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Vibrio parahaemolyticus is a marine bacterium known to be a common cause of seafood gastroenteritis
worldwide. The thermostable direct hemolysin (TDH) has been proposed to be a major virulence factor of V.
parahaemolyticus. TDH causes intestinal fluid secretion as well as cytotoxicity in a variety of cell types. In this
study, we investigated the interplay between the hemolysin’s enterotoxic and cytotoxic effects by using both
human and rat cell monolayers. As revealed by microspectrofluorimetry, the toxin causes a dose-dependent
increase in intracellular free calcium in both Caco-2 and IEC-6 cells. This effect was reversible only when low
toxin concentrations were tested. The TDH-activated ion influx pathway is not selective for calcium but admits
ions such sodium and manganese as well. Furthermore, in the same range of concentration, the hemolysin
triggers a calcium-dependent chloride secretion. At high concentrations, TDH induces a dose-dependent but
calcium-independent cell death as assessed by functional, biochemical, and morphological assays.

Vibrio parahaemolyticus is the leading cause of gastroenter-
itis due to the consumption of seafoods worldwide. Although
this microorganism persists as a health hazard in the Far East,
where it was originally isolated (20), it has also been reported
either as a source of human disease or as an environmental
contaminant along the North American, African, and Medi-
terranean coasts (2, 4, 7). Although V. parahaemolyticus most
often induces a self-limiting, watery diarrhea, it occasionally
causes bloody diarrhea and, rarely, sudden cardiac arythmia
(12). A protein secreted by V. parahaemolyticus, known as
thermostable direct hemolysin (TDH), has received consider-
able attention in past decades as the main pathogenic factor.
Although originally studied for its hemolytic property, TDH
has been long suspected to be an enterotoxin involved in most
cases of V. parahaemolyticus diarrhea. Additionally, an epide-
miological role was also attributed to Trh, a TDH-related
hemolysin (3, 13, 18). The link between TDH and secretory
diarrhea was first demonstrated by Nishibuchi and coworkers
(22), who, combining molecular genetics with an in vitro rabbit
model, showed that only those strains expressing the TDH-
encoding gene are able to induce intestinal chloride secretion.
Using the same animal model, our group then found that TDH
is one of the few enterotoxins produced by a human pathogen
whose action is mediated by intracellular calcium (24). We
later showed that TDH also raises the cytosolic free calcium
concentration ([Ca21]i) in nontransformed rat intestinal IEC-6
cells (5). TDH has also cardiotoxic (11) and cytotoxic (25)
effects; the latter, in particular, have been only partially char-
acterized.

In this in vitro study, we examined the interplay between the
cytotoxicity of TDH and the toxin’s capacity to induce fluid
secretion, in view of the pathophysiological significance of such
a link. We used both transformed and nontransformed cell

lines in order to identify true epithelial alterations that are
difficult to characterize in the whole animal intestine.

MATERIALS AND METHODS

Reagents. Cell culture chemicals were obtained from GIBCO-Life Technolo-
gies (Milan, Italy). Fura-2/AM, SBFI/AM, BAPTA/AM, and Na4BAPTA were
purchased from Molecular Probes (Eugene, Oreg.). Highly purified TDH as well
as all other reagents of analytical grade were purchased from Sigma (St. Louis,
Mo.). According to the manufacturer, 1 hemolytic unit (HU) is the amount of
TDH that causes 50% lysis of a 1% suspension of human red blood cells in
phosphate-buffered saline at pH 7.0 after incubation at 37°C for 2 h, followed by
refrigeration for 12 to 24 h at 4°C. Endotoxin content of the TDH preparation
was measured using a commercial kit (Gel-Clot Limulus amebocyte lysate assay;
BioWhittaker, Walkersville, Md.). Endotoxin concentration was found to be
,0.03 endotoxin units/ml.

Cell culture. Cultures of IEC-6 cells were performed as previously described
(24). Human Caco-2 intestinal cells were kindly donated by Mauro Rossi, Uni-
versity “Federico II,” Naples, Italy. Cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 25 mmol of glucose per liter and supple-
mented with 10% fetal bovine serum, 1% nonessential amino acids, 2 mmol of
L-glutamine per liter, 1% penicillin-streptomycin, and 1% sodium pyruvate. Cells
were maintained in a humidified atmosphere of 5% CO2 in air at 37°C. Single-
cell suspensions were obtained from 70 to 80% confluent cultures by incubation
with 0.05% trypsin; cells were then seeded at 105 cells/cm2 onto either 13- or
25-mm-diameter glass coverslips or detachable polycarbonate microporous cell
culture inserts (Snapwells, 12-mm diameter, 0.4-mm pore size; Costar, Cam-
bridge, Mass.). Because vectorial electrolyte transport requires cells to grow in a
polarized fashion with structured intercellular tight junctions, it was necessary to
culture Caco-2 cells for 14 days before experiments (21).

