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Background & Aims: Severe diarrhea and enteropathy of
unknown origin are frequent in patients infected with
human immunodeficiency type 1 virus (HIV-1). The HIV-1
transactivating factor protein (Tat) is a key factor in the
pathogenesis of acquired immunodeficiency syndrome.
We investigated whether Tat could directly induce ion
secretion and cell damage in enterocytes. Methods:
Electrical parameters (ion transport studies) were mea-
sured in Caco-2 cell monolayers and in human colonic
mucosa specimens mounted in Ussing chambers. The
effect of Tat on intestinal mucosa integrity was deter-
mined by monitoring the transepithelial electrical resis-
tance of Caco-2 cell monolayers. 3H-thymidine incorpo-
ration and cell count were used to evaluate the effect of
Tat on cell growth. Intracellular calcium concentrations
were measured at the single-cell level using microflu-
orometry technique. Results: Tat protein induced ion
secretion in Caco-2 cells and in human colonic mucosa
similar to that induced by bacterial enterotoxins. It also
significantly prevented enterocyte proliferation. In both
instances, the effect of Tat was maximum at concentra-
tions within the range detected in the sera of HIV-1–
infected patients. Anti-Tat antibodies inhibited both ef-
fects. Ion secretion and the antiproliferative effects were
mediated by L-type Ca2� channels. An increase in intra-
cellular calcium concentration in Caco-2 cells was found
after addition of Tat. Conclusions: These results indicate
that Tat may be involved in HIV-1–related intestinal
disease through direct interaction with enterocytes.

Intestinal diseases are a hallmark of human immuno-
deficiency virus type 1 (HIV-1) infection. During

disease progression, chronic diarrhea, dehydration, and
malabsorption lead to progressive weight loss, which
contributes to morbidity and mortality in HIV-1–posi-
tive individuals.1 The cause of diarrhea is unknown in at
least one third of cases, and it has been suggested that
HIV-1 itself could cause diarrhea and intestinal damage.2

Partial villus atrophy associated with a maturational
defect of enterocytes (HIV enteropathy) has been re-

ported in HIV-1–infected patients.2,3 HIV-1–induced
enteropathy is supported by the detection of viral pro-
teins and/or nucleic acids in enterochromaffin as well as
epithelial and goblet cells in the intestinal mucosa.3

Infection of enterocytes by HIV-1, shown in vitro, could
be a direct cause of enteropathy.4 However, HIV-1 is not
invariably detected in the intestinal epithelium of pa-
tients with acquired immunodeficiency syndrome, and
diarrhea and malabsorption are not always correlated
with the presence of HIV-1 in gut mucosa.2 Conse-
quently, whether or not HIV-1 plays a direct role in
enteropathy remains controversial.
Several effects of HIV-1 are not mediated by the lytic

propagation of viral particles but rather by secreted viral
factors. For example, the bulk of T cells do not respond
properly to antigenic or mitogenic stimuli even when
only a small number of T cells are infected.5 Abnormal-
ities of proliferation and sometimes “bystander” apopto-
sis of uninfected cells have been associated with HIV-1
infection.6 Thus, HIV-1 may alter the morphologic and
functional maturation of intestinal epithelial cells with-
out necessarily infecting enterocytes.7 A viral toxin–like
effect has been postulated for rotavirus infection, in
which diarrhea is caused at least in part by the nonrep-
licating viral particle NSP4.8,9

In addition to structural and enzymatic proteins,
HIV-1 encodes a group of at least 6 auxiliary regulatory
proteins, including Tat, a transactivating peptide essen-
tial for HIV-1 replication, which exerts its effect by
activating L-type Ca2� channels5,10,11 and/or by mobiliz-
ing intracellular calcium stores.12 Despite its nuclear
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localization, Tat is secreted from HIV-1–infected cells
and is taken up by neighboring uninfected cells. Tat is
found in the sera of patients with acquired immunode-
ficiency syndrome in the absence of a massive lysis of
infected cells5 and is involved in many pathologic pro-
cesses that may contribute to immune and nonimmune
dysfunctions associated with HIV-1 infection.5

The aim of this study was to evaluate whether Tat
alters transepithelial ion transport and/or induces cell
damage in enterocytes. We conducted experiments with
the Caco-2 cell line, which has the characteristics of
mature human enterocytes, and with human colonic
specimens obtained from patients undergoing surgery.
Caco-2 cells have been used to investigate the enterotoxic
and cytotoxic effects of toxins produced by enteric
agents.13,14 We also examined the effect of Tat on epi-
thelial integrity and cell growth because villus atrophy in
HIV enteropathy is frequently unassociated with com-
pensatory crypt cell proliferation.2

Materials and Methods
Reagents and Cell Culture

Chemicals were obtained from Sigma Chemical Co.
(St. Louis, MO). Chemically synthesized, high-performance
liquid chromatography 96% pure HIV-1 Tat, as well as rabbit
polyclonal antibody anti-Tat were purchased from Tecnogen
(Piana di Monteverna, Italy). Bay K8644 was purchased from
Calbiochem (La Jolla, CA). 3H-thymidine was obtained from
Amersham Italia (Milan, Italy). Culture media were from Life
Technologies/GIBCO BRL (Mascia e Brunelli, Milan, Italy).
Transwell filters and supports were from Costar (Costar Italia,
Milan, Italy). Caco-2 cells were obtained from the American
Type Culture Collection (Rockville, MD). Cells were grown in
Dulbecco’s modified Eagle medium with a high glucose con-
centration (4.5 g/L) supplemented with 10% fetal calf serum
(FCS), 1% nonessential amino acids, penicillin (50 mU/mL),
and streptomycin (50 mg/mL) and were incubated in 5%
CO2/95% air. The medium was changed daily.

