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Abstract

Apoptosis is regulated by several pathways, such as caspases, mitogen activated protein kinase (MAPK) and cAMP/cAMP-dependent

protein kinase A (PKA) cascade. This study investigated the effect of b2-adrenoceptor activation on Shiga toxin (Stx)2-induced

apoptosis in renal tubular cells and the contribution of these signalling pathways. Cultured human adenocarcinoma-derived tubular cells

were exposed to Stx2 (64 pg/mL) for 2–24 hr following the addition of the b2-adrenoceptor agonist (terbutaline) to the incubation

medium. Stx2-induced apoptosis and its amelioration by b2-adrenoceptor activation was confirmed using DNA degradation assays and

by flow cytometry for annexin V, mitochondrial membrane potential and caspase(-3 and -7) activity. Exposure of cells to Stx2 for 24 hr

increased the DNA fragmentation to 11:6 � 0:9%, compared to 3:3 � 0:2% in control cells (P < 0:05) but was decreased to

approximately 5–7% (P < 0:05) in the presence of terbutaline. Furthermore, Stx2-stimulated apoptosis, detected by TUNEL, annexin

V and mitochondrial potential, was inhibited by terbutaline (P < 0:05) which was prevented by cAMP-PKA inhibitors and a

b2-adrenoceptor antagonist. However, inhibition of Stx2-mediated caspase activity by terbutaline was partially blocked by cAMP-

PKA inhibitors. On the other hand, p38MAPK inhibition by terbutaline prevented Stx2-induced apoptosis and caspase activity through a

cAMP-independent pathway via b2-adrenoceptor. These data indicate that b2-adrenoceptor activation can inhibit Stx2-induced

apoptosis of the cells, which may be caused by a reduction in caspase activity through cAMP-PKA activation and the p38MAPK

pathway.
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1. Introduction

HUS is characterised by renal failure, thrombocytopaenia

and haemolytic anaemia and is often induced by Stx-

producing strains of Escherichia coli [1,2]. The most

extensive tissue damage in HUS occurs in the kidney and

reports have indicated that renal tubular impairment is a

contributor to the development of HUS [3–5]. Importantly,

the receptor sites for Stx binding in normal kidney sections

are most prominent in the renal cortex [3], probably in

the distal tubule. These findings imply that the renal

dysfunction associated with HUS may also be the conse-

quence of Stx-induced cytotoxicity and apoptosis of the

tubular cells [6,7].

Stx induces an apoptotic signal transduction cascade

associated with enhanced expression of Bax in epithelial

cells and the Stx-stimulated cell death was blocked

by overexpression of Bcl-2 [8]. Zhu et al. [9] observed

that the b2-adrenoceptor agonist, clenbuterol, not only

increased Bcl-2 expression but also decreased Bax expres-

sion in a rat model of forebrain ischemia. Thus, these

findings suggested the possibility that b2-adrenoceptor

activation could have a pronounced anti-apoptotic effect.
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However, the mechanisms underlying the action of

b2-adrenoceptor stimulation on Stx-induced apoptosis still

remain unresolved and unclear.

b2-Adrenoceptors couple to adenyl cyclases to raise

intracellular levels of cAMP [10], suggesting that

cAMP-PKA pathway could inhibit the Stx2-induced apop-

tosis. However, the action of cAMP-PKA pathway on cell

apoptosis is also quite controversial. It has been reported

that elevation of cAMP-PKA activity negatively regulates

apoptosis in intestinal epithelial [11] and vascular smooth

muscle cells [12]. In contrast, some investigators have

shown that elevated levels of intracellular cAMP resulted

in an induction of apoptotic cells [13–15]. Xia et al. [16]

reported that cell survival and induction of cell death were

controlled by opposing actions of the p42/p44MAPK and

JNK-p38MAPK pathways. This was supported by evi-

dence that an elevation of cAMP either blocks or stimulates

cell proliferation by a mechanism which involves PKA-

mediated Raf-1 kinase proliferation [17]. Therefore, it was

suggested that cAMP-elevating agents determined Stx-

induced apoptosis in either a positive or negative way

by modulating the balance between p42/p44MAPK and

JNK-p38MAPK pathways. Indeed, we have shown that

Stx2 activated both p42/p44MAPK and p38MAPK path-

ways in renal tubular cells, which were attenuated by b2-

adrenoceptor agonists [18]. b2-Adrenoceptor activation

may regulate the Stx2-induced apoptosis through the

MAPK cascade. However, it remains unclear whether

the MAPK pathways were able to regulate the action of

b2-adrenoceptor activation on the Stx2-induced apoptosis

in these renal tubular cells.

