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In this study we investigated the in vitro responses of peripheral blood mononuclear preparations and
purified monocytes to Clostridium difficile toxin A. In contrast to the responses of T and B cells, exposure to
toxin A led to a rapid loss of monocytes in a time- and dose-dependent fashion (the majority of cells were lost
within 24 h of exposure to >100 ng of toxin per ml). Transmission electron microscopy, flow cytometry, and
fluorescence microscopy after propidium iodide and Hoechst staining showed that cell death in purified
preparations of monocytes following exposure to 100 and 1,000 ng of toxin A per ml occurred by apoptosis.
Further studies showed that 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimidazole-carbocyanine iodide aggre-
gates were retained within toxin A-exposed monocyte mitochondria, but cytochrome c was released, suggesting
that the apoptotic cascade was triggered in the absence of mitochondrial permeability transition. There was
also an increase in caspase-3 activity in toxin A-stimulated monocytes. Following exposure to very high
concentrations of toxin A (30 �g/ml), monocyte cell death was predominantly of the necrotic type, with rapid
extracellular release of lactate dehydrogenase. These studies demonstrated that C. difficile toxin A has a
cell-specific effect, in which monocytes exhibit greater susceptibility than lymphocytes and their death is
induced in a concentration-dependent manner.

Clostridium difficile, an anaerobic gram-positive bacterium, is
the etiological agent of antibiotic-associated pseudomembra-
nous colitis (3, 30) and the most common cause of nosocomial
diarrhea. It causes an acute inflammatory colitis via two large
secreted toxins, toxins A and B. Toxin A is a 308-kDa molecule
and consists of an N-terminal glucosyltransferase domain, an
ATP-binding domain, and a C-terminal receptor binding do-
main (19, 37). Purified toxin A causes fluid secretion and in-
testinal inflammation in animals (42, 49). In vitro exposure of
intestinal epithelial monolayers to toxin A induces cytokine
expression (5, 17, 39), rapid loss of barrier function (23, 45),
and subsequent cell death by apoptosis (6, 39). In primary
human intestinal epithelial cells, toxin A induces cell death
within 24 h (39). In vivo, the release of proinflammatory cyto-
kines and exposure to luminal microbial products, following
loss of the epithelial barrier, are believed to lead to recruit-
ment of circulating polymorphonuclear cells, monocytes, and
lymphocytes. We showed previously that isolated normal hu-
man intestinal lamina propria T cells exposed to C. difficile
toxin A underwent cell death by apoptosis, which was promi-
nent after 72 h (38).

Apoptosis, or programmed cell death, plays an important
part in the development and homeostasis of multicellular or-
ganisms. Morphologically, apoptosis is characterized by nu-
clear condensation (and often fragmentation) into spherical
bodies containing dense chromatin (27). DNA fragmentation
leads to a subdiploid DNA content, which can be demon-
strated by flow cytometry (10, 44). In contrast, cellular necrosis

(also referred to as oncosis) is characterized by dilation of
mitochondria and loss of plasma membrane integrity, leading
to cell swelling and eventual rupture (40, 52). At the molecular
level, apoptosis is mediated by a family of cysteine proteases
known as caspases (1, 20). Caspases can be activated by cell
surface receptor binding (caspase-8) or intracellularly after
release of cytochrome c from mitochondria (caspase-9) (13,
15), leading to eventual activation of the downstream execu-
tioner molecules caspase-3, caspase-6, and caspase-7 (33, 48).
The executioner caspases mediate a series of events, such as
cleavage of cytoskeleton proteins (31, 46) and activation of
nucleases, resulting in DNA fragmentation (35).

The aims of the present study were to investigate the re-
sponses of peripheral blood monocytes to various concentra-
tions of purified C. difficile toxin A and to determine the mode
of cell death exhibited by susceptible cells.

MATERIALS AND METHODS

Purification of toxin A. Toxin A was purified from a toxigenic strain of C.
difficile, VPI 10463, as previously described (25). Following culture at 37°C for
48 h in brain heart infusion broth, the crude culture filtrate was applied to a
bovine thyroglobulin affinity chromatography column, and this was followed by
two sequential anion-exchange chromatography steps on Q-Sepharose-FF (Am-
ersham Biosciences, Uppsala, Sweden) and Mono Q columns (Amersham Bio-
sciences). Purified fractions were assessed for cytotoxicity by using the Vero cell
assay (25) and for hemagglutinating activity (with rabbit erythrocytes) as de-
scribed by Krivan et al. (29). Aliquots of purified toxin were stored at �80°C
prior to use.

Isolation of PBMNCs and monocyte purification. Peripheral blood mononu-
clear cells (PBMNCs) were obtained from blood drawn from healthy donors by
density gradient centrifugation over Histopaque (Sigma-Aldrich Co. Ltd., Poole,
United Kingdom). The peripheral blood cells were washed twice in phosphate-
buffered saline (PBS) (Gibco Invitrogen, Paisley, United Kingdom) prior to use.
For studies requiring purified monocytes, PBMNCs were depleted of T cells, B
cells, and dendritic cells by labeling with specific hapten-conjugated antibodies
and anti-hapten coupled magnetic MicroBeads in a monocyte depletion kit
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(Miltenyi Biotec GmBH, Bergisch Gladbach, Germany) used according to the
manufacturer’s instructions. The magnetically labeled nonmonocytic cells were
depleted by retention on an LS MACS column in a magnetic field generated by
a Vario MACS separator (Miltenyi Biotech GmBH), which allowed the unla-
beled monocytes to be collected. The purity of monocyte preparations was
�95%.

PBMNCs or purified monocytes were divided into aliquots containing 1 � 106

cells/ml in RPMI 1640 medium (Gibco Invitrogen) supplemented with 10% fetal
calf serum (Gibco Invitrogen), 0.1 mg of streptomycin sulfate (Sigma-Aldrich)
per ml, 0.1 mg of penicillin (Brittania Pharmaceuticals Ltd., Poole, United
Kingdom) per ml, 49 �g of gentamicin (Roussel Laboratories, Uxbridge, United
Kingdom) per ml, and 100 mM L-glutamine (Sigma-Aldrich) and cultured at
37°C in the presence of 5% CO2 for various times in the presence of different
concentrations of purified C. difficile toxin A.