Ion Transport Studies

Caco-2 cells were grown on uncoated polycarbonate
Transwell filters and used for intestinal transport studies 15
days after confluence as previously described.13 The filter area
was 4.9 cm2. Each filter was mounted in an Ussing chamber
(WPI, Sarasota, FL) as a flat sheet between the mucosal and
serosal compartments. Each compartment contained 5 mL of
Ringer’s solution with the following composition (in mmol/L):
114 NaCl, 5 KCl, 1.65 Na2HPO4, 0.3 NaH2PO4, 1.25 CaCl2,
1.1 MgCl2, 25 NaHCO3, and 10 glucose; the buffer was
constantly gassed with 95% O2/5% CO2 and was connected to
a thermostat-regulated circulating pump to maintain a tem-
perature of 37°C.
The following electrical parameters were measured as de-

scribed elsewhere15 before and after the mucosal or serosal

addition of Tat: transepithelial potential difference, short-
circuit current (Isc), and tissue conductance. Isc is expressed as
microamperes per square centimeter, tissue conductance as
milliseconds per square centimeter, and potential difference as
millivolts. Cell viability was evaluated by measuring the elec-
trical response to the serosal addition of theophylline (5
mmol/L) at the end of each experiment.
In experiments performed to investigate the role of Cl� in

the electrical response, SO4
� substituted Cl� at an equimolar

concentration. To investigate in greater detail the role of Cl�

in the electrical effect of Tat, we used the Cl� channel inhib-
itor 5-nitro-2-3-(3-phenylpropylamino)benzoic acid (NPPB)
as previously described.14 Cells were incubated with NPPB
(100 nmol/L), Tat was added later, and electrical parameters
were monitored. Experiments were performed to investigate
the role of Ca2� in the effects of Tat by use of membrane-
permeant 1,2-bis(2-aminophenoxy)ethane N,N,N�,N�-tet-
raacetic acid/acetoxymethyl ester (BAPTA/AM) as previously
reported.14 Caco-2 cells were pretreated with 20 �mol/L
BAPTA/AM on both the mucosal and serosal sides; 30 minutes
later, Tat (0.1 nmol/L) was added and electrical parameters
were measured. Parallel monolayers treated with BAPTA/AM
alone or Tat alone served as controls.
Bay K8644, a specific agonist of L-type Ca2� channels, was

used to investigate the role of L-type Ca2� channels in the
electrical effects exerted by Tat. Caco-2 cell monolayers were
incubated for 20 minutes with Bay K8644 (1 �mol/L, on the
serosal side), after which Tat (0.1 nmol/L) was added on the
serosal side.
Neutralization experiments were performed using specific

anti-Tat polyclonal antibodies developed in rabbit using pu-
rified synthetic Tat protein as immunogen. Tat (0.1 nmol/L)
was incubated at 37°C for 1 hour with the antibodies (6
ng/mL) and then added to Caco-2 cells in Ussing chambers.
The same concentration of preimmune antibodies was incu-
bated with Tat and used as controls.
Experiments on human intestine were performed using

colonic specimens obtained from 4 patients (all men; mean
age, 38 � 11 years) undergoing surgery because of colon
cancer. The specimens were obtained from the edges of re-
sected margins and appeared histologically normal.
All specimens came from a segment located within 15 cm of

the ileocecal valve. Intestinal tissue was kept in ice-cold saline
solution, stripped of the serosal and muscular layers, and
mounted in Ussing chambers within 15 minutes of surgical
excision.16 Four paired fragments of stripped proximal colonic
mucosa were mounted in Ussing chambers. In each experi-
ment, one paired fragment served as a control of baseline
electrical parameters. The bathing Ringer’s solution contained
the following (in mmol/L): 53 NaCl, 5 KCl, 30.5 Na2SO4,
30.5 mannitol, 1.69 Na2HPO4, 0.3 NaH2PO4, 1.25 CaCl2 ,
1.1 MgCl2 , and 26 NaHCO3. The viability of intestinal spec-
imens mounted in each Ussing chamber was checked at the
end of each experiment by evaluating the electrical response to
the addition of theophylline (5 mmol/L) to the serosal side.
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The study protocol was approved by the ethics committee of
the School of Medicine at the University Federico II of Naples.

