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Blastocystis is an enteric protozoan purportedly associated with numerous clinical cases of diarrhea, flatu-
lence, vomiting, and other gastrointestinal symptoms. Despite new knowledge of Blastocystis cell biology, genetic
diversity, and epidemiology, its pathogenic potential remains controversial. Numerous clinical and epidemi-
ological studies either implicate or exonerate the parasite as a cause of intestinal disease. Therefore, the aim
of this study was to investigate the pathogenic potential of Blastocystis by studying the interactions of Blasto-
cystis ratti WR1, an isolate of zoonotic potential, with a nontransformed rat intestinal epithelial cell line, IEC-6.
Here, we report that B. ratti WR1 induces apoptosis in IEC-6 cells in a contact-independent manner. Further-
more, we found that B. ratti WR1 rearranges F-actin distribution, decreases transepithelial resistance, and
increases epithelial permeability in IEC-6 cell monolayers. In addition, we found that the effects of B. ratti on
transepithelial electrical resistance and epithelial permeability were significantly abrogated by treatment with
metronidazole, an antiprotozoal drug. Our results suggest for the first time that Blastocystis-induced apoptosis
in host cells and altered epithelial barrier function might play an important role in the pathogenesis of
Blastocystis infections and that metronidazole has therapeutic potential in alleviating symptoms associated with

Blastocystis.

Blastocystis is an intestinal protozoan parasite found in hu-
mans and other mammals, birds, reptiles, and insects. Blasto-
cystis is frequently reported in human fecal samples of symp-
tomatic patients and healthy individuals (43, 44, 49, 51) with
the prevalence of Blastocystis infections in developing coun-
tries ranging from 30 to 50% (2, 16, 30, 43). Since its descrip-
tion in the early 1900s, our knowledge of its cell biology, ge-
netic diversity, and epidemiology has advanced significantly (1,
43, 44). There are many reports associating Blastocystis with
gastrointestinal symptoms, including recurrent watery diar-
rhea, mucous diarrhea, abdominal cramps, vomiting, and
bloating (13, 33, 38, 44). Accumulating phylogenetic data sug-
gest that Blastocystis is a zoonotic organism, and it is believed
that the transmission of animal infections to humans is com-
mon (34, 50). Various studies suggested that immunocompro-
mised patients are more likely to suffer Blastocystis-related
diarrheal diseases (6, 35). Despite its description about a cen-
tury ago, the exact role of Blastocystis as a cause of human
disease is controversial and inconclusive. Some clinical and
epidemiological studies implicate the parasite as a potential
pathogen, while others exonerate the organism as a cause of
intestinal disease (23).

The primary site for Blastocystis colonization is the intestine,
and it has been suggested that proteases produced by Blasto-
cystis help in colonization and pathogenesis of this parasite (37,
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42). In vitro studies have demonstrated that Blastocystis is
capable of causing significant cytopathic effects on Chinese
hamster ovary cells (48). Recently, a variety of intestinal patho-
gens were found to induce apoptosis in intestinal epithelial
cells, and their association with pathogenicity was suggested
(11, 14, 20, 22, 29, 46). It has been suggested that epithelial cell
apoptosis caused by the protozoan Giardia lamblia can con-
tribute to the intestinal permeability disorders (9).

Intestinal permeability was reported to be considerably in-
creased in Blastocystis hominis-infected patients, and it was
suggested that Blastocystis infections may damage the intestinal
wall (12). Many gastrointestinal disorders, such as bacterial
enteritis, celiac disease, and inflammatory bowel disease, are
reported to be associated with a breakdown of epithelial bar-
rier function (4, 9).

Intestinal barrier function is mainly regulated by tight junc-
tions, which consist of a number of transmembrane proteins,
such as claudins and occludin, and cytoplasmic peripheral
membrane proteins, including zonula-occludens-1, -2, and -3
and cingulin (10). Many tight-junction proteins interact with
F-actin, and these interconnections are considered to stabilize
the tight junction. Intestinal pathogens, such as Giardia lamblia
and Escherichia coli, were reported to rearrange F-actin distri-
bution in intestinal epithelial cells and compromise barrier
function (15, 45).

In this study, we aim to investigate the interactions of Blas-
tocystis ratti WR1 using a nontransformed rat intestinal epithe-
lial cell line model. We demonstrate for the first time that
Blastocystis can induce apoptosis, rearrange F-actin distribu-
tion, decrease transepithelial electrical resistance (TER), and
increase epithelial permeability. Additionally, our results show
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that the antiprotozoal drug metronidazole abrogates the ef-
fects of B. ratti WR1 on epithelial barrier function, and this
suggests that it has therapeutic potential in Blastocystis infec-
tions.

MATERIALS AND METHODS

Culture of nontransformed rat intestinal cell line. All experiments were per-
formed with a nontransformed rat intestinal epithelial cell line, IEC-6 (ATCC).
TEC-6 cell stock was maintained in T-75 flasks in a humidified 37°C incubator
with 5% CO,, and passages 5 to 15 were used for all experiments. The growth
medium consisted of Dulbecco’s modified Eagle’s medium (Sigma) with 10%
heat-inactivated fetal bovine serum (HyClone), 1% sodium pyruvate (Gibco),
and 0.1% bovine insulin (Sigma). The culture medium was replenished every 2 to
3 days. Cell viability was analyzed in a trypan blue assay, and cell cultures with
>95% viability were used. Cells were trypsinized with 0.25% trypsin-EDTA
(Gibco), and a seeding density of 2 X 10° cells/ml was used. Cells were grown to
confluence on 12-well tissue culture plates (Costar) or on poly-L-lysine-treated
12-mm glass coverslips. For transepithelial resistance and monolayer permeabil-
ity assays, cells were grown on 0.6-cm? Millicell-HA filters using 24-well tissue
culture plates (Costar).

