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Blastocystis, one of the most common parasites colonizing the human intestine, is an extracellular, nonin-
vasive, luminal protozoan with controversial pathogenesis. Blastocystis infections can be asymptomatic or cause
intestinal symptoms of vomiting, diarrhea, and abdominal pain. Although chronic infections are frequently
reported, Blastocystis infections have also been reported to be self-limiting in immunocompetent patients.
Characterizing the host innate response to Blastocystis would lead to a better understanding of the parasite’s
pathogenesis. Intestinal epithelial cells produce nitric oxide (NO), primarily on the apical side, in order to
target luminal pathogens. In this study, we show that NO production by intestinal cells may be a host defense
mechanism against Blastocystis. Two clinically relevant isolates of Blastocystis, ST-7 (B) and ST-4 (WR-1), were
found to be susceptible to a range of NO donors. ST-7 (B), a metronidazole-resistant isolate, was found to be
more sensitive to nitrosative stress. Using the Caco-2 model of human intestinal epithelium, Blastocystis ST-7
(B) but not ST-4 (WR-1) exhibited dose-dependent inhibition of Caco-2 NO production, and this was associated
with downregulation of inducible nitric oxide synthase (iNOS). Despite its higher susceptibility to NO,
Blastocystis ST-7 (B) may have evolved unique strategies to evade this potential host defense by depressing host
NO production. This is the first study to highlight a strain-to-strain variation in the ability of Blastocystis to
evade the host antiparasitic NO response.

Blastocystis is an extracellular and noninvasive unicellular
enteric parasite with zoonotic potential (28, 41, 42). It is among
the most common parasites found in the human intestine, with
prevalence ranging between 10% of the population in devel-
oped countries and 50% in developing countries (42). It is a
species complex belonging to the Stramenopile group. Accord-
ing to a recent classification, it is divided into 11 subtypes, 9 of
which are known to infect humans. Other common hosts are
chickens, rats, pigs, reptiles, and insects (41). Despite recent
advances in our understanding of the parasite’s classification
and pathobiology, several questions concerning the parasite’s
biology remain unanswered. The parasite’s pathogenicity is
also controversial owing to asymptomatic carriage, coinfection
with other pathogens, and nonresponsiveness to conventional
chemotherapeutic agents.

Blastocystis infections or blastocystosis present with common
intestinal symptoms, such as abdominal pain, vomiting, and
bloating, as well as mucous and watery diarrhea (42). Derma-
tological disorders (15, 45) and irritable bowel syndrome (39)
are also frequently associated with Blastocystis infections. It is
transmitted through the feco-oral route, and metronidazole is
the treatment of choice for Blastocystis infections. The parasite
has a high prevalence in immunocompromised individuals (17,

29, 43). In immunocompetent individuals, Blastocystis infec-
tions are often asymptomatic (7, 39) or self-limiting (39), sug-
gesting effective host defense mechanisms against the parasite.
Chronic cases, in the absence of obvious immunodeficiencies,
are common (39). Because virulence factors of Blastocystis are
largely unknown, it is not clear what key interactions between
the parasite and host determine the variability in infection
chronicity and clinical symptoms.

Although reports of mucosal inflammatory changes in the
human gut are inconclusive (46), Blastocystis infections do in-
duce a host immune response (1, 14, 32). Recent studies have
shown that the parasite causes NF-�B-mediated upregulation
of the proinflammatory cytokine interleukin-8 (IL-8) (32) in
human T-84 colonic epithelium. Upregulation of IL-8 and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
has also been reported in parasite-infected HT-29 colonic cells
(22). Rats infected with Blastocystis also exhibited goblet cell
hyperplasia and significant upregulation of proinflammatory
cytokines gamma interferon (IFN-�) and IL-12 (14). Among
the potential host antiparasitic defense mechanisms, antibod-
ies against Blastocystis have been suggested to play an impor-
tant role (36). In mice infected with Blastocystis, IgA was the
predominant antibody isotype in intestinal secretions (36). In
symptomatic human Blastocystis infections, an increase in se-
cretory as well as humoral IgA response was also observed
(23). Asymptomatic carriers showed no difference in secretory
IgA response (23), suggesting that the parasite might have
inhibited the host’s anti-Blastocystis immune response to suc-
cessfully colonize the human gut. Evidence of the parasite
cysteine proteases cleaving human secretory IgAs (31) and the
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higher cysteine protease activity in Blastocystis isolates recov-
ered from symptomatic patients (26) provide further evidence
that certain strains of the parasite are capable of modulating
host immune response to their advantage.