Determination of Intracellular Cyclic
Nucleotide Concentrations

Adenosine 3�,5�-cyclic monophosphate (cAMP) and
guanosine 3�,5�-cyclic monophosphate (cGMP) concentrations
in Caco-2 cells were determined with commercial kits (Biotrak
cyclic AMP and Biotrak cyclic GMP assay system; Amersham
International, Amersham, United Kingdom) as previously re-
ported.14,17

Determination of Intracellular Calcium
Concentrations

[Ca2�]i was measured using a microfluorometric tech-
nique as previously reported.18 Briefly, cells grown on glass
coverslips were loaded with 5 �mol/L fura-2 AM in Krebs–
Ringer saline solution for 1 hour at 22°C. After loading, the
coverslip was introduced into a microscope chamber (Medical
System Co., Greenvale, NY) on an inverted Nikon Diaphot
fluorescence microscope (Nikon Corp., Tokyo, Japan). Cells
were kept in Krebs–Ringer saline solution throughout the
experiment. All substances tested were introduced into the
microscope chamber by fast injection. A 100-W xenon lamp
(Osram, Frankfurt, Germany) with a computer-operated filter
wheel bearing 2 different interference filters (340 and 380 nm)
illuminated the microscopic field with UV light, alternating
the wavelength at an interval of 500 milliseconds. The interval
between each pair of illuminations was 2 seconds, and the
interval between filter movements was 1 second. Conse-
quently, [Ca2�]i was measured every 3 seconds. Emitted light
was passed through a 400-nm dichroic mirror, filtered at 510
nm, and collected by a charge-coupled device camera (Photonic
Science, Robertsbridge, United Kingdom) connected to a light
amplifier (Applied Imaging Ltd., Dukesway Gateshead,
United Kingdom). Images were digitized and analyzed with a
Magiscan image processor (Applied Imaging Ltd.). Using a
calibration curve, AUTOLAB software (RBR Altair, Florence,
Italy) was used to calculate the [Ca2�]i corresponding to each
pair of images from the ratio between the intensity of the light
emitted when cells were illuminated at both 340 and 380 nm.
At the end of each experimental session, the calibration was
performed according to the procedure described by Grynk-
iewicz et al.19 In particular, cells were lysed with ionomycin
(2–10 �mol/L) in the presence of 1.5 mmol/L extracellular
Ca2�. Addition of ionomycin produced a rapid increase in
fluorescence intensity that allowed us to calculate the maximal
ratio value. To determine the minimal ratio value, cells were
subsequently exposed to a Ca2�-free solution containing 1–20
mmol/L ethylene glycol-bis(�-aminoethyl ether)-N,N,N�,N�-
tetraacetic acid. Given that the dissociation constant for Ca2�

of fura-2 AM is 224 nmol/L at 37°C, the minimal ratio and
maximal ratio values were introduced into the Grynkiewicz
formula to convert the values of fluorescence ratio between 340
and 380 nm into [Ca2�]i. The values were subtracted for
background fluorescence obtained from images taken from a

region of the coverslip devoid of cells. No interference was
detected between any of the compounds used in the present
study and the excitation or the emission spectra of fura-2 AM.

Epithelial Integrity Studies

We measured the transepithelial electrical resistance
(TEER) of cell monolayers grown on polycarbonate Transwell
filters. Each filter was seeded with 2 � 106 cells, and experi-
ments were performed 15 days after confluence as previously
reported.20 Tat was added to the mucosal or serosal side of the
cell monolayer, and TEER was monitored using a resistance-
monitoring apparatus (Millicel-ERS; Millipore, Milan, Italy)
as previously described.20 A positive control was provided by a
rotavirus strain SA11–induced decrease in TEER as described
elsewere.20 Resistance was expressed in ohms per square cen-
timeter.

Cell Growth Studies

To test the hypothesis that Tat inhibits intestinal cell
growth, we used 2 experimental models: 3H-thymidine incor-
poration and cell counting.

3H-thymidine incorporation. Cells were seeded into
96-well microtiter plates (104 cells/well) in Dulbecco’s modi-
fied Eagle medium with 10% FCS and incubated for 12 hours
to allow entry into growth phase. The cells were incubated
with FCS-free Dulbecco’s modified Eagle medium and with
the testing substances for a further 30 hours. 3H-thymidine
(0.5 �Ci/well) was added and incubation was continued for 18
hours. Cells were harvested with a Titertek cell harvester (Flow
Laboratories, Rickmansworth, United Kingdom); the result-
ing filters were dried and beta radioactivity was counted with
a Packard scintillation spectrometer.

Cell counting. Cells were plated into 24-well tissue
culture plates (104 cells/well) using 2 wells for each experi-
mental condition and were grown in Dulbecco’s modified
Eagle medium supplemented with 10% FCS and antibiotics
for 72 hours. Cells were then deprived of serum for 24 hours.
Cells were harvested with 1% trypsin 48 hours after the
addition of each testing substance. The resulting cell suspen-
sions were randomized to another investigator, and cells were
counted in a blinded fashion. Cell viability was determined by
trypan blue exclusion. The difference in paired counts did not
exceed 10%.
We investigated the role of L-type Ca2� channels in the

effect caused by Tat using both 3H-thymidine incorporation
and cell counting in the presence of the specific agonist Bay
K8644 (1 �mol/L). Bay K8644 was added to the medium 1
hour before the addition of Tat and remained in the incubation
medium throughout the experiments (i.e., for 48 hours).
Neutralization experiments were performed using specific

anti-Tat polyclonal antibodies. Tat (0.1 nmol/L) was incubated
in FCS-free medium containing 0.2% BSA at 37°C for 1 hour
with the antibodies (10 ng/1 ng of Tat) before being added to
Caco-2 cells. The same concentration of preimmune antibodies
was used in paired controls.
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Statistics

Data are expressed as means � SE, and significance was
evaluated by the nonparametric, 2-tailed Mann–Whitney U
test. A P value �0.05 was considered significant. The SPSS
software package for Windows (release 11.0.1; SPSS Inc.,
Chicago, IL) was used for statistical analysis.