Parasite culture and preparation of lysate. Blastocystis ratti isolate WR1 was
originally isolated from rats housed in the National University of Singapore’s
Animal Holding Unit and subsequently axenized (8). Parasites were cultured in
prereduced Iscove’s modified Dulbecco’s medium supplemented with 10% inac-
tivated horse serum (Gibco) and incubated anaerobically at 37°C in an
ANAEROJAR (Oxoid, United Kingdom) as previously described (18). Five-day-
old parasites at log phase were washed two times in ice-cold TEC-6 complete
medium at 500 X g for 10 min at 4°C. The pellet was resuspended in IEC-6 cell
complete medium, parasites were counted with a hemocytometer, and the con-
centration was adjusted to 1 X 107 parasites/ml. Parasites were examined micro-
scopically for their viability in IEC-6 complete medium and found to be viable for
>48 h in IEC-6 growth conditions (data not shown). Parasitic lysates were
prepared by three freeze-thaw cycles in liquid nitrogen and a 37°C water bath.

Inoculation protocol and experimental planning. For all experiments, a den-
sity of 1 X 107 parasites/ml was used. Either live parasites or parasitic lysate was
added to 12-well plates (2 ml) or 24-well plates (1 ml) or to the apical side of
confluent monolayers grown on 0.6-cm? Millicell-HA filters (400 wl). For apop-
tosis experiments and phalloidin-fluorescein isothiocyanate (FITC) staining, 2-
or 3-day-old confluent monolayers were used. For TER and epithelial perme-
ability experiments, monolayers grown on Millicell-HA filters were used 5 or 6
days after they were seeded when they reached peak electrical resistance of ~30
Q/cm? (data not shown). In caspase inhibition experiments, cell monolayers were
pretreated for 2 h with either general caspase inhibitor Z-VAD-fmk (50 uM) or
caspase-3 inhibitor Z-DEVD-fmk (120 wM) (where Z is benzyloxycarbonyl
group, fmk is fluoromethyl ketone, VAD is Val-Ala-Asp, and DEVD is Asp-
Glu-Val-Asp) prior to the addition of parasites or lysate. In some TER and
permeability assays, the antiprotozoal drug metronidazole (10 pg/ml, Sigma) was
added in medium prior to the addition of live parasites. Monolayers were washed
twice with cold Hanks balanced salt solution (HBSS; Gibco) before the addition
of parasite or lysate suspension. In order to test whether apoptosis of IEC-6 cells
requires direct contact with parasites, cells were grown in 12-well plates and kept
separate from parasite by porous filters (Millicell-HA filter) during coincubation.

Apoptosis assays. Various assays, as described below, were employed to ana-
lyze apoptosis of IEC-6 cells. Staurosporin (Sigma) (0.25 wM) was used to induce
apoptosis as a positive control.

(i) DNA binding dye. IEC-6 cell monolayers grown on 12-mm glass coverslips
were coincubated with B. ratti WR1 live parasites and parasitic lysate for 12 h.
After incubation, monolayers were washed with phosphate-buffered saline (PBS)
and fixed with 2% (wt/vol) paraformaldehyde in PBS (pH 7.4). The cells were
then washed twice with PBS and stained with 0.5 pwg/ml of DAPI (4',6-diamidino-
2-phenylindole; Sigma) for 5 min at room temperature in the dark. Then, cells
were washed in PBS and mounted on a glass slide with fluorescence mounting
medium (VECTASHIELD). Cells were observed with a fluorescence microscope
(Olympus BX60; Olympus, Japan).

(ii) Assay for expression of phosphatidylserine on the cell surface. Annexin V
binding assay was performed as an early marker of apoptosis. IEC-6 cell mono-
layers were grown in 12-well culture plates and then coincubated with B. ratti
WRI live parasites and parasitic lysate for 5 h. Plasma membrane asymmetry was
measured by using an annexin V-FITC apoptosis detection kit (BD Pharmingen)
following the manufacturer’s instructions. Propidium iodide (PI) was used to
exclude dead cells from apoptotic cells. After the cells were stained, samples
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were analyzed by flow cytometry (Dako Cytomation Cyan LX) using a 488-nm
excitation wavelength, a 515-nm band-pass filter for fluorescein detection, and a
600-nm filter for PI detection. A region was defined to represent the apoptotic
cells showing annexin-positive and PI-negative staining (lower right quadrant).

(iii) TUNEL. IEC-6 cells grown on poly-L-lysine-coated 12-mm glass coverslips
were used for fluorescent microscopic analysis, and cells grown in six-well culture
plates were used for flow cytometric analysis. Cells were coincubated with B. ratti
WRI live parasites and lysate for 12 h. Terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) was performed using the in situ cell
death detection kit (Roche) following the manufacturer’s instructions for the
detection of in situ DNA fragmentation. The samples were viewed with a fluo-
rescence microscope or analyzed by flow cytometry using a 525-nm band-pass
filter to detect green fluorescence.