Nitric oxide (NO) plays multiple functions in the human
body, such as maintenance of vascular tone (9), modulation of
epithelial barrier function (16), and neurotransmission (38).
Generation of nitrosative stress in response to microbes is also
an important component of the human cellular defense arsenal
(3, 6, 19). The antimicrobial activity of NO has been reported
for a wide range of prokaryotic (24) and eukaryotic (20, 30, 33)
organisms. A recent study suggested that NO also induces
apoptosis-like cell death in Blastocystis (4). It has been sug-
gested that parasites successful in colonizing the mucosa either
possess NO-scavenging mechanisms, like Trichomonas (11,
37), or suppress host cell NO production, like Giardia (3) and
Entamoeba (6). How Blastocystis thrives in the intestinal lumen
despite the toxicity of NO is not known.

A report on anaerobic parasites Trichomonas and Giardia
suggested that metronidazole resistance makes the organisms
more vulnerable to oxidative stress (5, 34). Metronidazole-
resistant (Mzr) Trichomonas strains were found to have infe-
rior oxygen-scavenging capacity (34), even though no apparent
changes were observed in ferredoxin or NADH oxidase activity
in these strains. No such association between susceptibility to
nitrosative stress and Mz resistance in anaerobes has been
investigated thus far. Nitrosative stress prevents colonization
of host tissues by parasites and bacteria susceptible to nitric
oxide (3, 6, 19). A microorganism more susceptible to nitrosa-
tive stress will be at a disadvantage in such an environment
(34). In a previous study, we identified Mzr and metronidazole-
susceptible (Mzs) strains of Blastocystis. We posit that although
Mz resistance helps Blastocystis survive antibiotic treatment, it
might make Mzr strains more susceptible to nitrosative stress.

NO in intestinal epithelial cells is produced by inducible
nitric oxide synthase (iNOS) that catalyzes the conversion of
L-arginine to reactive oxygen species of nitrogen. L-Arginine
consumption by microbial arginase is considered a survival
mechanism of pathogens against host macrophage NO re-
sponse (3). Arginases of extracellular pathogens such as Heli-
cobacter pylori and Entamoeba were reported to limit macro-
phage NO production by consuming L-arginine (19) in their
microenvironment. Inhibition of iNOS activity under both con-
ditions occurs at a posttranscriptional level and does not in-
volve downregulation of iNOS mRNA. On the other hand,
infections of intracellular parasites such as Toxoplasma (35)
and Leishmania (25) lead to downregulation of iNOS mRNA
expression in microglial cells and macrophages, respectively.
Noninvasive, lumen-dwelling, extracellular pathogens like Gi-
ardia and Blastocystis seldom come in contact with macro-
phages. Since these organisms are in close proximity to NO-
producing enterocytes, to survive this hostile environment, it is
reasonable to suggest that they suppress intestinal epithelial
NO production. Giardia is the only organism known to inhibit
intestinal epithelial iNOS activity. It does so in the same man-
ner as extracellular pathogens like H. pylori and Entamoeaba
do in macrophages, by competing with host cells for L-arginine
(3). It would be interesting to investigate the mechanisms Blas-
tocystis has evolved to counter the host antiparasitic NO re-
sponse.

Clinical (39) as well as in vitro (26) and in vivo (12, 13)
studies suggest strain-to-strain variations in Blastocystis patho-
genicity as well as antibiotic susceptibility (27). Variations in
pathogenicity of the parasite strains are often proposed as a
possible explanation for the large number of asymptomatic
Blastocystis infections (42). On the other hand, difference in
susceptibilities of Blastocystis strains to antiparasitic agents is
suspected as the reason for frequent reports of treatment fail-
ure in parasite infections (27). A strain-to-strain variation in
the ability of Blastocystis to evade host immune response has
not been investigated yet. A superior ability of a Blastocystis
strain to cope with host defense mechanisms such as entero-
cyte-generated nitrosative stress might provide it with a sur-
vival advantage over other strains in colonizing the human gut.