Results
Effects of Tat on Transepithelial Ion
Transport in Caco-2 Cells

The addition of Tat to the mucosal side of Caco-2
monolayers did not affect electrical parameters. In con-
trast, when added to the serosal side, Tat caused an
enterotoxic-like secretory effect; it increased the Isc and
potential difference but did not alter tissue conductance.
The increase in Isc peaked approximately 40 minutes
after the addition of Tat and was sustained. Isc did not
return to baseline for 90 minutes (Figure 1).
The effect of Tat on Isc was dose dependent. It was

detected at a concentration as low as 0.001 nmol/L and
peaked at 0.1 nmol/L; higher doses did not increase Isc
further, indicating that the enterotoxic effect was satu-
rable (Figure 2).
To determine whether the enterotoxic effect was spe-

cific, we incubated Tat (0.1 nmol/L) in Ringer’s solution
at 37°C for 1 hour with increasing concentrations of
specific anti-Tat polyclonal antibodies raised in rabbits
and then added the solution to Caco-2 cells in Ussing
chambers. Specific antibodies significantly inhibited the
electrical effect of Tat (Table 1). Incubation with preim-
mune antibodies had no effect on Tat-induced increase in
Isc.
To determine whether the electrical effect was caused

by anion secretion rather than cation absorption, we

performed the same experiments using Cl�-free Ringer’s
solution. Without Cl�, the electrical effect was virtually
abolished. Thus, the effect of Tat on Isc was entirely due
to transepithelial Cl� secretion (Table 1). To investigate
in greater detail the role of Cl� in the electrical effect of
Tat, we added the protein to Caco-2 cells at concentra-
tions capable of eliciting the maximal secretory response
(0.1 nmol/L) in the presence of the Cl� channel inhibitor
NPPB as previously described.14 NPPB completely in-
hibited the secretory effect of Tat (Table 1). Thus, the
Tat-induced enterotoxic effect is related to the Cl� chan-
nels.
Most enterotoxins that induce intestinal Cl� secretion

act by increasing cAMP and cGMP intracellular concen-
trations21 or by modifying Ca2� concentrations. To de-
termine whether either cyclic nucleotide was involved in
the Tat-induced enterotoxic effect, we measured cAMP
and cGMP concentrations before and after exposure of

Figure 1. Time course of the effect on Isc and monolayer electrical
conductance (G) of Tat (0.1 nmol/L) added to the serosal (S) or
mucosal (M) side of Caco-2 cells mounted in Ussing chambers. The
arrow indicates the time of Tat addition. The number of observations
is 9 for each data point. Data are means � SE. *P � 0.01 vs. control.

Figure 2. Isc modifications in response to increasing concentrations
of Tat added to the serosal side of Caco-2 cells. 	Isc values are
expressed as the maximal difference between control cells and cells
exposed for 60 minutes to Tat. The number of observations is 9 for
each data point. Data are means � SE.

Table 1. Modifications of Isc by Tat in Various Experimental
Conditions

Experimental conditions Maximum 	 Isc

Tat alone (control) 2.50 � 0.11
Tat in Cl�-free medium 0.09 � 0.13a

Tat � NPPB 0.05 � 0.12a

Tat � BAPTA/AM 0.20 � 0.20a

Tat � Bay K8644 0.72 � 0.15a

Tat � anti-Tat antibody 0.70 � 0.06a

NOTE. Experiments were performed to investigate the mechanisms of
the effects of Tat on ion transport, namely the involvement of Cl�

(either in Cl�-free medium or in the presence of NPPB), the involve-
ment of Ca2� (either in the presence of BAPTA/AM or Bay K8644),
and the specificity of the effect (in the presence of anti-Tat antibody).
The results are means � SE.
aP � 0.01 vs. Tat alone.
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cell monolayers to the viral protein. Basal cAMP and
cGMP concentrations were 2.1 � 0.3 and 2.5 � 0.2
pmol/mg cell protein, respectively, and were not modi-
fied by the addition of 0.1 nmol/L Tat (2.2 � 0.1 and
2.5 � 0.3 pmol/mg cell protein, respectively).
To investigate the involvement of intracellular Ca2�

in the Tat effect, cell monolayers mounted in Ussing
chambers were preloaded with BAPTA/AM as described
in Materials and Methods. The subsequent addition of
Tat did not result in any increase in Isc, suggesting Ca2�

dependence of the secretory effect. No effect was ob-
served with BAPTA/AM alone in control cells (Table 1).
To investigate the role of L-type Ca2� channels in the

secretory effects exerted by Tat, we incubated Caco-2 cell

monolayers for 20 minutes with the specific agonist of
L-type Ca2� channels Bay K864422 (1 �mol/L, on the
serosal side) and then added Tat (0.1 nmol/L). Bay K8644
induced a significant reduction of the effect, which indicates
that the L-type Ca2� channels are involved in the intestinal
ion secretion induced by Tat (Table 1).