THP-1 cell culture. THP-1 cells, a human monocytic cell line (passages 15 to
25) obtained from the American Type Culture Collection, were cultured at 37°C
in the presence of 5% CO2 in RPMI 1640 medium (Gibco Invitrogen) supple-
mented with 10% fetal calf serum (Gibco Invitrogen), 0.1 mg of streptomycin
sulfate (Sigma-Aldrich) per ml, 0.1 mg of penicillin (Brittania Pharmaceuticals
Ltd.) per ml, 49 �g of gentamicin (Roussel Laboratories) per ml, 100 mM
L-glutamine (Sigma-Aldrich), and 2 �M mercaptoethanol (Sigma-Aldrich).

Analysis of T-cell, B-cell, and monocyte populations. The proportions of T-
cells, B-cells, and monocytes in PBMNC populations were analyzed by flow
cytometry. PBMNCs, incubated in the absence and presence of a range of toxin
A concentrations, were pelleted by centrifugation (200 � g for 5 min) and fixed
with 4% formaldehyde in PBS for 15 min at room temperature. Following two
washes with PBS, the cells were incubated for 45 min at 4°C with the following
fluorochrome-conjugated antibodies: anti-CD14-allophycocyanin (APC) and an-
ti-CD14-phycoerythrin (PE) (for monocytes), anti-CD19-peridinin chlorophyll
protein-cyanin 5.5 (PC5) (for B lymphocytes), and anti-CD3-fluorescein isothio-
cyanate (FITC) (for T lymphocytes). The isotype control antibodies used were
polyclonal mouse anti-human immunoglobulin G1-PC5, -PE, -APC, and -FITC
(all antibodies were obtained from Immunotech, Marseille, France). Unbound
antibodies were removed from the cells by two further washes in PBS, and the
cells were resuspended in 0.5% formaldehyde prior to analysis. Samples were
analyzed with a Beckman Coulter Altra flow cytometer (Beckman Coulter, High
Wycombe, United Kingdom) equipped with a 488-nm argon ion laser. The green
fluorescence (FITC) was collected with a 525-band pass (BP) filter, the yellow
fluorescence (PC5) was collected with a 575-BP filter, and the red fluorescence
was collected with a 675-BP filter by using 488-nm excitation for PC5, 633-nm
excitation for APC, and offset lasers.

Hoechst 33342 DNA staining. The nuclear morphology of control and toxin
A-treated monocytes and THP-1 cells was assessed by fluorescence microscopy
after staining with Hoechst 33342 dye (36). Toxin-exposed and untreated cells
were centrifuged (at 200 � g for 5 min) and fixed for 15 min in 4% formaldehyde
at room temperature. THP-1 cells incubated with 30 �M etoposide (Sigma-
Aldrich) for 5 h were used as a positive apoptotic control. Other controls
included exposure to heat-inactivated (95°C for 1 h) toxin A and lipopolysac-
charide (LPS) (from Escherichia coli O127:B8; Sigma-Aldrich Co. Ltd.).

The fixed cell suspensions (approximately 0.2 � 106 cells) were then spun onto
a glass slide by using a Shandon/Lipshaw cytospin centrifuge (Thermo Shandon,
Pittsburgh, Pa.) at 1,000 rpm for 8 min and stained with 10 �g of Hoechst 33342
dye (Molecular Probes, Eugene, Oreg.) per ml in PBS by incubation in the dark
at room temperature for 10 min. The slides were rinsed with distilled water and
air dried before coverslips were mounted by using PBS containing glycerol (50%,

vol/vol). Slides were monitored for fluorescence with a fluorescence microscope
(Carl Zeiss, Ltd., Welwyn Garden City, United Kingdom) by using a blue (488-
nm) filter and a magnification of �100. Apoptotic cells were identified by
brightly staining condensed chromatin and fragmented nuclei (10). A total of 200
cells per sample were analyzed, and the numbers of apoptotic cells were ex-
pressed as percentages of the total cells.

LDH assay. Purified monocytes were incubated in phenol red-free RPMI 1640
medium (Sigma-Aldrich) in the absence or presence of various concentrations of
toxin A for 2, 5, and 24 h. Following centrifugation, the levels of lactate dehy-
drogenase (LDH) enzyme activity in supernatant samples were measured by the
CytoTox 96 cytotoxicity assay (Promega Corporation, Madison, Wis.). The ab-
sorbance at 490 nm corresponded to the experimentally released LDH. Intra-
cellular LDH activity was also measured after cell lysis (with the lysis solution
contained in the kit). The extracellular release of LDH was expressed as a
percentage of total cellular LDH activity (supernatant activity plus intracellular
activity).

Flow cytometry. (i) Propidium iodide staining. Propidium iodide staining of
purified monocytes was performed as previously described (44). Cells from each
stimulation reaction were pelleted by centrifugation (200 � g for 5 min) prior to
fixation and permeabilization with ice-cold 70% ethanol. The cells were then
washed twice in PBS containing 0.1% sodium azide and 0.5% bovine serum
albumin (Sigma-Aldrich) before incubation with 0.25 �g of RNase at 37°C for 30
min. Propidium iodide (100 �g/ml; Sigma-Aldrich) was then added, and the
propidium iodide fluorescence emission was analyzed with a Beckman Coulter
Altra flow cytometer (Beckman Coulter) at 617 nm after excitation with a blue
laser at 488 nm. Events accounting for less than 5% of the total diploid DNA
content were gated out to prevent acquisition of individual apoptotic bodies.
Events that fell within the marked hypodiploid region (apoptotic events) were
enumerated by the statistics function of the WinMDI V2.8 software, and the
results were expressed as a percentage of the total events. The percentages of
apoptotic events identified by this method after incubation with or without toxin
A were calculated for each time examined.