The objectives of the present study were, firstly, to

determine the effectiveness of the b2-adrenoceptor agonist

in blocking the Stx2-induced apoptosis; secondly, to inves-

tigate possible mechanisms mediating these actions. This

represented an attempt to clarify the possible roles of the

cAMP-PKA cascade, MAPK pathway, and the so-called

death caspase(-3 and -7) in the anti-apoptotic effect of b2-

adrenoceptor activation on the Stx2-triggered apoptosis in

adenocarcinoma-derived (ACHN) cells, which are an in

vitro model of human renal tubular epithelial cells.

2. Materials and methods

2.1. Reagents

Stx2 was prepared as described previously [19]. DMEM,

glutamine, kanamycin, HEPES, PD, SB were obtained

from COSMO BIO Corp. ICI and KT were obtained from

Funakoshi Co. Anti-b2-adrenoceptor antibody was

obtained from Santa Cruz Biotechnology Inc. H-89 was

purchased from Seikagaku Co. FCS was purchased from

Dainippon Pharm. Co. Isotope ([gamma-33P]ATP) was

purchased from Amersham Japan. Unless otherwise stated,

reagents were obtained from Sigma Chemical Co.

2.2. Culture conditions

The ACHN cell line was obtained from the American

Type Culture Collection (ATCC CRL 1611). The cells

express the renal tubular marker CD24 as well as CD77,

the receptor for Stx [6] and were further identified by

means of immunostaining using labelling with b2-adreno-

ceptor antibody-FITC conjugate. The cells were main-

tained at 378 in 5% CO2 in DMEM containing 10%

FCS, 0.225% NaHCO3, 0.1 mM non-essential amino

acids, and 0.03% glutamine and were cultured on 25-

cm2 tissue culture flask and grown until approximately

80% confluent. After the dishes were washed with PBS to

remove the nonadherent cells, the cells were placed in the

medium for 2 hr prior to the Stx2 challenge (64 pg/mL).

2.3. Experimental conditions

For the apoptosis, caspase, and MAPK assays, the cells

were incubated over 24 hr with 10% FCS-DMEM after the

Stx2 (64 pg/mL) challenge either in the absence or pre-

sence of the b2-adrenoceptor agonist, terbutaline, an ana-

logue of cAMP, dbcAMP, the b2-adrenoceptor antagonist,

ICI, and/or the cAMP-PKA inhibitor, H-89 or KT. The

agonists or antagonists were added 10 or 20 min before the

Stx2 challenge, respectively. To examine the influence of

MAPK inhibitors on the apoptosis, caspase, and MAPK

activity in the cells, a p42/p44MAPK inhibitor, PD or a

p38MAPK inhibitor, SB was added 20 min before the Stx2

challenge. Staurosporine (1:5 � 10�6 M) was used as a

positive control. TNF-a was used as a p38MAPK activator.

2.4. Agarose gel visualization of DNA fragmentation

This process was detected using an apoptosis ladder

detection kit (Wako Pure Chemical Industries, Ltd.). The

cells were incubated for 24 hr and collected into a 1.5 mL

microcentrifuge tube and spun at 200 g for 5 min. Pellets

were resuspended in an enzyme reaction solution, enzyme

activator solution, RNase solution, and protein digestion

enzyme solution according to the manufacturer’s recom-

mendations. Following this, DNA extraction solution was

added and samples were incubated at room temperature for

more than 10 min. Samples were then loaded onto 1.5%

agarose gels and run at 100 V for approximately 30 min in

TAE buffer. Gels were soaked for 1 hr in a shaker bath and

stained with SYBR Green nucleic acid reagent to enhance

the visibility of the DNA bands. Imaging and analysis of

the DNA ladder separated by electrophoresis was per-

formed using the fluorescence imaging analyzer (FluorI-

mager SI, Molecular Dynamics-Japan).