Modifications of Caco-2 [Ca2�]i in Response
to Tat

As shown in Figure 3, the addition of the specific
L-type Ca2� channel agonist Bay K8644 (1 �mol/L) to
Caco-2 cells previously loaded with fura-2 AM indicator
elicited a sustained increase in [Ca2�]i, suggesting an
activation of specific L-type Ca2� channels.

When Caco-2 cells were superfused with Tat protein
(0.1 nmol/L), an increase in [Ca2�]i was observed. This
showed a bimodal pattern; 82% of responding cells
displayed a progressive and sustained increase, whereas
18% of the cell population showed a single-spike tran-
sient increase (Figure 4A ).
The Tat-induced increase in [Ca2�]i was partially in-

hibited either in the absence of extracellular Ca2� or in
the presence of 10 �mol/L nimodipine, the specific in-
hibitor of L-type voltage-gated calcium channels (Figure
4B). This suggests that the Tat-induced increase in
[Ca2�]i involves either extracellular Ca2� entrance or
mobilization from intracellular stores.

Effects of Tat on Human Intestinal Ion
Transport

To assess whether the secretory effect induced by
Tat in Caco-2 cells was reproducible in human intestine,

Figure 3. Functional demonstration of L-type Ca2� channel expres-
sion in Caco-2 cells obtained with a fura-2 AM microfluorometric
technique. A representative single-cell trace for the effect of Bay
K8644 (1 �mol/L) in a Caco-2 cell is shown. The trace is represen-
tative of 20 cells for each experimental group studied in at least 3
different experimental sessions. The arrow indicates application of
Bay K8644. The presence of the L-type Ca2� channels in Caco-2 cells
was shown by a sustained increase in [Ca2�]i elicited by the addition
of Bay K8644, the specific agonist of the L-type Ca2� channels.

Figure 4. Effect of Tat (0.1
nmol/L) on [Ca2�]i in Caco-2
cells obtained with a fura-2 AM
microfluorometric technique. (A)
Two profiles of a Tat-induced in-
crease in [Ca2�]i are observed in
Caco-2 cells: one sustained (up-
per panel) and a distinct single-
spike increase (lower panel).
The traces are representative of
20 cells for each experimental
group studied in at least 3 differ-
ent experimental sessions. (B)
The quantification of a Tat-in-
duced increase in [Ca2�]i in
Caco-2 cells expressed as per-
centage of increase above base-
line values in the standard con-
dition or in Ca2�-free solution or
in the presence of nimodipine (1
�mol/L). *P � 0.01 vs. control;
#P � 0.01 vs. Tat in standard
condition.
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we performed experiments using fragments of stripped
proximal colonic mucosa mounted in Ussing chambers
obtained from 4 different patients undergoing surgery.
The serosal addition of Tat (0.1 nmol/L) to human
colonic mucosa induced the same secretory effect ob-
tained in Caco-2 cells: an increase in Isc entirely related
to changes in potential difference without variations of
tissue ionic conductance. Electrical parameters remained
unchanged for as long as 100 minutes after the addition
of Tat to the mucosal side of human colonic specimens
(Figure 5).

Effects of Tat on Intestinal Epithelial
Integrity

The Ussing chamber experiments showed that
epithelial integrity was conserved in the short-term. To
determine whether long-term incubation with Tat dam-
aged the Caco-2 cell monolayer, we measured the TEER
of cells grown on polycarbonate Transwell filters. With
this experimental model, cytopathic effects may be mon-
itored for several days. Cell damage is reflected by a
decrease in TEER. A positive control was provided by
the rotavirus strain SA11–induced decrease in TEER as
previously reported.20 The addition of rotavirus (5
plaque-forming units/cell) to the apical side of Caco-2
cells induced a progressive decrease in TEER (Figure 6).
On the contrary, incubation for up to 96 hours (4 days)
in the presence of a mucosal or serosal Tat concentration
as high as 100 nmol/L did not cause any change in TEER
(Figure 6).

Effects of Tat on Intestinal Epithelial Cell
Growth

Continuous exposure of near-confluent Caco-2
cells to Tat for 48 hours dose-dependently inhibited

incorporation of 3H-thymidine (Figure 7). The maximal
inhibition (
50%) was obtained with 0.1 nmol/L (i.e.,
the same concentration that induced the maximal effect
on ion transport). Cell-counting experiments confirmed
the results of 3H-thymidine incorporation (Figure 7).
The effect on cell growth was dose dependent and satu-
rable. The minimal effect was observed with 0.001
nmol/L Tat.
We next investigated the role of L-type Ca2� channels

using 3H-thymidine incorporation and cell counting in
the presence of the specific inhibitor Bay K8644 (1
�mol/L). Bay K8644 was added to the medium 1 hour
before the addition of Tat, where it remained throughout
the experiment (48 hours). Bay K8644 alone did not
significantly affect Caco-2 cell growth. On the contrary,
it significantly inhibited the effect induced by Tat on cell
growth. Neutralization experiments were performed in
the presence of specific anti-Tat antibodies. In these
conditions, the effects of Tat on cell growth were virtu-

Figure 5. Effects of Tat on transepithelial ion transport in human
colon. Time course of the effect on Isc and on electrical conductance
(G) elicited by the addition of Tat (0.1 nmol/L) (arrow) to the mucosal
or serosal side of human colonic mucosa mounted in Ussing cham-
bers. Data are means � SE. *P � 0.05 vs. control.