(iv) Evaluation of caspase-3 activity. Caspase-3 activity was measured using
ApoAlert caspase fluorescent assay kit (BD Pharmingen) after infection for 6,
12, and 24 h. Briefly, after coincubation, cells were washed twice with PBS and
harvested using a cell scraper. Cells were then resuspended in 50 pl of chilled cell
lysis buffer (component no. 6636KC; BD Pharmingen) and incubated on ice for
10 min. Cell lysates were centrifuged at maximum speed for 10 min to precipitate
cellular debris. The supernatants were transferred to new microcentrifuge tubes,
and then 50 pl of 10 mM dithiothreitol in 1 ml of 2X reaction buffer mix followed
by 5 pl of 1 mM caspase-3 substrate (DEVD-7-amino-4-trifluoromethylcouma-
rin; 50 wM final concentration) was added to each sample and incubated for 1 h
at 37°C in a water bath. Samples were transferred to a 96-well plate, and
absorbance was measured in a fluorometer (SpectraMax) with a 400-nm excita-
tion filter and 505-nm emission filter. Caspase-3 activity was expressed as relative
fluorescence units.

Phalloidin-FITC staining of F-actin. IEC-6 cells were grown on poly-L-lysine-
coated glass coverslips, and confluent monolayers were coincubated with live
parasites, parasitic lysate, or 5 pg/ml cholera toxin as positive control for 24 h.
After incubation, cells were washed with PBS and fixed in 3.7% paraformalde-
hyde in PBS for 5 min. Cells were washed with PBS, dehydrated with acetone,
permeabilized with 0.1% Triton X-100 in PBS, and washed again in PBS. Cells
were stained with 50 pg/ml phalloidin-FITC conjugate solution in PBS for 40 min
at room temperature and then washed five or six times with PBS to remove
unbound phalloidin conjugate. Coverslips were mounted on glass slides with
fluorescence mounting medium and viewed by confocal microscopy (Olympus
Fluoview FV500).

Measurement of transepithelial resistance. Transepithelial resistance was de-
termined with a Millipore electrical resistance system (Millipore-ERS). IEC-6
cell monolayers were grown on 12-mm Millicell-HA filters, and TER was tested
on alternate days until it peaked (~30 Q/cm?) by day 6. Parasites or lysate was
added to the apical side of confluent monolayers grown on Millicell-HA filters
and coincubated for 12, 24, and 48 h. After coincubation, the monolayers were
washed two times with HBSS to ensure that the parasites would not affect TER
measurements. Four hundred microliters of warm (37°C) complete medium was
added to the apical compartment, and TER was measured with Millipore-ERS.
To avoid fluctuations in temperature, TER was measured at 37°C with the aid of
a heating plate. Epithelial resistance was expressed in (/cm?.

Determination of epithelial permeability by Lucifer yellow. To confirm con-
fluence of cell monolayers grown on Millicell-HA filters, transepithelial resis-
tance was measured with Millipore-ERS. After reaching peak transepithelial
resistance (~30 Q/cm?), the effect of Blastocystis on epithelial barrier function
was assessed with Lucifer yellow (molecular weight of 482; Molecular Probes).
Briefly, after 24 h of coincubation, apical and basolateral compartments were
washed gently three times with HBSS. Three hundred microliters of Lucifer
yellow (100 pg/ml in HBSS) was added to the apical compartment, and 500 wl of
HBSS was added to the basolateral compartment. After 3 h of incubation at 37°C
in a humidified incubator with 5% CO,, 250 ul of sample was taken from the
basolateral compartment. Fluorescence absorbance was determined using wave-
lengths of 485 nm (excitation) and 535 nm (emission). Values were expressed as
a percentage of Lucifer yellow passage across the cell monolayer.

Statistical analysis. The mean values of experimental groups were compared
by using the paired Student ¢ test. Differences were considered significant if P
was <0.05.

RESULTS

Blastocystis ratti WR1 live parasites and parasitic lysates
induce IEC-6 cell apoptosis. We employed a series of experi-
ments to assess the effects of Blastocystis on IEC-6 cell apop-
tosis. These included (i) DAPI staining, which detects chroma-
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FIG. 1. Fluorescence photomicrographs and histograms obtained
from DAPI fluorescence assay for apoptosis of nontransformed rat
intestinal epithelial IEC-6 cells. Cell monolayers were grown on glass
coverslips and incubated for 24 h with either growth medium (A), B.
ratti WR1 live parasites (B), parasitic lysate (C), and 0.25 uM stauro-
sporin as a positive control (D). Cells coincubated with live parasites,
parasitic lysate, and staurosporin show nuclear condensation and frag-
mentation (B, C, and D). From the histogram, a significant increase in
the percentage of apoptotic cells in monolayers coincubated with live
parasites and lysate can be noticed in comparison to the negative
control. For each sample, 1,000 cells were counted under a magnifi-
cation of X40. Values are means *+ standard deviations (error bars)
(three monolayers in each group). The values were significantly dif-
ferent (P < 0.05) from the value for the negative control.

tin condensation and nuclear fragmentation; (ii) annexin
V-FITC binding assay to detect externalization of phosphati-
dylserine during the early phase of apoptosis; (iii) TUNEL
assay for the detection of internucleosomal cleavage of DNA
during the late stages of apoptosis, and (iv) caspase-3 fluores-
cence assays that detect the presence of active caspase-3. Re-
sults of all assays consistently showed that coincubation of
IEC-6 cells with B. ratti WR1 live parasites and parasitic lysates
induces apoptosis of IEC-6 cells.