Ussing chambers. Experiments were conducted as previously described by
Fasano et al. (6), with minor modifications. Snapwell inserts were mounted
between the Perspex half-chambers of a modified Ussing chamber. Monolayers
were bathed with Ringer solution (5 ml per half-chamber), kept at 37°C, and
gassed with 5% CO2–95% O2. Ringer solution composition (millimoles per liter)
was: NaCl, 53; KCl, 5; Na2SO4, 30.5; mannitol, 30.5; Na2HPO4, 1.69; NaH2PO4,
0.3; CaCl2, 1.25; MgCl2, 1.1; and NaHCO3, 25. In chloride-free experiments,
chloride ions were replaced by an equivalent concentration of sulfate ions.
Where appropriate, cell monolayers were preincubated with BAPTA/AM (17), a
cell-permeant intracellular calcium buffer. Transepithelial potential difference
(PD) was recorded with a voltmeter-amperometer (World Precision Instru-
ments, Sarasota, Fla.), and electrical resistance (Rt) and short-circuit current
(Isc) were calculated as previously described (24). The maximal changes in these
parameters recorded after the addition of an agent were defined as peak differ-
ences, symbolized as DPD, DRt, and DIsc, respectively. According to Ohm’s first
law, these variables are related as follows: DIsc 5 DPD/DRt. Therefore, when
resistance remains constant, an increase in DPD must be accompanied by an
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increase in DIsc. The net secretion of negatively charged ions (such as Cl2) from
the serosal to the mucosal compartment results in an increase in Isc. Therefore,
an Isc increase in the presence but not in the absence of chloride ions in the
bathing buffer is considered a reliable indicator of the secretory effect of putative
enterotoxins (24). To verify cell viability at the end of each experiment, 1024 M
epinephrine was added to the serosal side to check for a brisk response.

TEER measurements. Monitoring of transepithelial electrical resistance
(TEER) over a 48-h period was performed by placing the entire Snapwell into a
resistance chamber (Snap-Endhom; World Precision Instruments) connected to
a voltmeter (Millipore). A 1.0-cm2 planar electrode was used for all measure-
ments. The screw cap allowed the planar electrode to remain at the same
distance from the monolayers in repeated measurements.

LDH release assay. Cytotoxicity was measured by cell lactate dehydrogenase
(LDH) release as previously described (19). Briefly, culture supernatants were
harvested in a 96-well flat-bottom assay plate. A substrate mixture consisting of
0.05 M L-(1)-lactic acid, 7 3 1024 M p-iodonitrotetrazolium violet, and 3 3 1024

M NAD in 0.2 M Tris buffer (pH 8.2) was added for 30 min at room temperature.
Plates were read at 450 nm using an enzyme-linked immunosorbent assay reader
(model DV990; Giò De Vita, Rome, Italy). Cytotoxicity calculations were based
on the following formula; cytotoxicity (%) 5 100 3 (Asample 2 Aspontaneous)/
(Atotal 2 Aspontaneous) where Asample is the optical density (OD) of the treated
cells, Aspontaneous is the OD reading of untreated cells, and Atotal is the OD
reading of treated cells lysed for maximal LDH release with Triton X-100 at a
final concentration of 1%. The OD reading of blank wells is subtracted from all
other readings.

Microspectrofluorimetry assay. Fluorescent indicators were used to monitor
changes in [Ca21]i or [Na1]i as previously described (10, 24). Cells grown on no.
1 glass coverslips were incubated for 60 to 90 min in bicarbonate-buffered (pH
7.4), serum-free DMEM containing 2 mM fura-2/AM or SBFI/AM, under 5%
CO2–95% O2 at 28°C. Indicator-loaded cells were transferred into HEPES-
buffered (pH 7.4), serum-free DMEM, in which all fluorescence experiments
were performed at 34 to 35°C. The divalent cation Mn21 binds to fura-2 indi-
cator, but unlike Ca21, its binding quenches fura-2 fluorescence, and so loss of
total fluorescence intensity becomes an indicator of increases of [Mn21] (7). To
monitor whether Mn21 can enter cells after TDH challenge and quench the
fluorescence of cytosolic fura-2, IEC-6 cells were bathed in medium containing
50 mM Mn21. All measurements were performed on a Nikon Diaphot inverted
microscope (403 CF Fluor objective; numerical aperture, 1.30; Nikon Corp.)
coupled to a spectrofluorimeter (CM1T10I; SPEX Industries, Edison, N.J.) op-
erating in the microfluorimetry mode. Data acquisition and analysis were per-
formed with DM3000 software (SPEX Industries) running on a dedicated per-
sonal computer.