2.5. DNA fragmentation assay

The cells were incubated for 24 hr and scraped into a

lysis buffer containing 10 mM Tris–HCl, 10 mM EDTA
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and 0.5% Triton X-100. After a 30-min incubation at 48,
samples were spun at 17,000 g for 15 min. Pellets were

resuspended in lysis buffer and 1 M perchloric acid, and

then heated at 708 for 20 min. To each supernatant, pellet,

and blank sample, 3% diphenylamine solution (dissolved

in glacial acetic acid and concentrated sulphuric acid)

was added and incubated for 24 hr at 308. The level

of DNA fragmentation in the samples was determined

by spectrophotometric measurements at wavelengths of

600 nm (U-3310, Hitachi Instrument Inc.). %DNA frag-

mentation was determined in accordance with the follow-

ing equation: OD600 supernatant = ½OD600 supernatantþ
OD600 pellet� � 100.

2.6. TUNEL assay

The TUNEL assay was performed using the Apoptosis

Screening Kitwako (Wako Pure Chemical Industries, Ltd.)

which allows quantitative colorimetric analysis of a large

number of cell samples using a 96-well plate. In brief, cells

(106) collected from 25-cm2 tissue culture flask were

transferred to 96-well plates and then incubated for 4,

16, 24 hr after the Stx2 (64 pg/mL) challenge. The plate

was centrifuged at 400 g (48) and then 200 mL per well of

the fixation solution and 100 mL per well of the perme-

ability solution were added in the prescribed manner. After

the cells were washed with PBS, Terminal deoxynucleo-

tidyl transferase (TdT) labelling buffer (50 mL per well)

plus TdT enzyme was added into each sample and incu-

bated at 378 for 30 min. After washing the samples five

times with PBS, 100 mL per well of chromogenic substrate

was added to the samples. Absorption was read at 490 nm

on a microplate reader (Labsystems Multiscan, Dainippon

Parmacy Co.).

2.7. Annexin V assay

This assay used a MEBCYTO apoptosis kit (MBL

International Co.). Cells were incubated for 4 hr and

washed with PBS, removed from the culture dish with

Trypsin/EDTA, centrifuged at 200 g (room temperature)

and resuspended in Binding buffer. Samples were added to

annexin V-FITC and incubated at room temperature for

15 min in the dark. Detection of apoptotic cells (annexin V-

FITC-positive) was performed using a flow cytometry

assay (Fluorescence-activated cell sorting calibur; Becton

Dickinson) in combination with Cell Quest software (Bec-

ton Dickinson).

2.8. Mitochondrial membrane potential

The changes in the mitochondrial membrane potential

were detected using a MitoCapture Apoptosis Detection kit

(MBL International Co.). Cells were incubated for 4 hr and

washed with PBS, removed from the culture dish with

Trypsin/EDTA, centrifuged at 500 g (room temperature)

and resuspended in diluted MitoCapture reagent in the kit.

Samples were added to pre-warmed Incubation Buffer

from the kit. MitoCapture is a cationic dye that fluoresces

in apoptotic cells and the fluorescent signals were analysed

by flow cytometry using the FITC channel.

2.9. Intracellular caspase activity

Caspase activity was detected using PhiPhiLux-G1D2

assay kit (Oncoimmunin). Cells were incubated for 4 hr

and washed with PBS, removed from the culture dish

with Trypsin/EDTA, centrifuged at 200 g (room tempera-

ture) for 5 min and resuspended with 50 mL of 10 mM

substrate solution. After incubation for 1 hr at 378 avoid-

ing direct light, the samples were diluted with 1 mL of

ice-cold flow cytometry dilution buffer and filtered

through a nylon mesh to remove all aggregates and/or

debris. Flow cytometry analysis using the FITC channel

was performed within 90 min of the end of the incubation

period.

2.10. Measurement of the PKA activity

The cells were lysed by the addition of 500 mL ice-cold

buffer (20 mM 3-[N-morpholino]propanesulfonic acid, pH

7.2, 125 mM KCl, 5 mM DTT, 2% (v/v) Triton X-100).

The contents of each flask were centrifuged at 12,000 g

(48) for 5 min to precipitate cell debris and the resulting

supernatants were used immediately as the enzyme source.

PKA activity was assayed using the Pep Tag kit for non-

radioactive detection of PKA (Promega Corp.). The phos-

phorylation of the coloured peptides supplied with the kit

was used to measure kinase activity and quantitation of the

phosphorylated peptide was detected by spectrophot-

ometer (Labosystems Multiscan, Dainippon Pharmacy

Co.). The data are expressed as units of kinase activity

in the reaction. One unit of kinase activity is defined as

the number of nanomoles of phosphate transferred to a

substrate per minute per millilitre.