Apoptosis was originally defined on the basis of a distinctive
pattern of morphological features seen in the nucleus as the
cell dies, features observable by light or fluorescence micros-
copy (21). DAPI staining, which detects changes in the nucleus,
provides the first unequivocal evidence of the onset of apop-
tosis. Nuclear morphological characteristics of infected IEC-6
cells showed typical apoptotic nuclear condensation and frag-
mentation when stained with DAPI (Fig. 1). IEC-6 cells cocul-
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tured with live parasites and parasitic lysates for 12 h showed
shrunken, highly condensed, and fragmented nuclei in apop-
totic cells (Fig. 1B and C). Control IEC-6 cells exhibited reg-
ularly shaped intact nuclei with normal chromatin distribution
(Fig. 1A). Cells incubated with live parasites (6.7% = 1.3%;
P < 0.05) and parasitic lysate (11.2% = 3.1%; P < 0.05)
showed significant increases of four- and sevenfold in the per-
centage of apoptotic cells compared with the value for the
control (1.5% = 0.3%), respectively.

The flipping of phosphatidylserine molecules from the inner
to outer leaflet of the plasma membrane is one of the key early
indications of apoptosis. Annexin V, a 35- to 36-kDa molecule,
specifically binds, in the presence of calcium ions, with high
affinity to phosphatidylserine molecules (39). Using annexin V
as a FITC conjugate in combination with propidium iodide,
one can distinguish between viable, apoptotic, and necrotic
cells. This combination appears to be a potent discriminator
between necrotic and apoptotic cells (47).

Apoptotic cells showed annexin-positive and PI-negative
staining (lower right quadrants in Fig. 2A to F) populations in
flow cytometry dot plots. IEC-6 cells cocultured with Blasto-
cystis for 5 h showed a marked increase in the percentage of
apoptotic cells coincubated with live parasites (14.1% [Fig.
2B]) and with parasitic lysate (38.6% [Fig. 2C]) relative to the
control (3.9% [Fig. 2A]) in the lower right quadrants. The dot
plots in Fig. 2B, C, E, and F compared to that in Fig. 2A show
an overall shift in the population of cells from the lower left
quadrant towards the lower right quadrant, which indicates the
percentage of apoptotic cells with preservation of the integrity
of the plasma membrane. Pretreatment with the general
caspase inhibitor Z-VAD-fmk prior to coincubation with par-
asites significantly prevented the apoptosis of IEC-6 cells,
bringing the percentage of annexin-positive and PI-negative
cells close to that of the negative control (3.6% [Fig. 2D]). To
investigate contact-independent cell death induction due to
parasite secretory factors, we used Millicell-HA filters to sep-
arate live parasites from host cells. There was a significant
increase in the number of apoptotic cells induced by live par-
asites in a contact-independent manner when these filters were
used (14.1% [Fig. 2E]). This finding suggests that B. ratti WR1
secretes some parasitic factors that may induce apoptosis of
IEC-6 cells without the need for direct contact. All the dot
plots show consistent percentages of a baseline population of
necrotic cells in the upper right quadrants, but cells incubated
with parasitic lysate showed an increase in the necrotic cell
population. Parasitic lysate consists of all secretory and non-
secretory cellular components of the parasite. This increase in
necrotic population (annexin positive and PI positive) in cells
incubated with parasitic lysate may be due to the effects of
some intracellular nonsecretory Blastocystis products, such as
proteases present only in parasitic lysates (Fig. 2C).

We employed TUNEL as a late marker for the detection of
endonuclease activity and quantification of apoptosis in IEC-6
cells. Endonucleolysis is an important biochemical hallmark
during apoptosis, and TUNEL is considered to be a sensitive
method for detecting DNA fragmentation when used in con-
junction with alternative techniques (19). TUNEL relies on the
specific binding of a labeled polynucleotide molecule (dUTP)
to the exposed 3'-OH ends of DNA, catalyzed by exogenous
terminal deoxynucleotidyltransferase.
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FIG. 2. Annexin V-FITC staining of IEC-6 cells by flow cytometry. Representative dot plots of cells subjected to different treatments are shown.
Untreated IEC-6 cells (A) are shown as a control. IEC-6 cells were incubated for 5 h with B. ratti WR1 live parasites (B), parasitic lysate (C), live
parasites after pretreatment with caspase inhibitor Z-VAD-fmk (D), live parasites on Millicell-HA filter for contact-independent assay (E), and
0.25 pM staurosporin as a positive control (F). Panels B, C, E, and F show significant increases in annexin V-positive apoptotic cell population
(lower right quadrants). A total of 2 X 10 cells from each sample were analyzed. The upper right quadrant represents apoptotic or necrotic cells
positive for both annexin V and PI. The lower left quadrant represents healthy cells negative for annexin V and PI staining, and the upper left
quadrant represents necrotic cells positive for only PI. Results are representative from two experiments, and the values were significantly different
(P < 0.05) from the value for the negative control for all samples.

10°

Fluorescence microscopy results showed maximal labeling of trol (Fig. 3A). Flow cytometric results (Fig. 3) revealed signif-
distinctly fragmented DNA (Fig. 3). The intensity of FITC icantly higher percentages of TUNEL-labeled cells for cells
staining in IEC-6 cells coincubated with live parasites (Fig. 3B) incubated with live parasites (17% = 2.3%) and parasitic lysate
and parasitic lysate (Fig. 3C) samples showed marked in- (24.3% = 2.9%) compared to that of the negative control
creases in fluorescence compared to that of the negative con- (24% = 1.5%) (P < 0.05 for both in comparison to the con-
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FIG. 3. TUNEL for in situ DNA fragmentation of IEC-6 cells. Fluorescence micrographs of cells grown on glass coverslips and coincubated
for 12 h with growth medium (A), B. ratti WR1 live parasites (B), and parasitic lysate (C). A significant number of TUNEL-positive cells (green
fluorescence) can be seen in panels B and C. (Right) Histogram of TUNEL-positive cell population determined by flow cytometry shows a
significant increase in TUNEL-positive IEC-6 cells after coincubation with live parasites and parasitic lysates. Values are means * standard
deviations (error bars) (two sets of cells grown on coverslips per group). The values were significantly different (P < 0.05) from the value for the
negative control.
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FIG. 4. Effect of B. ratti WR1 on caspase-3 activity of IEC-6 cells. Caspase-3 activity was measured at the indicated time points as described
in Materials and Methods. A significant increase in caspase-3 activity was observed in cells treated with live parasites, parasitic lysates, and positive
control (0.25 wM staurosporin) after 6 and 12 h. Caspase-3 activity was gradually reduced at 24 h. Pretreatment of cells with caspase-3 inhibitor
Z-DEVD-fmk reduced caspase-3 activity significantly. Values are means *+ standard deviations (error bars) (n = 3 per group). The values were

