeability induced by the electric field during elec-
troporation produced an increment of calcium, from 40 nM of non-
transfected trophozoites to 70 nM of transfected ones. However,
trophozoites expressing the antisense sequence displayed more
than 100% of the basal Ca2+ concentrations, suggesting that calcium
increment could be directly related to the induction of molecular
signals that mark trophozoites to PCD. Our results are also in con-
cordance with those reported by Tagliarino et al., 2001, in which
DNA fragmentation, mitochondrial membrane depolarization,
ATP loss and apoptotic proteolysis in MCF-7 cancer cells were a
consequence of the intracellular Ca2+ increment over 100 nM.
Using acid acetoxymethyl ester, an intracellular Ca2+ chelator, early
increases in Ca2+ levels and apoptosis were blocked (Sen et al.,
2004a). Sen and co-workers, also demonstrated in L. donovani that
pre-treatment with anti-oxidants like BHT (butyrated hidroxy tol-
uene), also decreased the calcium concentrations and the apoptotic
manifestations, even though the calcium levels remained 20 nM
higher than normal parasites. The activation of several signaling
pathways and late apoptosis events, such as nuclear condensation,
protease and endonuclease activation as well as DNA fragmenta-
tion were preceded by early biochemical events. Acidification is
an important early event in the apoptotic cascade (Robinson
et al., 1997). The human LR73 tumor cell line transfected with
the MDR1 became alkaline and exhibited a delay in the apoptotic
phenotype (Hoffman et al., 1996). Thus, the delay in morphological
changes and DNA laddering was potentially due to altered pH
homeostasis, which suggested another mechanism by which
MDR1 protein overexpression increases the survivability of tumor
cells (Robinson et al., 1997).

In concordance with several studies (Gottlieb et al., 1996;
Pérez-Sala et al., 1995), our results strongly suggested that changes
in intracellular ionic equilibrium is involved in regulating PCD in E.
histolytica via key regulators of intracellular ion homeostasis, such
as P-glycoproteins. Inhibition of E. histolytica PGP protein precipi-
tated the onset of PCD induced by G418 antibiotic, while PGP over-
expression prevented intracellular acidification and circumvented
its apoptotic effect. Our results also potentially conveyed that
PGP protein overexpression in E. histolytica confers resistance to
other PCD inducers, in vitro and in vivo. Using an in vivo model in
which physical interaction between amoebas and inflammatory
cells was limited, we recently found that nitric oxide produced
by inflammatory cells induces PCD in 86% of the trophozoite pop-
ulation; however, 14% of them were resistant to death (Villalba
et al., 2011). In conclusion, the involvement of PGP in controlling
the intracellular acidification blocking the global switch that inac-
tivate cellular processes and the molecular mechanisms implicated
in the destruction of the genome, represents a medullar role for
PCD resistance. Our results represented the first evidence in para-
sites and other unicellular organisms of a specific molecule partic-
ipating in the regulation of PCD pathways. PCD regulating
molecules might be important for understanding the early events
in host-parasite interactions that could be consequently involved
with the initiation of the physiopathology of disease. Further stud-
ies might shed light on the relationship between signaling in the
apoptotic cascade and altered intracellular ionic equilibrium ob-
served in E. histolytica trophozoites.
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