2.11. Assay of MAPK (p42/p44, p38)

MAPK activities were assayed using the MAPK

(p42/p44) assay kit (Amersham Japan) and p38MAPK

assay kit (Stratagene). The assay system is based upon

the MAPK catalysed transfer of the gamma-phosphate

group of adenosine-50-triphosphate to a peptide which is

selective for MAPK. Cells were lysed in 10 mM Tris,

150 mM NaCl, 2 mM EGTA, 2 mM DTT, 1 mM orthova-

nadate, 1 mM PMSF, 10 mg/mL aprotinin (pH 7.4) and

then were precipitated at 25,000 g (48) for 20 min. The

supernatant was retained which contained the cytoplasmic

MAPK. The reaction was initiated by the addition of

[gamma-33P]ATP and the incorporation of 33P into the

peptide at 308 for 10–30 min incubation was assayed as a

MAPK activity in a scintillation counter.
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2.12. Statistics

Statistical analysis was undertaken using ANOVA fol-

lowed by a Bonferroni and Dunnet or using non-parametric

analysis with Kruskal–Wallis test followed by the Mann–

Whitney U test for multiple comparisons. Results were

expressed as mean � standard error (SE) of the mean.

3. Results

3.1. Analysis of DNA by gel electrophoresis and

quantification of DNA degradation

Agarose gel electrophoresis (Fig. 1A) demonstrated that

DNA degradation was apparent in the ACHN cells follow-

ing the 24 hr Stx2 challenge which was attenuated by

cAMP-PKA activation via b2-adrenoceptors. Staurospor-

ine-induced DNA laddering was used as a positive control

and little fragmentation of DNA was found in the untreated

control ACHN cells. DNA degradation induced by the

24 hr exposure to Stx2 was attenuated by addition of

terbutaline (10�7 M) or dbcAMP (10�5 and 10�6 M).

The terbutaline inhibition of Stx2-induced DNA degrada-

tion at 24 hr was completely abolished by H-89

(5 � 10�6 M), KT (10�5 M), or ICI (10�6 M). Exposure

of the cells to terbutaline (10�7 M) or dbcAMP (10�5 M)

alone caused little degradation of DNA. Agarose gel

electrophoresis (Fig. 1B) demonstrated that the addition

of terbutaline (10�7 to 10�9 M) dose-dependently inhibited

the DNA degradation after the 24 hr Stx2 challenge.

Furthermore, Fig. 1 shows that the addition of PD

(10�6 M) did not block DNA degradation caused by the

24 hr exposure to Stx2 while the addition of SB (10�6 M)

was able to prevent the degradation. Untreated control cells

and cells exposed to terbutaline (10�7 M), PD (10�6 M), or

SB (10�6 M) alone had a little degradation of DNA. The

characteristic apoptotic DNA ladder as shown in Fig. 1A,

was quantitated by the diphenylamine reaction method

(Fig. 2A). Staurosporine as a positive control caused

DNA fragmentation of 13:0 � 1:2%. Twenty-four hours

exposure to Stx2 increased DNA fragmentation in the cells

Fig. 1. DNA gel electrophoresis demonstrating apoptosis in ACHN cells. (A) The effect of cAMP-PKA activation via b2-adrenoceptor on apoptosis after

exposure to Stx2 (64 pg/mL) for 24 hr. Size marker is a 123 bp ladder. Shown is one representative of three. (B) The effects of different concentrations of the

b2-adrenoceptor agonist (terbutaline) and inhibitors (PD, SB) of MAPK (p42/p44, p38) pathway on apoptosis after exposure to Stx2 (64 pg/mL) for 24 hr.

Shown is one representative of three.
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to 11:6 � 0:9%, compared to 3:3 � 0:2% in control cells

(P < 0:05). However, the addition of terbutaline (10�7 M)

or dbcAMP (10�5 and 10�6 M) significantly decreased

Stx2-induced DNA fragmentation to roughly 5–7%

(P < 0:05). It was apparent that the inhibitory action of

terbutaline on Stx2-mediated DNA fragmentation was

blocked in the presence of H-89 (5 � 10�6 M), KT

(10�5 M), or ICI (10�6 M). In the absence of Stx2, terbuta-

line (10�7 M) or dbcAMP (10�5 M) alone did not alter the

amount of DNA fragmentation. The characteristic apop-

totic DNA ladder as shown in Fig. 1B, was quantitated by

the diphenylamine reaction method (Fig. 2B). The data of

Fig. 2B indicated that %DNA fragmentation after the 24 hr

Stx2 challenge was significantly attenuated by SB in a

dose-dependent manner, but not by PD, suggesting that the

Stx2-induced apoptosis was regulated by the p38MAPK

cascade.