Scanning electron microscopy. At the end of the 48-h TEER measurements,
monolayers were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4) at room temperature for 20 min. Following postfixation in 1% OsO4 for 30
min, cells were dehydrated through graded ethanols, critical-point dried in CO2,
gold coated by sputtering, and examined with a Cambridge 360 scanning electron
microscope (Assing, Italy).

Statistical analysis. Results are presented as means 6 standard deviations.
The data were analyzed using one-way analysis of variance, and P , 0.05 was
considered statistically significant.

RESULTS

TDH induces a variation in ionic homeostasis in IEC-6 cells.
We recently reported that TDH causes the entry of calcium

ions from the external medium (5) into rat nontransformed
intestinal IEC-6 cells. To validate our experimental system, we
assayed different doses of TDH for their effectiveness in in-
creasing [Ca21]i. Although all applied doses elevated [Ca21]i,
only the lowest toxin concentration caused a rapid and revers-
ible response (Fig. 1a). Human transformed intestinal Caco-2
cells showed a qualitatively similar dose-response curve, but
with a quantitative difference (Fig. 1b). A comparison between
the responses in IEC-6 cells and Caco-2 cells is shown in Fig.
1c, where the highest [Ca21]i reached in the first 3 min after
TDH challenge is plotted against toxin concentration. These
plots demonstrate that TDH is more effective at elevating
[Ca21]i in IEC-6 cells than in Caco-2 cells; hence, the former
cell line was used for subsequent microspectrofluorimetry ex-
periments. Previous observations on erythrocytes suggested
that TDH-mediated ionic influx was not calcium specific (16).
To check this hypothesis in our intestinal model, we monitored
two cations, Mn21 and Na1, for which fluorescent indicator
methodology is well established. In the presence of extracellu-
lar Mn21, TDH addition markedly accelerated the quenching
of intracellular fura-2 fluorescence, suggesting that Mn21 in-
flux is promoted by the action of TDH (Fig. 2a). To monitor
TDH-mediated changes in [Na1]i in IEC-6 cells, we used the
fluorescent indicator for Na1, SBFI (9). Application of TDH
at 0.5 HU/ml, a concentration that reversibly raised [Ca21]i,
increased [Na1]i by tens of millimolar above resting levels (the
rise was between 30 and 80 mM) (Fig. 2b). Subsequent addi-
tion of gramicidin D (Fig. 2b), which forms high-conductance
transmembrane pores that are highly selective for monovalent
cations, allowed equilibration of [Na1]i with extracellular Na1

concentration ([Na1]o) (109 mM in DMEM). The TDH-in-
duced rise in [Na1]i was completely unaffected when [Ca21]o
was lowered by chelation with Na4BAPTA (Fig. 2c). Further-
more, intracellular BAPTA loading, which is extremely effec-
tive in abolishing TDH-induced rises in [Ca21]i (24), had no
effect on the TDH-induced rise in [Na1]i (data not shown).
Together, these findings indicate that TDH, besides causing a
rise in intracellular free calcium concentration, can also induce
influx of other divalent and monovalent cations—the latter
occurring independently of [Ca21]i or [Ca21]o.

TDH causes chloride secretion and transepithelial electrical
changes in Caco-2 monolayers. Unlike IEC-6 cells, 14-day-old
Caco-2 cells form tight junctions in a functional epithelial
barrier (21). Incubation with 1 HU of TDH per ml elicited a
rapid, short-lived increase in Isc (Fig. 3a) when applied to the