(ii) Cytofluorometric detection of alterations in mitochondrial membrane
potential. The integrity of the monocyte mitochondrial membrane after stimu-
lation with toxin A was assessed with the lipophilic cation 5,5�,6,6�-tetrachloro-

TABLE 1. Flow cytometric analysis of PBMNCs exposed to C. difficile toxin Aa

Time
(h)

% of cells

CD3 CD19 CD14

Control 1,000 ng of
toxin A/ml Control 1,000 ng of

toxin A/ml Control 1,000 ng of
toxin A/ml

0 58.9 � 0.8 58.9 � 0.7 12.3 � 1.5 12.1 � 1.5 8.9 � 1.8 8.4 � 1.3
2 59.5 � 1.9 60.4 � 2.9 10.9 � 4.1 11.1 � 4.1 8.3 � 1.2 4.6 � 1.8
5 57.1 � 3.9 62.3 � 3.4 9.8 � 2.7 11.4 � 3.9 9.3 � 1.7 0.4 � 0.3
24 59.3 � 4.0 58.4 � 6.9 12.6 � 2.8 10.6 � 0.6 9.2 � 2.4 0.2 � 0.1

a Data for events specific for T cells (CD3), B cells (CD19), and monocytes (CD14) in control and toxin A-exposed PBMNCs are shown. Following isolation,
PBMNCs were exposed to 1,000 ng of purified C. difficile toxin A per ml for 2 to 24 h before analysis by flow cytometry. The data are means � standard errors of the
means for cells from three experiments.

TABLE 2. Incubation with toxin A decreases the numbers of
CD14-positive events in a time- and dose-dependent mannera

Concn of toxin A
(ng/ml)

No. of CD14-positive events (mean � SEM)

2 h 5 h 24 h

0 8,308 � 1,218 9,354 � 1,795 9,192 � 2,390
1 8,420 � 1,293 7,860 � 1,320 7,850 � 2,393
10 8,400 � 1,213 9,223 � 2,298 4,430 � 547
100 8,297 � 1,138 7,460 � 2,300 260 � 80b

1,000 4,638 � 1,854b 400 � 340c 230 � 152d

a PBMNCs were labeled with anti-CD14-PE antibodies after incubation with
10-fold concentrations of toxin for 2, 5, and 24 h. Cells were then analyzed by
single-color flow cytometry, and CD14-positive events were enumerated (n � 3).

b P 	 0.05.
c P 	 0.001.
d P 	 0.01.
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1,1�,3,3�-tetraethylbenzimidazole-carbocyanine iodide (JC-1). JC-1 is able to se-
lectively enter mitochondria, where it exists as a J-aggregate, emitting at 590 nm
(red/yellow) after excitation at 488 nm (8). Changes in the mitochondrial mem-
brane potential and subsequent depolarization result in dissociation of the ag-
gregate into the monomeric form of the dye, causing a shift in emission to 530 nm
(green), which can be detected by flow cytometry (8).

Purified monocytes were divided into aliquots containing 1 � 106 cells/ml in
supplemented RPMI medium and incubated with or without 1,000 ng of toxin A
for 5 min to 5 h at 37°C in the presence of 5% CO2. Cells were then washed twice
with PBS prior to staining with 1 �M JC-1 in dimethyl sulfoxide (DMSO)
(Invitrogen Ltd., Paisley, United Kingdom) for 30 min in the dark at 37°C. A
negative control consisted of an aliquot of cells incubated with an equal volume
of DMSO (Sigma-Aldrich). A positive control consisted of monocytes incubated
in the presence of 100 �M carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Sigma-Aldrich), an uncoupler of oxidative phosphorylation in mitochondria (18,
26), for 30 min in the dark at 37°C. A minimum of 500,000 cells were analyzed
with a Beckman Coulter Altra flow cytometer (Beckman Coulter). The WinMDI
V2.8 software was used for data analysis.

(iii) Detection of activated caspase-3. Monocytes purified from PBMNCs of
healthy donors (by the magnetic cell sorting magnetic depletion method) were
divided into aliquots containing 1 � 106 cells/ml in supplemented RPMI medium
and incubated with and without 1,000 ng of toxin A per ml for 5 h at 37°C in the
presence of 5% CO2. After incubation the cells were fixed with 4% formaldehyde
in PBS for 5 min at room temperature, and this was followed by permeabilization
with saponin buffer (0.04% saponin, 50 mM glucose, 0.1% sodium azide) in PBS.
Intracellular active caspase-3 subunits were detected by incubation with phyco-
erythrin (PE)-conjugated anti-active human caspase-3 antibody (BD Pharmin-
gen, San Diego, Calif.) in the presence of rabbit serum (Sigma Ltd.) to block
nonspecific binding. Unbound antibody was washed from the cells with saponin
prior to analysis by single-color flow cytometry with a Beckmann Coulter Altra
flow cytometer by using a 488-nm argon ion laser and a 575-BP filter. Monocytes
incubated in the presence of 500 nM staurosporine (Sigma Ltd.) were used as a
positive control.