In this study, we evaluated the susceptibility of Mzr ST-7 (B)
and Mzs ST-4 (WR-1) isolates of Blastocystis to nitrosative
stress. Furthermore, we studied the modulation of epithelial
antiparasitic NO production by Blastocystis. Finally, a variation
between the abilities of Blastocystis ST-7 (B) and ST-4 (WR-1)
to inhibit host NO production was also investigated.

MATERIALS AND METHODS

Culture of Caco-2 colonic epithelial cell line. All Blastocystis-host interaction
experiments were performed using the Caco-2 human colonic cell line (ATCC
HTB-37). Caco-2 stock cultures were maintained in T-75 flasks in a humidified
incubator with 5% CO2 at 37°C. Cell cultures were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (HyClone) supplemented with 10% heat-inactivated
fetal bovine serum (HyClone) and 1% each sodium pyruvate, nonessential amino
acids in minimum essential medium (MEM), and antibiotic (Penstrep; Gibco).
Culture health was evaluated using the trypan blue exclusion assay, and only
cultures with �95% viability were used for the experiments. Cells were trypsin-
zed with 0.25% trypsin–EDTA. Cell cultures for PCR experiments were grown
on standard cell culture 6-well plates (Corning). For Blastocystis-induced nitric
oxide inhibition experiments, cells were grown on Millipore Transwell filters with
polyethylene terephthalate (PET) membranes of 3-�m pore size and placed in
24-well tissue culture plates. Since epithelial NO production varies with maturity
of the cells, it was decided to measure the health and maturation of Caco-2
epithelium, as described previously (3). The transepithelial resistance (TER) of
the monolayers was assessed once every 3 days until they reached maturity on
day 21 (TER, �1,000 � cm2) (3). In order to synchronize cells before experi-
ments, all cultures were serum-starved overnight in antibiotic-free and serum-
free DMEM. For cytokine stimulation experiments, a cytokine cocktail compris-
ing a combination of 20 ng/ml human IL-1�, 20 ng/ml human tumor necrosis
factor alpha (TNF-�), and 50 ng/ml human IFN-� (Sigma) was added to cultures.

Parasite cultures. Blastocystis ST-7 (B) and ST-4 (WR-1) cultures were main-
tained as described previously (26). ST-7 (B) was recovered from a patient
admitted to Singapore General Hospital with intestinal symptoms (26, 27). ST-4
(WR-1) was isolated from a healthy rat during an animal survey (2, 26, 27). Both
ST-7 and ST-4 represent zoonotic subtypes. They commonly infect humans and
are often associated with intestinal symptoms (39). Other than humans, common
hosts for ST-7 and ST-4 isolates are birds and rats, respectively (41). For the
arginase assay, parasite lysates were prepared as described by the QuantiChrom
arginase assay kit (DARG-200) manual (BioAssay Systems, Hayward, CA). In
short, parasites were suspended in 10 mM Tris-HCl (pH 7.4) containing 1 �M
pepstatin A, 1 �M leupeptin, and 0.4% (wt/vol) Triton X-100. Samples were
centrifuged at 20,000 � g at 4°C for 10 min. Lysate supernatant was used for the
arginase assay.

Parasite viability assay. The optimized Blastocystis viability assay, as described
previously (27), was used to measure NO toxicity. Fifty percent inhibitory con-
centrations (IC50s) of nitric oxide donors sodium nitroprusside (SNP), S-nitroso-
N-acetyl-penicillamine (SNAP), S-nitrosoglutathione (GSNO), and sodium ni-
trite (NaNO2) were calculated for the Mzr and Mzs isolates ST-7 (B) and ST-4
(WR-1), respectively. Stock solutions of all NO donor compounds were prepared
in dimethyl sulfoxide (DMSO), diluted in prereduced Blastocystis medium, and
transferred to 96-well plates. A total of 0.5 � 106 cells/well were incubated for
24 h with dilutions of NO donor agents ranging between 0 and 100 �g/ml. The
final DMSO concentration was kept constant at 0.5% in each well, while the total
volume per well was kept constant at 200 �l. After 24 h of exposure, resazurin
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solution (Sigma) was added to each well at a final concentration of 10% (vol/vol).
Three hours after incubation, fluorescence readings of resazurin were taken at
550-nm excitation and 570-nm emission wavelengths using a TECAN Infinite
M200 reader.