FIG. 1. Dose-response study of the ability of TDH to raise [Ca21]i in cultured intestinal cells. TDH at the concentrations indicated was bath applied to IEC-6 (a)
and Caco2 (b) cells loaded with fura-2 indicator. The time course of change of [Ca21]i was monitored through the Ca21-sensitive fluorescence of fura-2. Panel c shows
that IEC-6 cells are more susceptible to the [Ca21]i-elevating effect of TDH. The graph in panel c was constructed by plotting the highest [Ca21]i reached within 3 min
of TDH application against the concentration of TDH used.
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FIG. 2. TDH-induced ion influx pathway is not specific for Ca21. (a) Sum of
fura-2 fluorescence emissions at 340- and 380-nm excitation in IEC-6 cells was
monitored in the presence of 50 mM Mn21 in the extracellular medium. After a
typical latency, TDH application (0.5 HU/ml) induced rapid quenching of intra-
cellular fura-2 fluorescence, indicating Mn21 entry into the cells. Fluorescence
intensity values are direct readings from the spectrofluorimeter and are thus
expressed in arbitrary units (a.u.). (b) TDH elevates [Na1]i. TDH induces grad-
ual elevation of [Na1]i. Addition of 10 mM gramicidin (Gram.) D, a Na1

ionophore, allowed [Na1]i to equilibrate with extracellular [Na1]. (c) TDH-
induced rise in [Na1]i is not dependent on extracellular Ca21. Addition of 2.5
mM Na4BAPTA to buffer extracellular [Ca21] to ,1 mM had no effect on the
rise in [Na1]i induced by 0.5 HU of TDH per ml. This shows that TDH-induced
Na1 influx is not dependent on the presence of extracellular Ca21. All experi-
ments were conducted with IEC-6 cells.

FIG. 3. Ussing chamber experiments on Caco-2 cell monolayers. (a) TDH (1
HU/ml) induced a rapid, short-lived rise in DIsc that was abolished either by
preincubation with 20 mM BAPTA/AM or in CI2-free Ringer solution (n 5 5).
(b) Effect of increasing TDH concentrations on Caco-2 monolayer TEER (n 5
5). (c) Preincubation with 20 mM BAPTA/AM, alone (white bars) or followed by
treatment with TDH (100 HU/ml) (gray bars), caused monolayer disruption
comparable to that induced by TDH (100 HU/ml), alone black bars (n 5 5). Data
differing significantly from control are marked by p.
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mucosal side of the monolayer. These electrical changes were
both abolished when chloride was substituted with sulfate ions
in the bathing buffer or when 20 mM BAPTA/AM was added
20 min before the toxin (Fig. 3a). These data provide evidence
that at the above-cited dosage, TDH induces Ca21-dependent
chloride secretion by Caco-2 cell monolayers. To evaluate the
functional integrity of the Caco-2 cell monolayers exposed to
increasing toxin concentrations, TEER time courses at differ-
ent TDH doses were constructed. As depicted in Fig. 3b, TDH
concentrations that elicit chloride secretion and/or a reversible
increase of [Ca21]i did not decrease the monolayer’s electrical
resistance. In contrast, toxin concentrations that cause an ir-
reversible increase of [Ca21]i induced a rapid disruption of the
integrity of the monolayer, as evidenced by a dramatic drop in
the electrical resistance of the monolayer. Such damage is not
prevented by preincubation with 20 mM BAPTA/AM (Fig. 3c).

TDH induces cytotoxicity in CaCo-2 cells. Low TDH con-
centrations induced LDH release that was not different from
negative control values (data not shown). Increasing toxin
doses proportionally induced a rapid death of cells, a phenom-

enon which was not counteracted by preincubation with 20 mM
BAPTA/AM (Fig. 4a). Thus, buffering [Ca21]i cannot coun-
teract the permeabilizing effect of TDH. When a morpholog-
ical analysis was performed by scanning electron microscopy,
control Caco-2 cells adhered well to each other and showed
numerous microvilli on the apical surface (Fig. 4b). Exposure
to low toxin doses caused no significant change in the general
morphology of the monolayer (Fig. 4c). In contrast, monolay-
ers treated with 100 HU of TDH per ml showed significant
rounding and detachment of cells (Fig. 4d).

DISCUSSION

Although the clinical picture of V. parahaemolyticus infec-
tion is generally limited to mild gastroenteritis, more aggres-
sive behavior of this agent has also been described (11, 12, 20).
Hlady and Klotzy estimated that 8% of V. parahaemolyticus
infections result in primary septicemia (10). Reports of inva-
sive infections have also appeared in the Asian (15) and Amer-
ican (8) literature. The pathogenicity of V. parahaemolyticus

FIG. 4. LDH release measurements and scanning electron microscopy of Caco-2 cells. (a) TDH dose-response curve. While low TDH concentrations had no effect
on the monolayer integrity, high toxin doses exhibited a calcium-independent cytotoxicity (n 5 4). Micrographs show Caco-2 monolayers, untreated (b) or treated with
either 1 (c) or 100 (d) HU of TDH per ml. While the lower toxin concentration caused no damage to the monolayer, the higher TDH concentration induced evident
monolayer disruption and cellular structural changes. Data differing significantly from control are marked by p.