Figure 6. Effect of Tat on epithelial integrity. Changes in TEER of the
Caco-2 cell monolayer in the presence of Tat (0.1 nmol/L) or rotavirus
SA11 (5 PFU/cell). Data are means � SE. *P � 0.01 vs. control.

Figure 7. Effect of increasing concentrations of Tat on 3H-thymidine
incorporation and cell proliferation in Caco-2 cells. Data are means �
SE of 3 independent experiments.
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ally abolished. Incubation with preimmune antibodies
had no effect on the effect of Tat on cell growth.

Discussion
The results of our study show that Tat directly

exerts pathogenic effects on enterocytes. Like a bacterial
enterotoxin, Tat interacted with Caco-2 cells and in-
duced ion secretion similar to that previously obtained in
the same experimental model with other established
secretagogues, including Vibrio cholerae toxin, Escherichia
coli heat-stable enterotoxin, and Cryptosporidium parvum–
associated enterotoxic activity.16,17 The addition of Tat to
human colonic mucosa resulted in the same electrical
effect observed in Caco-2 cells (i.e., an increase in Isc
indicating Cl� secretion). The magnitude of the electri-
cal response was similar to that observed with other
Ca2�-mediated secretagogues.14 Tat exerted a polar-type
effect (i.e., it resulted from interaction with the basolat-
eral but not the apical cell membrane). The polarity of
the effect has clinical relevance because Tat is released
from HIV-1–infected cells in the sera of patients with
acquired immunodeficiency syndrome.5,23 Interestingly,
the Tat concentration that induced the maximal secre-
tory response in vitro was within the range of that
generally measured in the sera of patients with HIV,
suggesting that Tat concentrations effective in inducing
intestinal ion secretion may well be reached in vivo.23

There was no evidence of cell damage in our experi-
mental conditions. Tissue conductance and its reciprocal
resistance are sensitive parameters of cell damage and
remained unchanged in both short-term experiments in
Ussing chambers and in long-term experiments in which
TEER was measured. This suggests that enterocytes, in
contrast to other cells such as neurons, are insensitive to
the cytotoxic effect of Tat.5 The lack of cytopathic effect
could be due to a cell type–specific effect or the action of
protective substances produced by intestinal cells in re-
sponse to other intestinal pathogens.24,25 However, Tat
indirectly induced epithelial damage. When we incu-
bated actively replicating cells with increasing Tat con-
centrations, both cell counts and 3H-thymidine incorpo-
ration decreased, which reflects an antiproliferative effect.
Similar to data from the ion transport studies, cell
growth experiments showed that the effects of Tat re-
sulted from direct interaction with enterocytes and
suggest that Tat is involved in the pathogenesis of in-
testinal mucosal atrophy typical of HIV-1–infected pa-
tients.2,26–28 Neutralization experiments with anti-Tat
antibodies supported the specificity of these effects.
Thus, Tat protein exerts a short-term effect on ion trans-
port and a long-term effect on cell growth. Whether

these apparently distinct effects are functionally related
remains to be elucidated.
Interestingly, Tat and vascular endothelial growth

factor show amino acid sequence homologies and may
exert similar effects in human endothelial cells.29 Re-
cently, intestinal-specific receptors have been described30

and an antiproliferative effect elicited by vascular endo-
thelial growth factor in Caco-2 cells has been reported.31

Thus, it is possible that some intestinal actions of Tat can
be mimicked by peptides containing a similar amino acid
sequence.
Several lines of evidence in this study indicated that

the mechanisms of Tat enteropathogenic effect were
Ca2� dependent. Tat was able to induce an increase in
[Ca2�]i in Caco-2 cells, which are responsive to L-type
Ca2� channel agonists. Interestingly, Tat and Bay
K8644, a specific L-type agonist that inhibited the ef-
fects of Tat in Caco-2 cells, compete for binding to
dendritic cells,32 which further supports the hypothesis
that the effects of Tat involve L-type Ca2� channels.
Finally, BAPTA/AM prevented Tat-induced ion secre-
tion, suggesting an effect dependent on [Ca2�]i modifi-
cations.
The bimodal pattern of [Ca2�]i increase in cell re-

sponse observed in Caco-2 cells resembles that observed
in neurons12 exposed to Tat and suggests that distinct
transduction mechanisms may be involved. The experi-
ments performed with nimodipine and in the absence of
extracellular Ca2� suggested that a Tat-induced increase
in [Ca2�]i involves either the extracellular Ca2� entrance
or Ca2� mobilization from intracellular stores. Similar
mechanisms have been suggested for the effects of rota-
virus enterotoxin NSP4.9 It is somehow a striking find-
ing that similar to NSP4, another nonstructural viral
protein, Tat protein promotes a Ca2�-mediated entero-
toxic effect that is potentially involved in the pathogen-
esis of diarrhea in HIV-1–infected patients.
Intestinal dysfunction is a common feature of HIV

infection,33 and highly active antiretroviral therapy re-
sults in a rapid and significant improvement in intestinal
function.34 Similarly, combined antiretroviral therapy
improves chronic HIV-1–related pathogen-negative di-
arrhea.35 These data, together with the inverse correla-
tion between natural anti-Tat antibody titers and disease
progression,5 suggest that circulating Tat is important in
the pathogenesis of acquired immunodeficiency syn-
drome–related intestinal disease.
Finally, our results may have therapeutic implications.