significantly different (P < 0.05) from the value for the negative control.

trol). Taken together, TUNEL and DAPI staining results
clearly indicate that Blastocystis causes extensive DNA frag-
mentation in IEC-6 cells.

Caspases are the central components and executioners of
apoptosis (40), and they control the dismantling and clearance
of dying cells. Caspase-3 is an active cell death protease in-
volved in the execution phase of apoptosis, during which cells
undergo morphological changes, such as DNA fragmentation,
chromatin condensation, and apoptotic body formation (36).
Caspase-3 activity was found to be significantly increased in
IEC-6 cells treated with B. ratti WRI1 live parasites and para-
sitic lysates (Fig. 4). Caspase-3 activity peaked at 12 h of incu-
bation with and without direct contact of live parasites, after
which activity decreased for up to 24 h. This was also observed
in cells incubated with parasitic lysates. Interestingly, caspase-3
activity was found to be high in IEC-6 cells coincubated with
live parasites in a contact-independent manner, using Milli-
cell-HA filters. This result was consistent with annexin V bind-
ing results (Fig. 2) and therefore provides supporting evidence
that B. ratti WR1 can induce apoptosis of IEC-6 cells in a
contact-independent manner. In addition, to provide direct
evidence that apoptosis of IEC-6 cells by Blastocystis involved
caspase-3, IEC-6 monolayers were pretreated with caspase-3-
specific inhibitor, Z-DEVD-fmk, before coincubation with par-
asites. Caspase-3 activity was found to be completely blocked
with the use of Z-DEVD-fmk (Fig. 4). Results suggest active
involvement of caspase-3 in Blastocystis-induced apoptosis of
IEC-6 cells.

Rearrangement of F-actin. The cytoskeleton, in particular
the actin microfilaments, is key in maintaining cell shape and
regulating tight junction permeability. The organization of ac-
tin filaments is crucial for the assembly of intestinal tight junc-
tions (27). Phalloidin, a fungal toxin, binds to F-actin with high
affinity and stabilizes it. We used phalloidin-FITC conjugate to

detect changes in F-actin distribution. When IEC-6 cell mono-
layers were coincubated with B. ratti WR1 live parasites, elon-
gation of cortical actin filaments, actin disruption, and forma-
tion of stress fibers in the cytoplasmic zone were noticed (Fig.
5A). A more pronounced formation of stress fibers and actin
condensation was noticed in the monolayers incubated with
parasitic lysate and cholera toxin (positive control) (Fig. 5B
and C). IEC-6 cell monolayers in the control showed normal
actin distribution in the cortex zone of cells, with negligible

o b [» W T T

FIG. 5. Effect of B. ratti WR1 exposure on actin cytoskeleton.
IEC-6 cells were stained with fluorescein-phalloidin and analyzed by
confocal microscopy. Prominent formation of stress fibers (white ar-
rows) can be noticed in monolayers coincubated with B. ratti WR1 live
parasites (A), parasitic lysate (B), and 5 pg/ml cholera toxin (C) as a
positive control. Negative control (D) showing normal distribution of
F-actin in the cortex zone of cells. Bar, 50 pm.
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TABLE 1. IEC-6 cells showing stress fiber formation in response
to Blastocystis ratti WR1 infection”

% of IEC-6 cells showing stress fiber formation

Period of Cells Cells ) Cells )
mcuk;latlon coincubated ~ coincubated ~ Negative CSO m;iﬁfﬁtﬁ ﬂ]
(h) with WR1 with parasitic control t(})t(in (positive
live parasite lysate positiv
control)
24 343 36.4 5.7 42.8
48 37.2 45.7 7.8 60.7

“ A total of 500 cells were counted for each sample.

stress fiber formation in the cytoplasmic area (Fig. 5D). IEC-6
cells incubated with live parasites and parasitic lysate for 24 h
showed significantly higher percentages of cells showing stress
fiber formation (34.3% and 36.4%) in comparison to that of
the control (5.7%) (Table 1). The percentage of cells showing
stress fiber formation after 48 h of coincubation was slightly
higher than that after 24 h of coincubation (Table 1).