3.2. Analysis of DNA degradation by TUNEL

The effect of terbutaline on the apoptosis was further

confirmed by the TUNEL assay. Figure 3A shows the time

course of the effect of terbutaline on Stx2-mediated apop-

tosis detected by the TUNEL method. After 16 hr of

exposure to Stx2 (64 pg/mL), there was a sharp increase

in the level of TUNEL positive cells, indicative of apop-

tosis, of some 10-fold, which was maintained at 24 hr.

Terbutaline (10�7 to 10�9 M) significantly suppressed

these responses in a dose-dependent manner (P < 0:05).

In Fig. 3B, it can be seen that the degree of Stx2

(64 pg/mL)-induced apoptosis at 16 hr was suppressed

in a dose-dependent way by 10�5 to 10�6 M dbcAMP

(P < 0:05). The inhibitory effect of terbutaline on Stx2-

mediated apoptosis was blocked in the presence of H-89

(5 � 10�6 M), KT (10�5 M), or ICI (10�6 M). Terbutaline

(10�7 M) or dbcAMP (10�5 M) alone had no effect on the

level of TUNEL positive cells.

3.3. Estimation of cell apoptosis by annexin V assay

To extend these results to the level of the single cell,

apoptosis of cells was evaluated by the annexin Vassay and

distinguished from necrosis using a PI staining flow cyto-

metry methodology. Figure 4A shows that terbutaline

(10�7 M) or dbcAMP (10�5 to 10�6 M) decreased the

percentage of Stx2-mediated apoptosis cells 4 hr after

the Stx2 challenge in a concentration-related fashion.

Moreover, the inhibitory action of terbutaline (10�7 M)

was blocked by H-89 (5 � 10�6 M), KT (10�5 M), or ICI

(10�6 M). Incubation of the cells with terbutaline (10�7 M)

or dbcAMP (10�5 M) alone did not alter the percentage of

apoptotic cells. The data of Fig. 4B indicated that annexin

V-FITC-positive cells after the 24 hr Stx2 challenge were

significantly attenuated by SB in a dose-dependent manner,

but not by PD.

3.4. Estimation of cell apoptosis by mitochondrial

membrane potential assay

To investigate the apoptotic signals initiated by Stx2

(64 pg/mL) and the anti-apoptotic effect of terbutaline, we

estimated the mitochondrial membrane potential using the

uptake of the mitochondrial specific dye, Mitocapture.

After incubation for 4 hr, Stx2, or staurosporine as a

positive control, increased the percentage of FITC-positive

(Fig. 5A). Moreover, the addition of terbutaline (10�7 M)

or dbcAMP (10�5 to 10�6 M) significantly suppressed

FITC-positive cell stimulation by Stx2 in a dose-dependent

manner and the inhibitory action of terbutaline (10�7 M)

was completely blocked by H-89 (5 � 10�6 M), KT

(10�5 M), or ICI (10�6 M). Terbutaline (10�7 M) or

dbcAMP (10�5 M) alone did not change mitochondrial

membrane potential in the cells. The data of Fig. 5B

indicated that Mitocapture-FITC-positive cells after the

Fig. 2. Apoptosis in ACHN cells assessed using the %DNA fragmentation

assay. The role of the cAMP-PKA pathway via b2-adrenoceptors (A) and

MAPK (B) pathway in the Stx2 (64 pg/mL)-stimulated apoptosis was

evaluated using %DNA fragmentation. Data are the mean � SE from three

to four experiments. �P < 0:05 vs. cells exposed to Stx2 (64 pg/mL).
yP < 0:05 vs. cells exposed with Stx2 plus terbutaline (10�7 M). %DNA

fragmentation was determined by spectrophotometric measurement.
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24 hr Stx2 challenge were significantly attenuated by SB in

a dose-dependent manner, but not by PD.

3.5. Effect of b2-adrenoceptor activation on caspase

activity

Next, we measured caspase activity in ACHN cells using

PhiPhiLux-G1D2. This cell-permeable fluorescent sub-

strate for caspase emits increased fluorescence when it is

proteolysed within its PARP cleavage site sequence

(GDEVDGID). Since caspase-3 and -7 appear to be pri-

marily responsible for PARP cleavage during apoptosis, the

increase in fluorescence should mainly reflect the activities

of caspase-3 and -7. In Fig. 6A, Stx2-mediated caspase

activity was significantly inhibited by terbutaline (10�7 M,

P < 0:05) and dbcAMP (10�5, 10�6 M, both P < 0:05).