Confocal microscopy (annexin-FITC-PI staining). Confocal micrographs of
the parasites were taken in order to confirm NO cytotoxicity against Blastocystis.
ST-7 was treated for 24 h with a 10-�g/ml concentration of SNAP. After drug
exposure, the parasites were washed and resuspended in annexin V binding
buffer (BioVision). Fluorescein isothiocyanate (FITC)-labeled annexin V and
propidium iodide (PI) (BioVision) were then added to the cell suspension.
Confocal imaging of cell suspensions was done using an Olympus Fluoview
FV1000 (Japan) equipped with a dual filter set for fluorescein isothiocyanate
(FITC) and rhodamine. Images were captured using Olympus Fluoview version
1.6b.

Determination of nitrite/nitrate in culture supernatants. For estimation of
reactive NO species produced by Caco-2 after 24 h, culture supernatants were
collected from apical compartments of the Transwell setup. To ensure that any
changes in NO production by Caco-2 are not due to induction of host cell death
by Blastocystis, before testing NO concentrations, the postincubation viability of
all Caco-2 cultures was confirmed using the trypan blue assay, and only super-
natants of inserts with �95% viable cells were used. 2,3-Diaminonaphthalene
(DAN) reacts with NO2 to give a fluorescent product, naphthotriazole. To
determine levels of the stable NO end products nitrite and nitrate, nitrate was
first reduced to nitrite by incubating the samples for 60 min at room temperature
with 0.05 U/ml nitrate reductase in the presence of 	-NADH and flavin adenine
dinucleotide (FAD). 2,3-DAN was then incubated with the sample for 15 min at
room temperature. After the incubation, the fluorescent product of the reaction
between DAN and nitrite, naphthotriazole, was measured by an enzyme-linked
immunosorbent assay (ELISA) reader at excitation and emission wavelengths of
360 and 415 nm, respectively.

Real-time PCR. Total RNA was extracted from Caco-2 cultures using the
RNeasy minikit (Qiagen, Chatsworth, CA), following the manufacturer’s instruc-
tions. Only cultures with �95% viability were used for RNA extraction to ensure
that Blastocystis-induced changes in Caco-2 iNOS mRNA levels are not due to
enterocyte cell death. iNOS gene expression was quantified by real-time reverse
transcription-PCR (RT-PCR) using the SYBR green PCR master mix system
(Qiagen, Chatsworth, CA) on a Stratagene MX3000P PCR thermocycler (Strat-
agene, La Jolla, CA). cDNA samples (2 �l for a total volume of 20 �l per
reaction) analyzed for the gene of interest were normalized to the reference gene
coding for 	-actin. The level of expression of iNOS in each sample was then
calculated by the threshold cycle (CT) method as 2
��CT. All experiments were
repeated at least three times. Real-time RT-PCR was performed at 95°C for 15
min, followed by 40 cycles of 15 s of denaturation at 94°C, 30 s of annealing at
55°C, and 30 s of elongation at 72°C. The following iNOS primers were used:
forward primer 5�-GGC CCC ACA CCC CAC CAG AC-3� and reverse primer
5�-GCC AGG CCC GAT GAG GAT G-3�.

Arginase assay. The QuantiChrom arginase assay kit/DARG-200 (BioAssay
Systems) was used to measure parasite arginase activity, following the manufac-
turer’s instructions. In short, 40 �l of parasite lysate (2, 4, 6, or 8 � 107 cells) was
coincubated with 10 �l of 5� L-arginine substrate buffer in a standard clear-
bottom 96-well plate (Corning) for 2 h at 37°C. Forty microliters of sample
without substrate buffer (optical density of sample blank control [ODsample]), 50
�l H2O (optical density of standard background [ODbackground]), or 50 �l 1 mM
urea standard (ODstandard) were added in separate wells as controls. To stop the
reaction and to calculate the final urea concentrations, 200 �l of urea reagent was
added to all wells and 10 �l of 5� L-arginine substrate buffer was used as a
sample blank control. The plate was tapped gently and incubated for 60 min at
room temperature. After incubation, optical density was measured at 430 nm
(OD430). Arginase activity (units/liter) of the sample was calculated as1 arginase
unit  ODsample 
 ODblank/ODstandard 
 ODwater � [urea standard] � 50 �

103/(40 � t), where (i) ODsample, ODblank, ODstandard, and ODwater are the
optical density values of the sample, sample blank, standard, and water, respec-
tively, (ii) [urea standard]  1 mM, t is reaction time (120 min), and 50 and 40
are reaction volumes.