Confocal microscopy. An assessment of the cytochrome c release from within
the mitochondrial inner membrane was carried out by staining cytochrome c with
an FITC-conjugated antibody. Monocytes purified by the magnetic depletion
method were divided into aliquots containing 1 � 106 cells/ml in supplemented
RPMI medium and incubated with or without 1,000 ng of toxin A per ml for 5
and 24 h at 37°C in the presence of 5% CO2. Monocytes (1 � 106 cells/ml)
incubated in the presence of the apoptosis inducer etoposide (30 �M; Sigma
Ltd.) in DMSO for 5 h at 37°C in the presence of 5% CO2 were used as a positive
control. Cells were washed twice in HEPES buffer (10 mM HEPES [Sigma Ltd.]
in distilled H2O [pH 7.4]) by centrifugation at 1,200 rpm (200 � g) and then fixed
in 4% formaldehyde in PBS at room temperature for 15 min. The cells were then
permeabilized in saponin buffer containing 3% goat serum (Sigma Ltd.), 1%
glycine (BDH, Poole, United Kingdom), and 0.05% saponin (Sigma Ltd.) before

incubation with mouse anti-human cytochrome c monoclonal antibody (5 �g/ml;
Promega, Southampton, United Kingdom) in saponin buffer overnight at 4°C.
After the preparation was washed in saponin buffer, FITC-conjugated goat
anti-mouse secondary antibody (10 �g/ml; Alexis Biochemicals, Lausen, Swit-
zerland) in saponin buffer was applied for 1 h at room temperature. The cells
were subsequently washed with 10 mM HEPES buffer before resuspension in a
1:1 PBS-glycerol solution and applied to a Superfrost microscope slide (Menzel
Gläser, Braunschweig, Germany). The slides were viewed with a Zeiss LSM 510
confocal microscope (Carl Zeiss), and FITC-labeled cytochrome c was visualized
after excitation with a 488-nm argon single-photon laser.

Toxin A binding studies. The fluorescein isothiocyanate isomer (5 �g; Sigma
Ltd.) was incubated with purified toxin A (50 �g) in 0.1 M borate buffer (pH 8.5)
for 18 h at 4°C. The reaction was terminated by adding 0.2 M glycine. Following
dialysis against 1.5 M Tris HCl and determination of the protein concentration,
the cytotoxic activity of FITC-labeled toxin A was confirmed by demonstration of
a cytopathic effect in Vero cells. Labeled toxin was stored at 4°C in the dark until
it was used. For binding studies, PBMNCs (at concentration of 1 � 106 cells/ml),
with or without prior fixation (2% formaldehyde in PBS for 10 min), were
incubated with FITC-labeled toxin A (at a concentration of 10,000 ng/ml) for 30
min at 4°C. Labeled cells were analyzed by flow cytometry, and the monocyte and
lymphocyte populations were gated on the basis of forward and side scatter
characteristics. Further analysis was performed by using the WinMDI V2.8
software.

Toxin A in stool samples. Stool samples were collected during flexible sig-
moidoscopy from 18 patients with C. difficile-associated diarrhea (22). No bowel
preparation was performed prior to sigmoidoscopy, but 10 to 20 ml of 0.9% NaCl
was often applied to obtain better views of the mucosa. The concentrations of
toxin A in stool samples aspirated during sigmoidoscopy were determined by
using a C. difficile Tox-A Test enzyme immunoassay kit (TechLab Inc., Blacks-
burg, Va.). In brief, 100 �l of sample was added to each well of an assay plate
containing immobilized affinity-purified polyclonal anti-toxin A antibody and 50
�l of conjugate solution (mouse monoclonal anti-toxin A antibody coupled to
horseradish peroxidase, both supplied with the kit). Standards, prepared from
dilutions of purified toxin A (0.1 pg to 50 �g in PBS), were similarly added to
prepared wells. Subsequent steps were performed as instructed by the manufac-
turer. The concentration of toxin A in each stool sample was obtained by
extrapolation from the standard curve.

Statistical analysis. Data were analyzed by using analysis of variance and the
Student paired t test.

RESULTS

C. difficile toxin A induces rapid loss of monocytes but not T
and B cells. Freshly isolated peripheral blood mononuclear
cells were analyzed by flow cytometry following culture in con-
trol medium only or in the presence of 1,000 ng of toxin A per
ml. CD14 events (monocyte specific) were lost within 24 h, but
CD3 events (T cells) and CD19 events (B cells) did not change
significantly over the same time (Table 1). Following exposure
to 1,000 ng of toxin A per ml, approximately 50% of CD14-
positive events (specific for monocytes) were lost after 2 h, and
more than 90% were lost after 5 h. By contrast, the majority of
CD3-positive events (T cells) and CD19-positive events (B
cells) were still present after 72 h of exposure to the same
concentration of the toxin (data not shown). An analysis in
which anti-CD33 antibody was used as a monocyte marker
produced results similar to those obtained with antibody to
CD14 (data not shown).

The toxin A carrier buffer, Tris-buffered saline, did not have
a distinguishable effect on PBMNCs compared to medium
alone (data not shown); therefore, subsequent experiments
were carried out by using culture medium alone as a negative
control.

Exposure of PBMNCs to various concentrations of toxin A
(1 to 1,000 ng/ml) led to the loss CD14 events in a dose- and
time-dependent manner (Table 2). Over the study period (24

FIG. 1. FITC-labeled toxin A binding to monocytes and lympho-
cytes. PBMNCs were incubated with 10,000 ng of FITC-labeled toxin
A per ml for 30 min at 4°C before analysis by flow cytometry. Lym-
phocyte (A) and monocyte (B) gates were applied based on forward
and side scatter characteristics. The grey lines indicate the results for
unlabeled cells, and the black lines indicate the results for cells incu-
bated with FITC-labeled toxin A. The fluorescence intensity of labeled
monocytes was approximately 10-fold greater than that of labeled
lymphocytes.
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h), significant loss of CD14 events occurred at concentrations
of toxin A that were �10 ng/ml.

Binding to FITC-labeled toxin A. PBMNCs incubated with
FITC-labeled toxin A for 30 min at 4°C were studied by flow
cytometry. Monocyte and lymphocyte populations were ana-
lyzed after application of specific gates based on forward and
side scatter characteristics. For cells labeled with FITC-labeled
toxin A, the fluorescence intensity of monocytes was approxi-
mately 10-fold greater than that of lymphocytes (Fig. 1), im-
plying that there was greater binding to the former cells by the
labeled toxin. Differences with similar magnitudes between
labeled monocytes and lymphocytes were also seen if the
PBMNCs were fixed prior to incubation with the FITC-labeled
toxin (data not shown).