Although the terbutaline (10�7 M) suppression of caspase

activity was blocked by H-89 (5 � 10�6 M), KT (10�5 M),

or ICI (10�6 M), the magnitude of the block by H-89 (26%

inhibition, P < 0:05) or KT (29% inhibition, P < 0:05) was

small and the caspase activity was still inhibited signifi-

cantly by terbutaline (10�7 M). Importantly, each treatment

with H-89 (5 � 10�6 M) or KT (10�5 M) completely sup-

pressed the terbutaline (10�7 M)-induced PKA activity in

the cells (Fig. 7). Moreover, Fig. 7 demonstrated that

terbutaline (10�7 and 10�8 M) can stimulate PKA activity

in the cells whereas Stx2 (64 pg/mL) was unable to stimu-

late PKA activity. Thus, the inhibitory effect of terbutaline

on caspase activity involved both cAMP-PKA-dependent

and -independent pathways. Neither terbutaline (10�7 M)

nor dbcAMP (10�5 M) alone altered the caspase activity

over the incubation period. On the other hand, because

Fig. 3. Apoptosis in ACHN cells assessed using the TUNEL assay. (A) Time course changes of Stx2 (64 pg/mL)-induced apoptosis in the cells following the

administration of terbutaline: 10�7 to 10�9 M. (B) The effect of the cAMP-PKA pathway via b2-adrenoceptors on TUNEL positive cells after 16 hr exposure

to Stx2. The optical density (OD) of TUNEL positive cells was determined by spectrophotometric measurements at 490 nm. Data are the mean � SE from

three experiments. �P < 0:05 vs. cells exposed to Stx2 (64 pg/mL). yP < 0:05 vs. cells exposed to Stx2 plus terbutaline (10�7 M). Details are in Section 2.
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the caspase activity was significantly suppressed by SB

(Fig. 6B), but not by PD, caspase(-3 and -7) activity was

also dependent on p38MAPK pathways.

3.6. Effect of Stx2 stimulation and b2-adrenoceptor

activation on MAPK activity

Figure 8A illustrated the action of terbutaline (10�7 M)

or PD (10�6 M) on Stx2-mediated p42/p44MAPK activity

in the cells. The MAPK activity was stimulated by the

Stx2 challenge and reached a peak level at 20 min [18].

In the presence of terbutaline or PD, the peak levels of

Stx2-induced p42/p44MAPK activity were suppressed

significantly. Figure 8B presented the effect of terbutaline

(10�7 M), SB (10�6 M) and/or TNF-a (1 ng/mL) on

Stx2-induced p38MAPK activity. p38MAPK activity

was stimulated by the Stx2 challenge and reached a peal

level at 60 min [18]. The peak level of Stx2-induced

p38MAPK was significantly suppressed by terbutaline

and SB. Moreover, the addition of TNF-a (1 ng/mL),

a p38MAPK activator, blocked the inhibitory effect of

Fig. 4. Apoptosis in ACHN cells assessed using annexin V assay. The

effects of cAMP-PKA pathway via b2-adrenoceptors (A) or MAPK (p42/

p44, p38) pathway (B) on apoptosis after 4 hr (A) or 24 hr (B) exposure to

Stx2 (64 pg/mL) were measured with annexin V assay. The number of

apoptotic cells was determined by flow cytometry using annexin V-FITC-

positive cells, as indicated in Section 2. Data are the mean � SE from three

experiments. �P < 0:05 vs. cells exposed to Stx2. yP < 0:05 vs. cells

exposed to Stx2 plus terbutaline (10�7 M).

Fig. 5. Apoptosis in ACHN cells assessed using mitochondrial membrane

potential assay. The effects of cAMP-PKA pathway via b2-adrenoceptors

(A) or MAPK (p42/p44, p38) pathway (B) on apoptosis after 4 hr (A) or

24 hr (B) exposure to Stx2 (64 pg/mL) were measured using mitochondrial

membrane potential assay. The number of apoptotic cells was determined

by flow cytometry using Mitocapture-FITC-positive cells, as indicated in

Section 2. Data are the mean � SE from three experiments. �P < 0:05 vs.

cells exposed to Stx2 (64 pg/mL). yP < 0:05 vs. cells exposed to Stx2

(64 pg/mL) plus terbutaline (10�7 M).
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terbutaline on Stx2-induced p38MAPK activity. These

findings suggested that PD (10�6 M) and SB (10�6 M)

have been applied in an effective concentration range in

this study and TNF-a played an important role in Stx2-

induced p38MAPK activity.