One unit of arginase converts 1 �mol of L-arginine to ornithine and urea per
minute at pH 9.5 and 37°C.

Statistical analysis. Student’s t test was used to determine the statistical
significance of the data illustrated in Fig. 2, 4, and 5b, while the significance of
data represented in Fig. 3 and 5a as well as Table 1 was estimated using the
analysis of variance (ANOVA) test.

RESULTS

Blastocystis ST-4 (WR-1) and ST-7 (B) exhibit variation in
susceptibility to nitrosative stress. It was previously reported
that nitrosative stress induces apoptosis-like features in Blas-
tocystis (4). A recently optimized resazurin-based drug suscep-
tibility assay for Blastocystis that measures redox activity of the
cells was used to assess the cytotoxicity of NO donors against
the parasite (27). We are reporting for the first time that
Blastocystis ST-4 (WR-1) and ST-7 (B) are susceptible to ni-
trosative stress (Table 1). With the exception of NaNO2, 24 h
of exposure to common NO donors killed both Blastocystis
isolates at concentrations known to suppress growth of other
parasites (8, 33) (Table 1). Susceptibility to SNAP, GSNO, and
NaNO2 varied between the two isolates tested (Table 1). Mzr

isolate ST-7 (B) was more susceptible to all of these NO
donors than Mzs isolate ST-4 (WR-1) (Table 1). The IC50s of
ST-7 (B) to SNAP, GSNO, and NaNO2 were 26.61, 109, and
782.6 �M, respectively (Table 1). The IC50s for SNAP and
GSNO against ST-4 WR-1 were 78 and 247 �M, respectively,
while NaNO2 had no effect on ST-4 (WR-1) even at the highest
concentration tested (100 �g/ml) (Table 1). SNP had a similar
effect against both isolates. The IC50s of SNP against ST-7 (B)
and ST-4 (WR-1) were calculated to be 2.07 � 0.43 and 2.03 �
0.68 �g/ml, respectively (Table 1). Overall, these findings sug-
gest that compared to ST-7 (B), ST-4 (WR-1) is better able to
cope with nitrosative stress. The apparent lack of variation in
ST-4 (WR-1) and ST-7 (B) susceptibility to and considerably
lower IC50 values of SNP (Table 1) might be due to toxicity of
cyanide derivatives produced by this compound (44).

Blastocystis also exhibited typical features of cell death after
3 h of exposure to 10 �g/ml of SNAP (Fig. 1). Annexin V binds
to exposed phosphatidylserine (PS) in apoptotic cells. The
permeability of cells to PI indicates that necrosis had occurred.
After exposure to nitrosative stress, some cells in the Blasto-
cystis culture only stained with annexin-FITC (without PI in-
clusion), while others exhibited PI inclusion, suggesting that
both apoptosis and necrosis had occurred (Fig. 1).

Coculture of intestinal epithelial cells by Blastocystis ST-7
(B) inhibited apical NO release. Blastocystis is a noninvasive
luminal parasite. Under physiological conditions, only the api-
cal side of the polarized intestinal epithelium should come in
contact with Blastocystis. Apical coculture of polarized epithe-
lial monolayers with 2 or 4 � 107 parasites of ST-7 (B) resulted
in significant inhibition of apical NO release by the enterocytes
(P  0.01) (Fig. 2). Interestingly, no change in NO release was

TABLE 1. IC50s of anti-Blastocystis activity of NO donors

NO
donora

IC50 for:

ST-7 (B) ST-4 (WR-1)

�g/ml �M �g/ml �M

SNP 2.07 � 0.43 6.947474 2.03 � 0.68 6.813224
SNAP 5.86 � 1.83 26.61217 17.2 � 7.37 78.11081
GSNO 36.66 � 3.78 109.0098 83.33 � 2.49 247.7847
NaNO2 54 � 16.16 782.6087 �100b

a SNP, sodium nitroprusside; SNAP, S-nitro-acetyl-penicillamine; GSNO, S-
nitrosoglutathione.

b One hundred micrograms per milliliter is the highest concentration of the
compound tested in our study.