The finding that specific antibodies significantly inhibit
the effects exerted in vitro by Tat on both ion secretion
and cell proliferation suggests that interdiction of extra-
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cellular Tat by active or passive immunization would
reduce its pathogenic effects in the intestine. As recently
proposed, a functionally inactivated but immunogenic
Tat preparation (Tat toxoid) that triggers long-lasting
Tat antibodies could be a candidate for a prophylactic or
therapeutic vaccine. Such a preparation would prevent
Tat-induced intestinal HIV-1 enteropathy.36,37

In conclusion, the addition of Tat to human entero-
cytes or human colonic mucosa induces electrolyte secre-
tion similar to that caused by classical bacterial entero-
toxins, a finding that supports the direct role of Tat in
diarrhea. In addition, Tat induces a potent antiprolifera-
tive effect on enterocytes, thus implicating the protein in
the pathogenesis of the intestinal mucosal atrophy typi-
cal of HIV-1–infected patients.

Taken together, these findings indicate that Tat may
play a key role in HIV-1–associated intestinal disorders.

References
1. Sharpstone D, Gazzard B. Gastrointestinal manifestations of HIV

infection. Lancet 1996;348:379–383.
2. Seidman EG, Russo P. Gastrointestinal manifestations of human

immunodeficiency virus infection and other secondary immuno-
deficiencies. In: Allan Walker W, ed. Pediatric gastrointestinal
disease: pathophysiology, diagnosis, management. Volume 1.
3rd ed. Ontario: Decker, 2000:548–568.

3. Kotler DP, Gaetz H, Lange M, Klein EB, Holt PR. Enteropathy
associated with the acquired immunodeficiency syndrome. Ann
Intern Med 1984;101:421–428.

4. Janoff EN, Smith PD. Emerging concepts in gastrointestinal as-
pects of HIV-1 pathogenesis and management. Gastroenterology
2001;120:607–621.

5. Rubartelli A, Poggi A, Sitia R, Zocchi MR. HIV-1 Tat: a polypeptide
for all seasons. Trends Immunol Today 1998;19:543–545.

6. Delezay , Yahi N, Tamalet C, Baghdguian S, Boudier JA, Fantini J.
Direct effect of type 1 human immunodeficiency virus on intesti-
nal epithelial cell differentiation: relationship to HIV-1 enteropa-
thy. Virology 1997;238:231–242.

7. Kotler DP. Characterization of intestinal disease associated with
human immunodeficiency virus infection and response to antiret-
roviral therapy. J Infect Dis 1999;179(Suppl 3):S454–S456.

8. Dong Y, Zeng CQY, Ball JM, Estes M, Morris AP. The rotavirus
enterotoxin NSP4 mobilizes intracellular calcium in human intes-
tinal cells by stimulating phospholipase C-mediated inositol
1,4,5-trisphosphate production. Proc Natl Acad Sci U S A 1999;
94:3960–3965.

9. Morris AP, Estes MK. Microbes and microbial toxins: paradigms
for microbial-mucosal interactions. VIII. Pathological conse-
quences of rotavirus infection and its enterotoxin. Am J Physiol
2001;281:G303–G310.

10. Gallo RC. Tat as one key to HIV-induced immune pathogenesis
and Pat toxoid as an important component of a vaccine. Proc Natl
Acad Sci U S A 1999;96:8324–8326.

11. Zocchi MR, Rubartelli A, Morgavi P, Poggi A. HIV-1 Tat inhibits
human natural killer cell function by blocking L-type calcium
channels. J Immunol 1998;161:2938–2943.

12. Haughey NJ, Golden CP, Nath A, Geiger JD. Involvement of ino-
sitol 1,4,5-trisphosphate-regulated stores of intracellular calcium
in calcium dysregulation and neuron cell death caused by HIV-1
protein Tat. J Neurochem 1999;73:1363–1374.

13. Berni Canani R, Bisceglia M, Bruzzese E, Mallardo G, Guarino A.

Growth hormone stimulates, through tyrosine kinase ion trans-
port and proliferation in human intestinal cells. J Pediatr Gastro-
enterol Nutr 1999;28:315–320.

14. Guarino A, Bisceglia M, Berni Canani R, Boccia MC, Mallardo G,
Bruzzese E, Massari P, Rappuoli R, Telford J. Enterotoxic effect of
the vacuolating toxin produced by Helicobacter pylori in Caco-2
cells. J Infect Dis 1998;178:1373–1378

15. Field M, Fromm D, McColl I. Ion transport in rabbit ileal mucosa.
I. Na� and Cl� fluxes and short-circuit current. Am J Physiol
1971;220:1388–1398. .

16. Guarino A, Berni Canani R, Pozio E, Terracciano L, Albano F,
Mazzeo M. Enterotoxic effect of stool supernatant of Cryptospo-
ridium infected calves on human jejunum. Gastroenterology
1994;106:28–34.