Characterization of monocyte cell death in response to C.
difficile toxin A. In order to characterize (and quantify) the type
of cell death occurring following exposure to toxin A, mono-
cytes were purified by magnetic depletion of other mononu-
clear cell types in the PBMNC samples. The monocyte mor-
phology was studied by fluorescence microscopy (following
Hoechst 33342 staining) and by electron microscopy, and the
cellular DNA content was analyzed by flow cytometry.

(i) Hoechst 33342 staining. Purified monocyte preparations
were incubated in the presence of a range of toxin A concen-

trations (1 to 1,000 ng/ml) for 2, 5, and 24 h, and this was
followed by labeling of the cellular DNA with the fluorescent
marker Hoechst 33342 dye. Following exposure to 1,000 ng of
toxin A per ml, cells with the characteristic condensed chro-
matin structure of apoptotic nuclei were prominent (Fig. 2B).
Apoptotic cell death in response to 1,000 ng of toxin A per ml
was also seen in THP-1 cells (Fig. 2D). Following incubation
with toxin A, a number of nonapoptotic cells (many with more
diffuse nuclear staining than the controls) were also seen, and
based on findings obtained by transmission electron micros-
copy (TEM) (see below), these cells were probably cells un-
dergoing necrotic cell death. THP-1 cells incubated in the
presence of 30 �M etoposide for 5 h provided a positive con-
trol for apoptotic cell death (Fig. 2E). Dose-response studies
showed that significant monocyte apoptosis was seen only at
concentrations of �10 ng/ml (Table 3).

Studies of Hoechst dye-labeled control and toxin A-exposed
(1,000 ng/ml) THP-1 cells also revealed that there was signif-
icant induction of apoptosis after 24 h. The percentages of
apoptotic cells in control and toxin A-exposed preparations
were as follows: at 2 h, 1.15% � 0.87% and 0.84% � 0.64%,
respectively; at 5 h, 1.03% � 0.69% and 6.77% � 2.49%,
respectively; and at 24 h, 7.97% � 0.51% and 30.33% � 4.78%,
respectively (P 	 0.05).

FIG. 2. Monocyte cell death in response to C. difficile toxin A. Purified monocytes and THP-1 cells were incubated for 24 h in the absence of
toxin A (A and C) or in the presence of 1,000 ng of toxin A per ml (B and D). THP-1 cells were also incubated with 30 �M etoposide for 5 h
(positive control) (E). Cytospin preparations of cells were fixed and stained with 10 �g of Hoechst 33342 dye per ml before visualization with a
fluorescence microscope with UV light excitation. Cells exhibiting characteristic features of apoptotic cell death are indicated by solid arrows. A
number of nonapoptotic cells with diffuse nuclear staining (open arrow) were also seen after exposure to toxin A, and these cells were probably
cells undergoing necrosis (see Fig. 3C).
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To confirm that the apoptotic effect seen was specific to
toxin A and not due to contaminating LPS, monocytes were
incubated for 5 h in the presence of either 1,000 ng of LPS per
ml, 1,000 ng of heat-inactivated (95°C, 1 h) toxin A per ml,

1,000 ng of untreated toxin A per ml, or control medium. Cells
were assessed for apoptosis by using the fluorescent marker
Hoechst 33342 dye. Neither LPS nor heat-inactivated toxin A
induced apoptosis above the basal levels (1.16% � 0.49% and
1.04% � 0.91%, respectively), compared to the 40.7% �
18.6% apoptotic cells resulting from incubation with 1,000 ng
of toxin A per ml.

(ii) Transmission electron microscopy. TEM studies of pu-
rified preparations of monocytes exposed to 1,000 ng of toxin
A per ml for 5 and 24 h revealed characteristic ultrastructural
features of apoptotic cell death (Fig. 3B and C), with nuclear
condensation (nuclear fragmentation was also seen) into
spherical structures containing dense chromatin and also mem-
brane-bound apoptotic bodies. Some cells with features of
necrotic cell death were also seen (Fig. 3C), but they were less
numerous (after 5 h of exposure of monocytes to 1,000 ng of
toxin A per ml, 40.9 and 25.5% of the cells had morphological
features of apoptosis and necrosis, respectively). Following
exposure to 30 �g of toxin A per ml for 2 h, TEM studies

FIG. 3. Monocytes exhibit ultrastructural features of apoptotic (B and C) and necrotic (C) cell death following exposure to 1,000 ng of C.
difficile toxin A per ml. Purified monocytes were incubated for 5 h with control medium (A) or medium containing 1,000 ng of toxin A per ml
(B) before they were processed for electron microscopy. Cells exhibiting morphological features characteristic of apoptosis are indicated by arrows
in panel B. In panel C, the arrow indicates a cell undergoing necrotic death, with swelling of the nucleus and a lack of dense chromatin. By contrast,
the adjacent cell shows features of apoptotic death, with a condensed spherical nucleus containing dense chromatin.

TABLE 3. C. difficile toxin A induces monocyte apoptosisa

Toxin concn
(ng/ml)

% of apoptotic monocytes after staining with
Hoechst dye (mean � SEM)

5 h 24 h

0 3.34 � 2.4 3.3 � 4.8
1 1.36 � 0.6 0.47 � 0.35
10 4.86 � 4.1 1.03 � 0.68
100 15.8 � 17.4 35.6 � 16.2
1,000 44.7 � 18.1b 42.7 � 3.1b

a Purified monocytes were exposed to various concentrations of purified toxin
for 5 or 24 h. Cytospin preparations of the cells were fixed, stained with 10 �g of
Hoechst dye per ml, and analyzed by fluorescence microscopy. The percentages
of cells with characteristic features of apoptosis were determined. The data are
means � standard errors of the means for three experiments.

b P 	 0.05 compared to control.
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almost exclusively showed features of necrotic cell death, with
an increase in the volume of the cells and a loss of nuclear
chromatin (data not shown). After 5 h of exposure to 30 �g of
toxin per ml, mostly cell debris was seen (data not shown). No
ultrastructural evidence of apoptotic cell death was seen at
either time in response to the highest concentration of toxin A.