VOL. 79, 2011 EVASION OF HOST DEFENSE BY Mzr BLASTOCYSTIS ISOLATE 5021



observed in ST-4 (WR-1)-cocultured epithelium (Fig. 2) at the
same doses. The ability of ST-7 (B) to suppress host antipara-
siticidal NO response might provide it with a survival advan-
tage over other strains in colonization of the hostile intestinal
lumen.

Cytokine stimulation of the epithelium was provided from
the basolateral side. The cytokines IL-1�, TNF-�, and IFN-�
used for these studies are physiologically produced by cells
such as T cells, NK cells, and macrophages, found in the
intestinal lamina propria underlying the epithelium. Apical
coculture with ST-7 (B) significantly reduced cytokine-stimu-
lated epithelial NO production (P � 0.05) (Fig. 3). This sug-
gests that Blastocystis ST-7 (B) not only inhibits baseline NO
production but also prevents NO production by other proin-
flammatory stimuli.

Blastocystis ST-7 (B) downregulates epithelial iNOS. NO
production in epithelial and other cells is controlled by
iNOS, the critical rate-limiting enzyme for the conversion of
L-arginine to NO. To identify the role of iNOS in the Blas-
tocystis-induced inhibition of epithelial NO production, we
quantified the expression of iNOS mRNA in ST-7 (B)- and
ST-4 (WR-1)-cocultured Caco-2 cells (Fig. 4). ST-7 (B) co-
culture significantly inhibited epithelial iNOS expression at
the 6- and 12-h postincubation time points (P  0.01) (Fig.
4). ST-4 (WR-1) did not have any effect on epithelial iNOS
expression.

FIG. 2. Graph representing NO production by Blastocystis-cocul-
tured Caco-2 intestinal epithelium. Blastocystis ST-4 (WR-1) or ST-7
(B) cells were incubated with 21-day-old mature and polarized Caco-2
intestinal epithelial monolayers on a Transwell setup. Twenty-four
hours post-coculture, samples of media from apical compartments
were analyzed for nitrate and nitrite concentrations. Coculture with
2 � 107 and 4 � 107 cells of ST-7 (B) significantly reduced apical NO
secretion by intestinal epithelium (P � 0.01). ST-4 (WR-1) did not
alter the baseline NO concentration significantly. Viability of mono-
layers remained �95% during cocultures. Error bars represent the
standard errors of 6 samples, taken from 2 independent experiments
(each in triplicate).

FIG. 1. Confocal micrographs illustrating cell death features of Blastocystis under nitrosative stress. Blastocystis ST-7 (B) was cultured under
normal parasite culture conditions, in the presence of 10 �g/ml of SNAP. Features of necrosis (yellow arrows) and programmed cell death (red
arrows) were observed as early as 3 h of incubation with an NO donor. Necrotic cells incorporated both PI and annexin V-FITC stain. Blastocystis
undergoing programmed cell death bind annexin V-FITC alone. Very few dying cells were observed in SNAP-free cultures of the parasite. The
micrographs are representative of 6 pictures taken in two separate experiments (each in triplicate).
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ST-7 (B) and ST-4 (WR-1) isolates exhibit variation in ar-
ginase activity. Arginase-deficient H. pylori strains do not
inhibit iNOS in macrophages, making them more suscepti-
ble to host NO defense (10). In our experiments, L-arginine

degradation by ST-7 (B) was found to be significantly higher
than that of ST-4 (WR-1) (Fig. 5). In the previous section,
we found that ST-7 and not ST-4 inhibits epithelial NO
production. These findings suggest that inhibition of Caco-2
NO production by Blastocystis might be associated with its
arginase activity, as seen in H. pylori and Entamoeba infec-
tions (6, 10). Although more experiments are needed, per-
haps the higher arginase activity of ST-7 (B) might help the
parasite evade the host’s NO defense response. Potential
mechanisms of NO response inhibition by Blastocystis ST-7
(B) are shown in Fig. 6.

FIG. 3. Graph representing NO production by Caco-2 intestinal
epithelium. Twenty-four hours post-coculture, Blastocystis ST-7
(B) significantly inhibited antiparasitic epithelial NO production (P �
0.01). Stimulation of Caco-2 epithelium with a proinflammatory cyto-
kine cocktail (IL-1�, IFN-�, and TNF-�) from the basolateral side
significantly increased NO production by Caco-2 epithelium. Blasto-
cystis ST-7 (B) coculture reduced cytokine-stimulated NO upregula-
tion by �50%. Error bars represent the standard errors of 6 samples,
taken from two independent experiments (each in triplicate).