VOL. 68, 2000 MODE OF ACTION OF V. PARAHAEMOLYTICUS TDH 3183



has mostly been linked to TDH. The present paper adds novel
information about the toxin’s potential mechanism of action in
the intestine and suggests a hypothesis about its role in human
disease. We previously found that TDH acts as a calcium-
dependent enterotoxin in rabbit intestinal mucosal prepara-
tions (24). We now know that the toxin is able to induce
chloride secretion in Caco-2 cell monolayers, a functionally
faithful and widely accepted model of the human intestinal
epithelium. This direct effect on epithelial physiology is cal-
cium mediated, as the BAPTA/AM experiments show. Elec-
trophysiological, biochemical, and morphological evidence to-
gether show that a clear cytotoxic effect is observed only after
challenging the monolayers with high toxin doses. Taken to-
gether, our results suggest that TDH acts as a porin (14) in the
enterocyte’s plasma membrane and allows the influx of multi-
ple ionic species. When the number of TDH-generated porin
channels is low, the cell’s homeostatic capacity to counterbal-
ance ion influx keeps the intracellular calcium concentration
within a range compatible with the modulation of several func-
tions, including cytoskeletal rearrangements (5) and ion secre-
tion (24), without affecting cell viability. However, at high
TDH concentrations, the number of channels could increase to
overwhelm the cell’s capacity to compensate, and the resulting
massive ionic influx causes irreversible cell swelling and death
(Fig. 4d). Therefore, cell death is the consequence of gross
osmotic imbalance rather than the result of specific calcium
signaling (26). These data support the idea that TDH, when
locally present in high concentrations, may play a role in dis-
rupting the epithelial barrier and in allowing vibrios to invade
the host. Such high toxin concentrations could, for instance,
develop in a stagnant intestinal loop where impaired luminal
clearing and high concentrations of bile acids, which are known
to enhance TDH production (23), could both raise the TDH
concentration. Our data, however, do not exclude the possibil-
ity that a factor other than TDH (or the TDH-related toxin
Trh) may contribute to the invasiveness of V. parahaemolyticus.
This possibility arises from the recent work by Akeda et al.,
who, also using Caco-2 cells, showed that V. parahaemolyticus
strains possess a cytotoxic factor that acts on the cell cytoskel-
eton in a calcium-independent fashion (1). TDH cytotoxicity is
also calcium independent, as data from this paper and from
other investigators (26) reveal. Confirming our previous re-
sults, we observed that TDH induced calcium flux into intes-
tinal epithelial cells irrespective of the animal species, with
nontransformed cells showing greater sensitivity to the toxin.
The ion influx mechanism activated by TDH appears not to be
specific for Ca21. Mn21 influx is allowed, and remarkably, Na1

influx is also activated by TDH in a calcium-independent man-
ner. A similar cation influx was shown by Huntley and Hall
(16), who studied the hemolytic process induced by TDH.
These data, together with the results of our microspectrofluo-
rimetry experiments, support the idea that TDH can act as an
ionophore in the plasma membranes of red blood cells, en-
terocytes, and fibroblasts (data not shown) of different animal
species (14). For the intestine, we propose the following mo-
lecular mechanism of action. When low toxin concentrations
are present in the intestine, the limited amount of TDH can
activate the nonspecific ion influx mechanism in enterocytes to
only a limited extent. Ion-transporting ATPases in the entero-
cyte ultimately counteract the TDH-induced ion influx to pre-
vent permanent damage to the cell. At high intraluminal con-
centrations, TDH could activate a massive, nonspecific ion
influx through the enterocyte membrane. This ion influx would
overwhelm the cell’s extrusion mechanisms, leading to osmotic
swelling, cell rounding, and death. The ensuing breach of the

epithelial barrier enables the toxin and/or the bacteria to enter
the bloodstream.

The results presented here not only extend our knowledge
on the cytotoxic and enterotoxic properties of TDH but enable
us to design further experiments to confirm the hypothesized
mode of action of this virulence factor and its role in the
pathogenesis of human gastroenteritis associated with con-
sumption of seafood contaminated by V. parahaemolyticus.
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