(iii) DNA analysis by flow cytometry. The DNA content of
purified monocytes exposed to toxin A (or control medium)
was analyzed by flow cytometry, after permeabilization and
labeling with the DNA-specific fluorochrome propidium io-
dide. Apoptotic cells that have a subdiploid DNA content can
be identified by their reduced fluorescence due to DNA deg-
radation and leakage from the cell (9, 44) and are detected in
a broad hypodiploid or sub-G1 region on a histogram. Follow-
ing exposure of purified preparations of monocytes to 1,000 ng
of toxin A per ml for 5 and 24 h, events within hypodiploid
DNA regions (M1 regions in Fig. 4A, panels iii and iv) were
expressed as percentages of the total propidium iodide-fluo-
rescent events. After 2 h of incubation with 1,000 ng of toxin A
per ml, the mean percentage of hypodiploid events (which
represented apoptotic monocytes) was similar to control val-
ues. By 5 h the mean percentage of hypodiploid events in toxin
A-exposed monocytes was 6.92% � 3.76%, and the value in-
creased to 20.8% � 4.87% after 24 h of incubation. Control
values remained less than 2% at all times studied.

In contrast to the results described above, flow cytometric
analysis of propidium iodide-labeled nuclei of monocytes ex-
posed to 30 �g of toxin A per ml for 5 h did not show signif-
icant events in the hypodiploid region (Fig. 4B, panel ii).

LDH assay. The C. difficile toxin A-induced effect on mono-
cyte membrane integrity was assessed by measurement of the
extracellular release of the stable cytosolic enzyme LDH. In
contrast to the effects of lower concentrations, exposure to 30
�g of toxin A per ml led to rapid (by 2 h) and nearly maximal
extracellular release of LDH (Fig. 5). Following exposure to
100 and 1,000 ng of the toxin per ml, the release of LDH was
slower and occurred in a dose-dependent fashion.

Studies with mitochondria. The effect of toxin exposure on
the monocyte mitochondrial outer membrane function was
studied by flow cytometry. Mitochondrial membrane depolar-
ization was detected by a shift in fluorescence emission of the
lipophilic cationic probe JC-1. Changes in the mitochondrial
membrane potential, as induced by the uncoupling agent
CCCP, caused a reduction in the aggregate form of JC-1 within
mitochondria (emissions at 590 nm) by dissociation into the
monomeric form (Fig. 6). By contrast, exposure of purified
monocytes to toxin A (1,000 ng/ml) for 5 min to 5 h did not
induce a significant change in emission of JC-1 (Fig. 6).

Release of cytochrome c from the mitochondrial inner mem-
brane was visualized by using FITC-conjugated antibody and
confocal fluorescence microscopy. Cytochrome c detection was
confined to mitochondria in monocytes exposed to control
medium (Fig. 7A), but in cells exposed to toxin A (1,000 ng/ml)
for 5 h cytochrome c was seen throughout the cytoplasm (Fig.
7B), implying that it was released from mitochondria. This was
also the case in monocytes incubated with 30 �M etoposide for
5 h (positive control) (Fig. 7C).

Detection of activated caspase-3. The presence of intracel-
lular activated caspase-3 was investigated by flow cytometry by
using a specific PE-conjugated antibody (Fig. 8). A marker

region (M1) was constructed to encompass only positively
stained events, and this was applied to subsequent histograms.
The numbers of events falling within this marked region were
determined, and the results were expressed as percentages of
the total events. Following exposure to toxin A for 5 h, the
percentage of monocytes expressing activated caspase-3 was
significantly greater than the percentage for the control cells
(31.1% � 10.5% versus 7.9% � 2.6%; P 	 0.05).

Toxin A concentrations in stool samples of patients with C.
difficile-associated diarrhea. The amounts of toxin A present in
stool samples obtained during flexible sigmoidoscopy from 18
patients with C. difficile-associated diarrhea were determined by

FIG. 4. Representative DNA fluorescence profiles of propidium
iodide-labeled purified preparations of control and toxin A-exposed
monocytes. After incubation, the cells were fixed, permeabilized, and
treated with RNase before labeling with propidium iodide and analysis
of propidium iodide fluorescence. In panel A, the monocytes were
incubated in the absence of C. difficile toxin A (panel i) or in the
presence of 1,000 ng of C. difficile toxin A per ml for 2 h (panel ii), 5 h
(panel iii), or 24 h (panel iv). In panel B, monocytes were exposed to
control medium (panel i) or 30 �g of toxin A per ml (panel ii) for 5 h
prior to propidium iodide labeling. Control monocytes (panels i in
panels A and B) and monocytes exposed to 30 �g of toxin A per ml
(panel ii in panel B) did not exhibit apoptotic characteristics, as shown
by a lack of events in the hypodiploid region (M1). By contrast, many
events characteristic of apoptotic cell death were seen in the hypodip-
loid (or sub-G1) region in monocytes incubated with 1,000 ng of toxin
A per ml for 5 h (panel iii in panel A) and 24 h (panel iv in panel A).
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using an enzyme immunoassay. The median concentration of the
toxin was 4.3 ng/ml, and the range was 0.6 to 19,000 ng/ml.