Decrease in transepithelial resistance. F-actin rearrange-
ment has been associated with reduced TER in a number of
studies (17, 45). Hence, we conducted experiments to investi-
gate whether rearrangement of F-actin induced by Blastocystis
is associated with changes in TER. IEC-6 cell monolayers
achieved a peak average resistance of ~30 ()/cm? after about 6
days after seeding. B. ratti WR1 caused a significant decrease in
the transepithelial resistance of IEC-6 cell monolayers in a
time-dependent manner (Fig. 6). The epithelial resistance of
monolayers coincubated with B. ratti WRI1 live parasites
dropped from 32.2 * 1.1 to 27.2 = 1.1 Q/cm? by 12 h, from
32.8 = 1.5 to 24.2 = 2.6 Q/cm? by 24 h, and dropped further
from 32.6 * 1.7 to 22.4 =+ 2.6 Q/cm? by 48 h (for all, P < 0.05
in comparison to the control value). IEC-6 cell monolayers
characteristically achieve average peak resistance of ~30
)/cm? about 6 days after seeding. This is in contrast to those of
other cell lines (e.g., Caco-2, T-84), which range from a few
hundred to a few thousand Q/cm?. Hence, in the case of 12 h
of incubation of live parasites with IEC-6 cell monolayer, a
TER drop of 5 Q/cm? from a peak of 32.2 )/cm? translates to
a significant (P < 0.05 versus negative control) 16% decrease.
A similar significant decrease in TER was observed with par-
asitic lysate, which suggested that parasitic soluble and non-
soluble products are capable of inducing a decrease in TER.
To show that the effect on transepithelial resistance was due to
live parasites, we added an antiprotozoal drug, metronidazole
(10 pg/ml), in the incubation medium as the drug has been
reported to induce Blastocystis cell death (32). The addition of
metronidazole to monolayers coincubated with live parasites
significantly prevented a reduction in TER after 24 h, bringing
the levels of TER close to control values (P < 0.05 in com-
parison to monolayers incubated with live parasites only). In
contrast, a significant reduction in TER was noted in mono-
layers coincubated with live parasites only (Fig. 7).

To test whether Blastocystis-induced apoptosis of IEC-6 cells
plays an important role in inducing a reduction in TER, mono-
layers were pretreated with general caspase inhibitor Z-VAD-
fmk before coincubation with parasites. Results show that the
inhibition of caspases in IEC-6 cells did not significantly pre-
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vent reduction of TER (P = 0.07 in comparison with mono-
layers incubated with parasites only [Fig. 7]).

Increase in epithelial permeability. The effects of B. ratti
WRI live parasites and parasitic lysate on the permeability of
IEC-6 cell monolayers were analyzed by measuring the apical
to basolateral flux of Lucifer yellow. IEC-6 cells exposed to B.
ratti WR1 live parasites or parasitic lysates disrupted the
monolayer barrier function as evidenced by an increased flux
of Lucifer yellow across the monolayer (Fig. 8). There were
significant increases in the flux of Lucifer yellow in monolayers
coincubated for 24 h with live parasites (22.4% = 1.2%; P <
0.05) and with parasitic lysates (22.1% = 1.2%; P < 0.05) in
comparison to that of control monolayers (17.2% = 0.6%).
Pretreatment of IEC-6 cell monolayers with the general
caspase inhibitor Z-VAD-fmk prior to coincubation with live
parasites did not significantly decrease Lucifer yellow flux
(20.6% = 0.3%; P = 0.2 in comparison to that value for
live-parasite-treated monolayers) across cell monolayers com-
pared to that of the parasite-free control (17.2% =+ 0.6%). This
suggests that Blastocystis-induced apoptosis of intestinal epi-
thelial cells might not play a major role in disrupting epithelial
permeability, but there are other factors responsible for dis-
ruption of permeability.

To prove that changes in the permeability of IEC-6 cell
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FIG. 6. Effect of B. ratti WR1 on the transepithelial resistance of
IEC-6 cell monolayers. Confluent monolayers of IEC-6 cells were
grown on Millicell-HA filters and coincubated for the indicated times
with live parasites, parasitic lysate, or growth medium (negative con-
trol). Thereafter, transepithelial resistance was measured as described
in Materials and Methods. Live-parasite- and lysate-treated monolay-
ers showed a significant drop in TER after 12, 24, and 48 h. Values are
means * standard deviations (error bars) (three monolayers per
group). The values were significantly different (P < 0.05) from the
value for the negative control.
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FIG. 7. Effects of caspase inhibition and metronidazole on B. ratti
WRI1-induced decrease in transepithelial resistance of IEC-6 mono-
layers. Confluent monolayers of IEC-6 cells were grown on Milli-
cell-HA filters and incubated for 24 h with live parasites, live parasites
after pretreatment of cells with broad-spectrum caspase inhibitor Z-
VAD-fmk, or live parasites along with the antiprotozoal drug metro-
nidazole. Monolayers incubated with growth medium served as a neg-
ative control. Thereafter, transepithelial resistance was measured as
described in Materials and Methods. Pretreatment of IEC-6 cells with
caspase inhibitors does not considerably rescue these cells from Blas-
tocystis-induced effect, but exposure of Blastocystis to metronidazole
abolished the effect significantly. Values are means * standard devi-
ations (error bars) (three monolayers per group). Values that were
significantly different from the values for live-parasite-treated samples
are indicated (*, P = 0.07; #x, P < 0.05).

monolayer were due to the effect of the live parasites of Blas-
tocystis, we added an antiprotozoal drug, metronidazole, dur-
ing coincubation and found that it significantly abrogated the
increased flux of Lucifer yellow across the IEC-6 cell mono-
layer (18.5% = 0.4%; P < 0.05 in comparison to the value for
live-parasite-treated monolayers).

DISCUSSION

The exact role of Blastocystis as a cause of human disease
is, to date, controversial and inconclusive. Whether it is a
true pathogen or a commensal or is capable of being a
pathogen under specific circumstances is currently a matter
of debate. Several studies have associated Blastocystis with a
variety of gastrointestinal symptoms, but only a few in vitro
studies have been carried out to elucidate the pathogenesis
of this organism.