FIG. 4. Graph representing downregulation of epithelial iNOS ex-
pression by Blastocystis ST-7 (B) coculture. Caco-2 iNOS mRNA levels
were quantified by real-time PCR. As expected, a significant time-
dependent reduction in iNOS mRNA levels was observed in Caco-2
epithelium after 6 and 12 h of coculture with ST-7 (B) (P � 0.01), while
ST-4 (WR-1)-cocultured Caco-2 monolayers remained unaffected.
These results are consistent with our earlier findings that Blastocystis
ST-7 (B) inhibits antiparasitic NO production by intestinal epithelium.
Error bars represent standard errors (n  3). RQ, relative quantity of
mRNA.

FIG. 5. Arginase activity of Blastocystis ST-4 (WR-1) and ST-7 (B).
(a) Lysate of 6 � 107 Blastocystis ST-7 (B) cells showed significantly
higher arginase activity than ST-4 (WR-1) cells (P � 0.01). Five min-
utes of incubation of the parasite lysates at 95°C completely inhibited
arginase activity. (b) Cell-density-dependent increase in arginine deg-
radation by parasite lysate was observed in ST-7 (B), while arginase
activity of ST-4 (WR-1) did not change much between lysates of 2 �
107 and 8 � 107 parasites. These findings suggest that higher arginine
degradation by Blastocystis ST-7 (B) might be responsible for epithelial
iNOS inhibition by Blastocystis ST-7 (B). Each point represents a mean
of six samples collected from two independent experiments (each in
triplicate). Error bars represent standard errors.
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DISCUSSION

Our findings suggest that Blastocystisis is susceptible to NO,
and signs of both necrosis and apoptosis like cell death were
observed in the parasite as early as 3 h after exposure to
nitrosative stress. The cytotoxicity and therapeutic potential of
NO against a range of microbial agents are well established
(20, 30, 33). NO prevents growth as well as encystation of
Giardia (3), while it induces apoptosis-like features in Entam-
oeba (33). One report suggests that Blastocystis, when exposed
to NaNO2, undergoes apoptosis-like cell death (4). Our study
provides a detailed cytotoxicity analysis of NO donors against
two clinically significant Blastocystis subtypes. The Mzr clinical
strain of Blastocystis ST-7 (B) and Mzs ST-4 (WR-1) (27) were
found to be susceptible to most of the NO donors tested at
concentrations reported for other parasites. Interestingly, com-
pared to ST-4 (WR-1), Mzr strain ST-7 (B) was found to be 2
and 3 times more susceptible to GSNO and SNAP, respec-
tively, and NaNO2 was effective against ST-7 (B) alone at the
concentrations tested. These findings suggest a superior NO-
scavenging ability of Mzs Blastocystis strain ST-4 (WR-1),
which might help its survival in NO-rich intestinal lumen. Mzr

ST-7 (B), on the other hand, was able to escape Mz chemo-
therapy due to defective oxygen-scavenging mechanisms, as
seen in Mzr Trichomonas (21, 34), but this might have com-
promised its ability to cope with nitrosative stress.

Although the higher NO susceptibility of Blastocystis ST-7
(B) makes its survival difficult in the gut lumen, our present

study suggests that this isolate has developed an interesting
survival mechanism. In this study, Blastocystis ST-7 (B) inhib-
ited epithelial NO production by downregulating epithelial
iNOS expression. Several bacteria and parasites have evolved
mechanisms to thrive in the gut lumen (3, 19). Parasites such as
Entamoeba (6) and bacteria like H. pylori (19) significantly
inhibit macrophage NO production. Since Blastocystis is non-
invasive, it does not come in direct contact with macrophages.
Similar to Giardia, Blastocystis also inhibited host epithelial
NO production (3). Epithelial NO inhibition might help ST-7
(B) to colonize and induce host pathology and assist it to
overcome the disadvantage of increased susceptibility to nitro-
sative stress. Molecular mechanisms linking NO susceptibility
and inhibition of host NO production, as observed in ST-7 (B),
are not known and would be interesting to investigate. Also, an
association between metronidazole resistance and the ability to
evade host immunity in a pathogen has not been observed.
These findings are important to report because chronic Blas-
tocystis infections that are nonresponsive to chemotherapy are
frequently encountered clinically (40), and this study may ex-
plain Blastocystis persistence during infections.