DISCUSSION

Our study showed that monocytes are much more sensitive
to the cytotoxic effects of C. difficile toxin A than circulating T
or B cells are. Flow cytometry studies showed that within 5 h of
exposure of PBMNCs to 1,000 ng of toxin A per ml (3.24 nM),
�90% of monocyte-specific CD14 events were lost (a similar
effect was seen in response to 24 h of incubation with 100 ng of
toxin A per ml). By contrast, there was no significant change in
CD3 (T-cell-specific) and CD19 (B-cell-specific) events in the
same PBMNC preparations. These findings are consistent with

our previous studies in which human intestinal lamina propria
cells were used, in which exposure to C. difficile toxin A led to
much more rapid loss of macrophages than of T cells (38). The
reason for the greater sensitivity of monocytes/macrophages
than of lymphocytes to the cytotoxic effect of toxin A remains
to be determined, but our studies suggest that greater binding
(likely due to increased surface receptor expression) and sub-
sequent internalization are a possibility. Thus, following incu-
bation (at 4°C) with FITC-labeled toxin A, the fluorescence
intensity of monocytes was approximately 10-fold greater than
that of lymphocytes. The difference is unlikely to be due to
internalization of the labeled toxin by monocytes because stud-
ies performed with fixed cells gave similar results. We also
believe that the nearly 10-fold difference in fluorescence be-
tween toxin-bound monocytes and toxin-bound lymphocytes is
unlikely to be due to the dissimilarity in cell size because
monocytes have only approximately twice the surface area of

FIG. 5. LDH release by monocytes exposed to C. difficile toxin A.
Purified preparations of monocytes were incubated in the absence of
toxin A (�) or in presence of 100 ng of toxin A per ml (■ ), 1,000 ng
of toxin A per ml (Œ), or 30 �g of toxin A per ml (�) for 2, 5, or 24 h.
LDH levels were measured in supernatant samples and cell lysates.
Extracellular release of LDH (levels in supernatant samples) was ex-
pressed as a percentage of the total cellular LDH activity (supernatant
activity plus intracellular activity). The data are the means from three
experiments. Compared to the control, there was significantly greater
release of LDH following exposure to 30 �g of toxin A per ml for 2 h
(56.1% � 7.6%; P � 0.02), for 5 h (68.8% � 9.3%; P � 0.01), and for
24 h (73.5% � 8.4%; P � 0.01) and following incubation with 1,000 ng
of the toxin per ml for 5 h (68.2% � 7.8%; P 	 0.01) and for 24 h
(68.8% � 9.8%; P � 0.01).

FIG. 6. JC-1 fluorescence in monocytes exposed to 1,000 ng of
toxin A per ml for 5 to 60 min (A) and for 1 to 5 h (B). CCCP (positive
control), but not toxin A, induced a leftward shift in red/yellow fluo-
rescence, consistent with mitochondrial membrane depolarization.
The data are representative of the data from three experiments.

FIG. 7. Cytochrome c expression by control and toxin A-exposed
monocytes. Purified monocytes were exposed to control medium (A),
1,000 ng of toxin A per ml (B), or 30 �M etoposide (positive control)
(C) for 5 h prior to fixation, permeabilization, and incubation with
anti-cytochrome c antibody. Following application of FITC-conjugated
goat anti-mouse antibody, the cells were examined by confocal fluo-
rescence microscopy. Representative images are shown. Cytochrome c
labeling is confined to mitochondria in panel A. By contrast, in mono-
cytes exposed to toxin A and etoposide for 5 h (B and C), cytochrome
c labeling occurs almost exclusively in the cytoplasm.

FIG. 8. Activation of caspase-3 in monocytes exposed to C. difficile
toxin A. Purified monocytes were incubated in the absence or in the
presence of 1,000 ng of toxin A per ml for 0.5, 1, 2, and 5 h at 37°C
prior to fixation, permeabilization, incubation with PE-conjugated an-
ti-active caspase-3 antibody, and analysis by flow cytometry. Monocytes
exhibiting positive intracellular active caspase-3 fluorescence were
enumerated, and the data were expressed as a percentage of the total
number of cells analyzed. The data are means � standard errors of the
means for three experiments. Compared to unstimulated cells, a sig-
nificantly greater proportion of monocytes exposed to 1,000 ng of toxin
A per ml for 5 h exhibited intracellular expression of activated
caspase-3 (7.9% � 2.6% versus 31.1% � 10.5%; P 	 0.05).
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lymphocytes (based on average diameters of 9 �m for lympho-
cytes and 12.5 �m for monocytes).

Further studies showed that a large number of monocytes
exposed to 100 and 1,000 ng of toxin A per ml underwent cell
death by apoptosis, as confirmed by analysis of cells after DNA
labeling (Hoechst 33342 dye and propidium iodide) and TEM
ultrastructural studies. Since this finding has not been reported
previously, different methods were used to confirm monocyte
cell death by apoptosis in response to toxin A (100 and 1,000
ng/ml). Interestingly, TEM studies also showed that some cells
underwent death by necrosis, which may partially explain the
apparent disparity between data obtained (following exposure
to 1,000 ng of toxin per ml for 5 h) by flow cytometry (showing
�90% loss of CD14 events [Table 2]) and the proportion of
monocytes showing morphological features of apoptotic cell
death (mean, 44.7% [Table 3]). Other reasons for the apparent
disparity may include the early loss of CD14 (prior to cell death
(51) and the fact that apoptosis (and likely necrosis) in re-
sponse to toxin A appears to be a continuous process with
heterogeneity in susceptibility between monocytes. Thus, be-
cause cell death leads to rapid degradation and disruption of
cellular constituents, the proportion of cells showing charac-
teristic morphological features of apoptosis at a specific time
(e.g., 5 or 24 h [Table 3]) is based on the total cell population
at that time and not the number of cells present in the original
preparation. The analysis of monocyte DNA by flow cytometry
revealed 6.9 and 20.8% hyodiploid events (means) after 5 and
24 h of exposure, respectively, to 1,000 ng of toxin A per ml
(Fig. 4A). The reason that these percentages of hypodiploid
events are lower than the proportion of cells with morpholog-
ical features of apoptosis (44.7 and 42.7%, respectively [Table
3]) could be the lack of detection by flow cytometry of very
small fragments of DNA and the loss of such fragments from
the cells. It is interesting that monocytes incubated for 5 h with
30 �g of toxin A per ml did not show significant events in the
hypodiploid region (Fig. 4B). Cell death by necrosis following
exposure to the highest concentration of the toxin was con-
firmed by TEM (data not shown). Moreover, during incubation
of purified monocytes with 30 �g of toxin A per ml within 2 h
there was nearly maximal release of LDH, further supporting
the concept of cell death by necrosis following rapid loss of
membrane integrity at high toxin concentrations. By contrast,
exposure of monocytes to 1,000 ng of toxin A per ml did not
induce significant release of LDH after 2 h, but maximal re-
lease occurred at 5 h. The latter release of LDH likely reflected
a combination of necrotic cell death in a proportion of mono-
cytes (as shown by TEM in Fig. 3C) and loss of membrane
integrity during the late stages of apoptotic cell death.