4. Discussion

The important finding arising from this study was that,

on the basis of functional (flow cytometry using FITC-

conjugated annexin V and mitochondrial potential) and

molecular (DNA fragmentation and TUNEL) criteria, up to

24 hr after the initial exposure to Stx2, the b2-adrenoceptor

agonist was able to prevent Stx2-mediated ACHN cell

apoptosis through the cAMP-PKA pathway and the apop-

tosis was attenuated by inhibition of the p38MAPK path-

way. Figure 9 depicts these findings and summarizes the

known and discussed effects of b2-adrenoceptor and the

possible interaction with Stx-2 in the ACHN cells.

Stx consists of an A subunit of 32 kDa associated with

five B subunits, each of 7.5 kDa. The B subunits bind

specifically to the cell surface Gb3 receptor, also known as

CD77, and facilitates the entry of the holotoxin into

susceptible cells [20]. ACHN cells express the receptor

for Stx, Gb3/CD77 and binding to the CD77 antigen

induces cell cytotoxicity/apoptosis [21]. The present study

showed that Stx2 binding to Gb3 caused activation of

MAPK (p42/p44) and terbutaline suppressed both MAPK

pathways. It has to be recognized that the cAMP-PKA

pathway did not inhibit Stx2-activated p38MAPK or JNK

while an elevation of cAMP, via b2-adrenoceptors, resulted

in a suppression of the Stx2-induced p42/p44MAPK activ-

ity [18]. Because suppression of p42/p44MAPK by PD did

not influence the Stx2-induced apoptosis, as shown in the

present study, it is clear that the MAPK family (p42/p44,

p38, JNK) did not contribute to the regulation of Stx2-

induced apoptosis through a cAMP-PKA pathway. The

question arises as to what mechanisms are involved in the

anti-apoptotic effect of b2-adrenoceptor agonist mediated

through the cAMP-PKA pathway. This was partially

answered in the present study by showing that caspase

activity was significantly suppressed by an elevation in

cAMP. Thus, this would suggest that the inhibitory effect

of cAMP-PKA activation, via b2-adrenoceptor stimulation,

Fig. 6. The effects of cAMP-PKA pathway via b2-adrenoceptors (A) or

MAPK (p42/p44, p38) pathway (B) on caspase(-3 and -7) activity on

apoptosis after 4 hr (A) or 24 hr (B) exposure to Stx2 (64 pg/mL) were

assessed using the PhiPhiLax-G1D2. Caspase activity was determined by

flow cytometry using PhiPhiLax-G1D2-FITC-positive cells, as indicated in

Section 2. Data are the mean � SE from five experiments. �P < 0:05 vs.

cells exposed to Stx2 (64 pg/mL). yP < 0:05 vs. cells exposed to Stx2

(64 pg/mL) plus terbutaline (10�7 M).

Fig. 7. Interactions of terbutaline (10�7, 10�8 M) with the cAMP-PKA

inhibitors (H-89, KT) on the PKA activity units of ACHN cells after 4 hr

exposure to Stx2. PKA activity units were determined by spectro-

photometry, as indicated in Section 2. Data are the mean � SE from three

experiments. �P < 0:05 vs. cells exposed to Stx2 (64 pg/mL). yP < 0:05

vs. cells exposed to Stx2 (64 pg/mL) plus terbutaline (10�7 M).
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on Stx2-mediated apoptosis was exerted through the acti-

vation of caspase(-3 and -7), which was independent of the

MAPK family.

There is increasing evidence that Stx can induce apoptosis

in human cells by a mechanism that possibly involves

caspases. Jones et al. [8] reported that Stx produced by

E. coli signal Gb3-expressing epithelial cells to undergo

apoptosis in association with enhanced Bax expression,

thereby resulting in activation of the caspase cascade.