We demonstrated that B. ratti WR1 live parasites and par-
asitic lysates induce apoptosis of a nontransformed rat intesti-
nal epithelial cell line, IEC-6. This apoptosis occurred in a
contact-independent manner and suggests that Blastocystis may
be secreting certain virulent factors that can initiate the apop-
totic pathway in IEC-6 cells. In addition, B. ratti WR1 rear-
ranges F-actin distribution, decreases transepithelial electrical
resistance, and increases epithelial permeability across the cell
monolayer. Furthermore, our results showed that the antipro-
tozoal drug metronidazole abolishes the effects of B. ratti WR1
on epithelial barrier function. Together, these findings suggest
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FIG. 8. Flux measurement with Lucifer yellow. Confluent mono-
layers of IEC-6 cells were grown on Millicell-HA filters and incubated
for 24 h with live parasites, live parasites after pretreatment of cells
with the broad-spectrum caspase inhibitor Z-VAD-fmk, or live para-
sites along with the antiprotozoal drug metronidazole. Monolayers
incubated with only growth medium served as a negative control.
Permeability was determined by measurement of Lucifer yellow fluxes
across the monolayer as described in Materials and Methods. A sig-
nificant increase in the epithelial permeability can be noticed after
incubation with live parasites and parasitic lysate in comparison to the
control monolayer. Pretreatment of IEC-6 cells with caspase inhibitors
does not considerably rescue these cells from Blastocystis-induced ef-
fect on permeability, but exposure of Blastocystis to metronidazole
abolished the effect significantly. Values are means * standard devi-
ations (error bars) (three monolayers per group). Values that were
significantly different from the values for live-parasite-treated samples
are indicated (*, P = 0.2; #x, P < (.05).

for the first time that Blastocystis-induced apoptosis of host
intestinal cells and disruption of the epithelial barrier function
may lead to the pathogenesis of Blastocystis-related gastroin-
testinal symptoms.

Recently, numerous protozoan parasites, such as G. lamblia,
Cryptosporidium parvum, and Entamoeba histolytica, and bac-
terial pathogens, including Listeria monocytogenes, E. coli, and
Clostridium difficile, have been found to induce apoptosis of
intestinal epithelial cells (9, 11, 14, 20, 22, 29, 46). The ability
of Blastocystis to kill host cells in vitro was observed previously
(48), but the mechanism of cell death was not noted. In clinical
cases of Blastocystis infections, evidence of intestinal epithe-
lium damage was documented (12), but specific features of cell
apoptosis were not reported. Results from our study show for
the first time that protozoan B. ratti WR1 can cause apoptosis
of intestinal epithelial cells and it can occur in a contact-
independent manner. In our study, the percentages of cells
showing nuclear fragmentation are comparable in significance
with the results of other in vitro studies involving protozoan
parasites, such as those with C. parvum, giving rise to 8% cell
death in intestinal cell lines (29). In another study (9), 13%
apoptosis was seen in the nontransformed cell line SCBN after
exposure to G. lamblia lysate, similar to what was observed for
Blastocystis lysate (12%). Our findings on contact-independent
cell death suggest that Blastocystis has the potential to cause in
vivo pathogenic effects without adhering to the gut mucosa.
However, studies have shown that intestinal pathogens, such as
E. histolytica, C. parvum, and enteropathogenic E. coli, usually
establish contact with the host cells to cause apoptosis (11, 20,
29). In contrast, the ability of Blastocystis to adhere to the
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intestinal epithelium or invade intestinal mucosa has not been
established. Most studies suggest Blastocystis to be a noninva-
sive protozoan (43, 44). Therefore, our current data suggesting
that Blastocystis has the ability to cause apoptosis without at-
taching to the gut mucosa have significant implications for its
pathogenicity. Many intestinal protozoan parasites are known
to secrete parasitic factors, such as proteases that are respon-
sible for their virulence (41). Blastocystis-secreted proteases
can cleave human secretory immunoglobulin A and were sug-
gested to be virulence factors (37). Pathogen invasion and
induction of apoptosis are discrete processes, and there are
pathogens that can invade but do not induce apoptosis (11). It
appears that induction of apoptosis of host intestinal cells
would not be advantageous to a noninvasive parasite like Blas-
tocystis, as it would result in the loss of colonization sites for the
parasite. This unintended induction of host cell apoptosis
might be a host response against some parasitic factors like
proteases which are necessary for the parasite’s own life cycle.
There is a need to further investigate and characterize Blasto-
cystis secretory products which can subsequently shed light on
its pathogenesis.

When exposed to certain toxins, the intestinal epithelium
can be induced to undergo cell death via apoptosis or necrosis,
which can in turn affect intestinal barrier function, resulting in
decreased TER and increased permeability (5). In our exper-
iments, we tested whether Blastocystis-induced apoptosis of
IEC-6 cells has an effect on epithelial permeability by pretreat-
ing the cell monolayers with the general caspase inhibitor Z-
VAD-fmk before coincubation with parasites. Our results
show that the inhibition of caspases in IEC-6 cells did not
prevent significant reduction of TER and did not significantly
decrease Lucifer yellow flux across the cell monolayer. There-
fore, in the case of Blastocystis infection, we suggest that un-
intended activation of host cell apoptosis in a contact-indepen-
dent manner does not play a major role in increased epithelial
permeability, but there are other factors responsible for in-
creased permeability. In contrast, studies on G. lamblia have
established that while Giardia is a noninvasive pathogen, it
releases parasitic factors that may induce enterocyte apoptosis
and increase epithelial permeability (9). The apparent discrep-
ancy in our observation may be due to two factors. First, the
contribution of apoptosis to increased permeability may be
minor because of the low percentage of apoptotic cells, evi-
denced by DAPI staining, compared to cells with F-actin re-
arrangement. Second, Blastocystis may have induced nonapop-
totic cell death, such as necrosis, autophagy, or paraptosis (7)
that may have contributed to the impaired barrier function.