Monocyte cell death by necrosis in response to a very high
concentration of toxin A has been reported previously (51), but
monocyte cell death by apoptosis at lower concentrations of
the toxin is a new finding. The induction of apoptotic cell death
at low concentrations and the induction of necrosis at high
concentrations have also been reported in response to Staph-
ylococcus aureus alpha-toxin (2) and Clostridium perfringens
enterotoxin (7). For S. aureus alpha-toxin it has been postu-
lated (2) that the interaction of large amounts of the toxin with
the cell plasma membrane leads to the formation of large
pores and the loss of intracellular ATP required in the apo-
ptotic cell death pathway (12, 32). Since toxin A also induces

depletion of ATP (16, 34), a similar mechanism could explain
the predominance of necrotic cell death in response to very
high concentrations of toxin A. The induction of both types of
cell death (apoptosis and necrosis) in monocyte preparations
exposed to 1,000 ng of toxin A per ml could be due to heter-
ogeneity in toxin A binding to the cell surface. Thus, the
smaller proportion of monocytes that bind large amounts of
the toxin at the cell surface would be postulated to undergo
necrosis due to rapid depletion of ATP caused by large pores
in the cell membrane.

We also investigated changes in mitochondrial function in
monocytes but could find no evidence of depolarization in
response to concentrations of toxin A that induced apoptosis in
many cells (1,000 ng/ml). These findings differ from those re-
ported for CHO cells, in which there was a decrease in mito-
chondrial membrane potential 15 min after exposure to toxin
A (16). The lack of such changes in our study could reflect
cell-specific effects of the toxin.

In agreement with previous studies with epithelial cells (6,
34), we found that cytochrome c was released from mitochon-
dria following exposure to the toxin. Although cytochrome c
release is often associated with mitochondrial depolarization
(41, 53), it may also occur in the absence of such depolarization
(4, 28, 54). Cytochrome c release and activation of caspase-3
may occur after initiation of the apoptosis pathway by either
the intrinsic (mitochondrion-mediated) or extrinsic (death re-
ceptor-mediated) pathway, suggesting that either of these
mechanisms may be involved in toxin A-induced monocyte
apoptosis. A possible candidate mechanism for toxin A-in-
duced activation of caspase-3 is via the proapoptotic molecule
Bid. Bid has been found to mediate mitochondrial damage that
is followed by cytochrome c release in the T84 epithelial cell
line (6). While further studies are required to characterize the
mechanism of toxin A-induced apoptosis in monocytes, our
studies suggest that although expression of tumor necrosis
factor alpha is induced (38), this molecule is unlikely to be
involved, as neutralization of it did not affect the apoptotic
response (data not shown).

The sensitivity of monocytes to the cytotoxic effects of toxin
A is similar to that of primary human intestinal epithelial cells
(39, 43, 47). For both of these cell types, significant cytotoxicity
is seen only after exposure to 10 ng or more of toxin A per ml.
However, at concentrations of 	10 ng/ml, there is a loss of
transepithelial resistance (23, 34), and the cells are induced to
express transforming growth factor 
 (23). These findings sup-
port the concept that there are distinct intracellular mecha-
nisms by which C. difficile toxin A mediates its effects on host
cells (17, 21, 24, 34, 50).

The concentrations of toxin A in stool samples of patients
with C. difficile-associated diarrhea ranged from 0.6 ng/ml to 19
�g/ml (median, 4.3 ng/ml). Although local concentrations at
the intestinal epithelial surface may not be accurately reflected
by the concentrations present in a stool sample, one can pos-
tulate the in vivo significance of an in vitro response by host
cells to different concentrations of the toxin. Exposure to low
concentrations of toxin A induces expression of the anti-in-
flammatory cytokine transforming growth factor 
 and much
slower loss of epithelial barrier function (23). By contrast, high
concentrations of toxin readily overcome the epithelial barrier
and induce the expression of proinflammatory cytokines, such
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as tumor necrosis factor alpha and interleukin-8 (14, 21, 38) in
lamina propria monocytes/macrophages. The induction of
proinflammatory cytokines is prominent following exposure to
1,000 ng or more of toxin A per ml (14, 38, 50). In our study,
we showed that in addition to a large number of monocytes
undergoing apoptosis, a smaller proportion of these cells ex-
posed to 1,000 ng of toxin A per ml undergo necrotic cell
death. We believe that it is likely that proinflammatory cyto-
kines are expressed by monocytes destined to undergo cell
death by necrosis. While cells undergoing apoptosis should be
rapidly cleared via phagocytosis by neighboring cells (11), the
cells dying by necrosis should further exacerbate the inflam-
matory response by releasing not only proinflammatory cyto-
kines but also other intracellular contents. Thus, exposure of
the colonic mucosa to very high concentrations of C. difficile
toxins may lead to a severe inflammatory response (as seen in
patients with pseudomembranous colitis) via induction of ep-
ithelium- and monocyte-derived proinflammatory cytokine re-
lease and rapid necrotic cell death in monocytes. The relative
resistance of cells of the adaptive immune system (T and B
cells) to toxin A-induced cell death compared to cells of the
innate immune system (monocytes/macrophages and epithelial
cells) suggests that antibody-mediated protection by the
former system may be of major importance during exposure of
the host to high concentrations of C. difficile toxins.
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