17. Albano F, Thompson MR, Orrù S, Scaloni A, Musetta A, Pucci P,
Guarino A. Structural and functional features of modified heat-
stable toxins produced by enteropathogenic Klebsiella cells. Pe-
diatr Res 2000;48:685–690.

18. Secondo A, Taglialatela M, Cataldi M, Giorgio G, Valore M, Di
Renzo G, Annunziato L. Pharmacological blockade of ERG K�

channels and Ca2� influx through store-operated channels exerts
opposite effects on intracellular Ca2� oscillations in pituitary GH3

cells. Mol Pharmacol 2000;58:1115–1128.
19. Grynkiewicz G, Poenie M, Tsien RY. A new generation of Ca2�

indicators with greatly improved fluorescence properties. J Biol
Chem 1985 260:3440–3450.

20. Guarino A, Casola A, Bruzzese E, Saini M, Nitsch L, Rubino A.
Human serum immunoglobulin counteracts rotaviral infection in
Caco-2 cells. Pediatr Res 1996;40:881–887.

21. Fasano A. Cellular microbiology: how enteric pathogens socialize
with their intestinal host. J Pediatr Gastroenterol Nutr 1998;26:
520–532.

22. O’Farrel M, Ziogas J, Marley PD. Effects of N-and L-type calcium
channel antagonists and Bay K8644 on nerve-induced catechol-
amine secretion from bovine perfused adrenal glands. Br J Phar-
macol 1997;121:381–388.

23. Albini A. The angiogenesis induced by HIV-1 TAT protein is medi-
ated by the flk-1/KDR receptor on vascular endothelial cells. Nat
Med 1996;2:1371–1375.

24. Deplancke B, Gaskins HR. Microbial modulation of innate de-
fense: goblet cells and intestinal mucus layer. Am J Clin Nutr
2001;73:1131S–11141S.

25. Ouellette AJ, Bevins CL. Paneth cell defensins and innate immu-
nity of the small bowel. Inflamm Bowel Dis 2001;7:43–50.

26. Winter H. Gastrointestinal tract function and malnutrition in HIV-
infected children. J Nutr 1996;126:2620S–2622S.

27. Lu SS. Pathophysiology of HIV-associated diarrhea. Gastroen-
terol Clin North Am 1997;26:175–189.

28. Bartlett JG, Belitsos PC, Sears CL. AIDS enteropathy. Clin Infect
Dis 1992;15:726–735.

29. Scheidegger P, Weiglhofer W, Suarez S, Console S, Walten-
berger J, Pepper MS, Jaussi E, Ballmer-Hofer K. Signalling
properties of an HIV-encoded angiogenic peptide mimicking
vascular endothelial growth factor activity. Biochem J 2001;
353:569–578.

30. Siafakas CG, Anatolitou F, Fusunyan RD, Allan Walker W, Sand-
erson IR. Vascular endothelial growth factor (VEGF) is present in
human breast milk and its receptor is present on intestinal
epithelial cells. Pediatr Res 1999;45:652–657.

31. Kelly EJ, Naik S, Sanderson IR. VEGF signals through the MAP
kinase pathway in intestinal epithelial cells. J Pediatr Gastroen-
terol Nutr 2000;31:S74.

32. Poggi A, Rubartelli A, Zocchi MR. Involvement of dihydropyri-
dine-sensitive calcium channels in human dendritic cell func-
tion. Competition by HIV-1 Tat. J Biol Chem 1998;273:7205–
7209.

33. The Italian Paediatric Intestinal/HIV Study Group. Intestinal mal-

February 2003 EFFECT OF TAT ON INTESTINAL SECRETION/CELL GROWTH 375



absorption of HIV- infected children: relationship to diarrhoea,
failure to thrive, enteric micro-organisms and immune impair-
ment. AIDS 1993;7:1435–1440.

34. Berni Canani R, Spagnuolo MI, Cirillo P, Guarino A. Ritonavir
combination therapy restores intestinal function in children with
advanced human immunodeficiency virus disease. J Acquir Im-
mune Defic Syndr Hum Retrovirol 1999;21:307–312.

35. Foundraine NA. Improvement of chronic diarrhoea in patients with
advanced HIV-1 infection during potent antiretroviral therapy.
AIDS 1998;12:35–41.

36. Le Buanec H, Bizzini B. Procedures for preparing biologically
inactive, but immunogenic HIV-1 Tat protein (Tat toxoid) for hu-
man use. Biomed Pharmacother 2000;54:41–44.

37. Ensoli B, Cafaro A. Control of viral replication and disease onset
in cynomolgus monkeys by HIV-1 Tat vaccine. J Biol Regul Ho-
meost Agents 2000;14:22–26.

Received July 23, 2001. Accepted October 25, 2002.
Address requests for reprints to: Alfredo Guarino, M.D., Department

of Pediatrics, University Federico II of Naples, Via S. Pansini, 5 80131
Naples, Italy. e-mail: alfguari@unina.it; fax: (39) 0815451278.
Supported in part by a grant from the Ministero della Sanitá AIDS

research project 1999 program 50c.33.
The authors thank Jean Ann Gilder and Luisa Bruni for editing the

text.

376 BERNI CANANI ET AL. GASTROENTEROLOGY Vol. 124, No. 2