H. pylori, Giardia, and Entamoeba inhibit the host’s NO
response by competing with the host cell for the crucial sub-
strate L-arginine (3, 6, 19). Bacterial and parasitic arginases are
known to modulate epithelial NO production by limiting L-
arginine bioavailability (6, 10, 19). Arginase-deficient strains of
H. pylori were not able to inhibit NO production by macro-
phages (10). Similarly, the Blastocystis ST-7 (B) isolate, with
3-times-higher arginase activity, inhibited NO production,
while ST-4 (WR-1), with limited arginase activity, did not. A
strain-to-strain variation in Blastocystis pathogenesis is fre-
quently reported (12, 26, 39). These findings suggest that apart
from cysteine protease activity (a potential virulence factor)
(26) and Mz susceptibility (27) observed in previous studies,
ST-7 (B) also differs from ST-4 (WR-1) in its ability to inhibit
epithelial NO production, and this might be arginase depen-
dent. Studies suggest that reduction of L-arginine bioavailabil-
ity in the microenvironment does not inhibit iNOS mRNA
levels (3, 19). In fact L-arginine bioavailability controls nitric
oxide production without affecting iNOS mRNA levels in the
cell (18).On the contrary, we observed a downregulation of
iNOS mRNA expression in live enterocytes cocultured with
Blastocystis ST-7 (B), as seen in Toxoplasma (35)- and Leish-
mania (25)-infected macrophages. Although iNOS-inhibiting
Blastocystis strain ST-7 (B) possesses much higher arginase
activity than ST-4 (WR-1), the inhibition of Caco-2 NO pro-
duction by ST-7 (B) (without altering host cell viability) is
primarily due to the downregulation of epithelial iNOS mRNA
expression, as reported for Toxoplasma- and Leishmania-in-
fected macrophages (25, 35). A secondary role of Blastocystis
arginase in inhibiting epithelial NO production (as seen in
cases of H. pylori and Giardia infections) cannot be ruled out.
The characterization of Blastocystis arginases as well as further
dissection of host epithelial pathways modulated by the para-
site will give us a better idea of how Blastocystis escapes epi-
thelial NO response.

An earlier study reported increased NO concentration in
various tissues of mice infected with Blastocystis (4), as op-
posed to the iNOS inhibition observed in our study. Host
specificity has been reported in Blastocystis (13), and since mice

FIG. 6. Illustration summarizing potential mechanisms of entero-
cyte NO response inhibition by Blastocystis ST-7 (B). The parasite
evades host nitric oxide antiparasitic response by competing with L-
arginine, a crucial substrate for epithelial iNOS, to produce nitric oxide
by directly inhibiting iNOS.
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are not considered a natural host for the parasite (41), an
increase in NO in mouse tissues is not surprising. NO is an
indiscriminate, innate immune response, and introduction of a
new organism to the gut flora may lead to NO upregulation in
the host. Moreover, an increase in NO was observed in mouse
cecum and ileum, but that study (4) did not report the NO
concentration in the colon, the part of the gut colonized by the
parasite. Our infection model is more physiologically relevant
since the experiments were performed on the colonic epithe-
lium of a natural Blastocystis host.

To conclude, this is the first study highlighting the ability of
Blastcystis to modulate antiparasitic host NO defense. This is
the first study highlighting a possible association of NO sus-
ceptibility with Mz resistance in an anaerobic organism. Blas-
tocystis ST-7 (B), although more susceptible to nitrosative
stress, exhibited significantly higher arginase activity than ST-4
(WR-1) and inhibited epithelial NO production. These find-
ings make Blastocystis the only organism known to inhibit an
intestinal epithelial NO response apart from Giardia. Blasto-
cystis is the first known extracellular organism shown to down-
regulate host cell iNOS mRNA expression independent of host
cell death. We posit that a lowered NO concentration not only
helps ST-7 (B) to escape host defenses, it might also assist
other pathogens to evade nitrosative stress and promotes col-
onization of the gut lumen. Further understanding of NO-
suppressive and -coping mechanisms employed by Blastocystis
would help in the development of host immune-modulating
and chemotherapeutic strategies, respectively, against Blasto-
cystis infections.
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