A variety of intestinal pathogens have been shown to cause
changes in F-actin arrangement in intestinal epithelial cells
(45), and it was reported that dynamic rearrangements of F-
actin contribute to an increase in epithelial permeability (17)
and affect regulation of epithelial salt and water transport (28),
which may consequently lead to diarrhea. Blastocystis has been
shown to cause cytopathic effects in Chinese hamster ovary
cells (48), but its effects on intestinal epithelial cytoskeleton
and barrier functions were not reported. The present study
demonstrates for the first time that Blastocystis adversely af-
fects the cytoskeletal proteins in intestinal epithelial cells, caus-
ing a rearrangement of F-actin distribution. IEC-6 cells ex-
posed to live B. ratti WR1 and parasitic lysate showed
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enhanced formation of condensed actin filaments in cells. A
significant number of IEC-6 cells exhibited the formation of
stress fibers in the cytoplasmic zone of cells.

The findings from the present study that B. ratti WR1 causes
apoptosis of intestinal epithelial cells and rearrangement of
F-actin distribution prompted us to assess the effects of Blas-
tocystis on transepithelial TER and permeability. An in vitro
model involving confluent monolayers of IEC-6 cells grown on
filters was used, and the findings demonstrated that on inter-
actions with the apical surface of the epithelial cells, B. ratti
WRI1 causes a significant decrease in epithelial resistance and
an increase in permeability across the cell monolayer. The
intestinal mucosa forms a barrier that separates luminal con-
tents from the interstitium, and the intestinal barrier can be-
come compromised in parasitic infections, bacterial infections,
and in many intestinal diseases, such as inflammatory bowel
disease (10). Intestinal barrier function is mainly regulated by
tight junctions, and the function of tight junctions can be mea-
sured as a decrease in the transepithelial electrical resistance
and an increase in the paracellular flux of macromolecules (3).
Studies have suggested that Blastocystis may interact with ep-
ithelial cells of the gastrointestinal tract to modulate their
transport characteristics and increase intestinal permeability
(12). In vitro findings from our study show for the first time
that Blastocystis has the ability to disrupt the barrier function of
the intestinal epithelium. Our results consistently showed an
increase in the transepithelial flux of Lucifer yellow with a
decrease in the TER in the IEC-6 monolayers exposed to live
B. ratti WR1 parasites and parasitic lysates. The results of our
experiments suggest that Blastocystis-induced F-actin rear-
rangement is associated with reduced TER and altered per-
meability. The cause of Blastocystis-associated diarrhea is so
far unidentified, but an association between increases in epi-
thelial permeability and diarrhea has been described for other
diseases (25, 26). It is possible that Blastocystis-induced
changes in permeability may also occur in vivo and lead to
electrolyte imbalance and diarrhea.

We observed that monolayers coincubated with B. ratti WR1
live parasites in the presence of metronidazole did not show
any change in barrier function and retained their normal TER
and epithelial permeability. This finding suggests that the effect
on monolayer barrier function was due to live parasites only
and that dead parasites cannot induce such effects on epithelial
TER and permeability. Metronidazole is known to induce pro-
grammed cell death in Blastocystis, and the integrity of the
plasma membrane of the parasite remains preserved (32);
therefore, there is no leakage of intracellular parasitic pro-
teases and other products that can induce an effect on TER
and permeability. However, we noticed a change in TER and
permeability in monolayers coincubated with parasitic lysates,
as the lysates contain all parasitic soluble or nonsoluble prod-
ucts that would have resulted in the observed effect. G. lamblia
live parasites and parasitic lysates were shown to exhibit similar
effects on intestinal epithelial cytoskeleton and TER (45). In
our study; we also found that B. ratti WR1 live parasites and
parasitic lysates have almost similar effects on F-actin distri-
bution and epithelial barrier function. In contrast, coincuba-
tion of E. histolytica parasitic lysate with human colonic epi-
thelial monolayer failed to lower the epithelial resistance (24).

The need to treat Blastocystis infections is controversial be-
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cause of its uncertain pathogenicity. There is a lack of stan-
dardized treatment for Blastocystis infections, and studies have
shown that metronidazole inhibits the growth of Blastocystis
(31). In clinical cases where Blastocystis is implicated by gas-
trointestinal symptoms, metronidazole is the drug of choice
(44). Our results show that metronidazole can avert the ad-
verse effects of Blastocystis on intestinal epithelial barrier func-
tion and suggest that metronidazole is a therapeutic drug for
Blastocystis infections.

In summary, the present study reports for the first time that
Blastocystis induces apoptosis in enterocytes and that this may
occur in a contact-independent manner. Our findings also
demonstrate for the first time that Blastocystis can rearrange
F-actin distribution and disrupt epithelial barrier function and
that metronidazole can abrogate these effects. In addition, our
findings show that IEC-6 monolayers grown on permeable
filters provide a useful model for studying the interactions of
Blastocystis with intestinal epithelial cells.

There is currently no animal model available to study Blas-
tocystis infections (44). Therefore, future work should also
focus on the development of animal models to extend in vitro
studies of Blastocystis-host interactions.
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