Kiyokawa et al. [22] also indicated that caspases-3, -7, -8

were activated following Stx treatment and suggested

that Stx1-mediated apoptosis of Burkitt’s lymphoma

cells utilized a similar caspase cascade to that involved in

Fas-mediated apoptosis. Importantly, caspase-3 activation

was correlated with internucleosomal DNA fragmentation

and chromatic condensation of the Stx-treated cells and the

inhibition of caspase activation prevented Stx-stimulated

apoptosis [23]. In addition, previous work in our laboratory

[24] has observed that Stx2 stimulated caspase-3 in ACHN

cells. Thus, it was suggested that caspase-3 plays an essential

role as the effector molecules in the apoptotic process in this

study. An additional observation that arises from this study is

that Stx2-induced caspases were depressed by b2-adreno-

ceptor activation. Previous investigators [25–27] have

reported that cAMP was able to inhibit the proteolytic

cleavage of caspase-3 in murine macrophage [25], human

osteoblast [26], and human neutrophil [27], suggesting that a

cAMP elevating agent could attenuate programmed cell

death. These pieces of evidence suggest that Stx2-activated

caspase-3 was blocked by b2-adrenoceptor agonist which

activated the cAMP-PKA pathway.

On the other hand, p38MAPK was found to be involved

in the suppression of Stx2-induced caspase-3 by a cAMP-

independent pathway. It is well known that the MAPK

family plays an important role in the determination of cell

survival or death [16]. The present study showed that

inhibition of p38MAPK pathway by terbutaline correlated

with blockade of Stx2-mediated apoptosis in the cells.

Recently, much emphasis has been placed on the role of

the p38MAPK in cellular stress signals for the apoptotic

machinery [28,29]. Particularly, the activation of p38MAPK

together with the inactivation of p42/p44MAPK is a critical

step in cell apoptosis. Ikeda et al. [30] reported that

Fig. 8. MAPK activation in ACHN cells. (A) 64 pg/mL Stx2 increased

p42/p44MAPK activity, but the response was suppressed by terbutaline

(10�7 M) or PD (10�6 M). (B) 64 pg/mL Stx2 increased p38MAPK

activity, but the response was suppressed by terbutaline (10�7 M) and SB

(10�6 M). TNF-a (1 ng/mL), as a p38MAPK activator, was added into the

culture together with Stx2. The inhibitory effect of terbutaline on Stx2-

induced p38MAPK activation was significantly prevented by TNF-a. Data

are the mean � SE from three experiments. �P < 0:05 vs. cells exposed to

Stx2 (64 pg/mL).

Fig. 9. Proposed model of pathways mediating apoptosis in ACHN cells

exposed to Stx2 and/or b2-adrenoceptor (b2-AR) agonist. After binding of

holotoxin to Gb3 receptor (Gb3R) in renal tubular cells, there is an

increase in MAPK (p42/p44, p38) activity. The elevation of p38MAPK

could result in activation of caspase cascade (caspase-3), thereby signaling

cells to undergo apoptosis. On the other hand, b2-adrenoceptors couple to

adenyl cyclases to raise intracellular level of cAMP, which inhibits Stx2-

induced caspase-3 activation. Moreover, b2-adrenoceptor agonist sup-

pressed p38MAPK activation with subsequent caspase-3 inhibition through

a cAMP-independent mechanism. AC: adenyl cyclases. ( )

Activation; ( ) inhibition.
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activation of p38MAPK was involved in Stx-induced cell

death. We also indicated that the p38MAPK pathway

contributed to the action of Stx2 stimulation on apoptotic

factors, such as caspase-3 and TNF-a [24], and the inhibi-

tion of p38MAPK resulted in the decrease of Stx2-stimu-

lated apoptotic parameters (%DNA fragmentation, annexin

V, and mitochondrial membrane potential) and caspase

activity in the present study. Together these studies sug-

gested that the suppression of p38MAPK pathways by b2-

adrenoceptor activation via a cAMP-independent pathway

appears to be part of a protective response against Stx2-

induced cell apoptosis.

Suppression of TNF-a by b2-adrenoceptor activation

also plays an important role in inhibition of Stx2-induced

cell apoptosis. TNF-a has been shown to enhance Stx-

mediated apoptosis in ACHN cells [6] and b2-adrenoceptor

activation was able to suppress the Stx-induced TNF-a
release and gene expression through p38MAPK pathway

[18]. Importantly, addition of TNF-a blocked the effect of

b2-adrenoceptor activation to prevent the rise in

p38MAPK, as shown in the present study. Therefore, an

inhibitory action of the b2-adrenoceptor agonist on TNF-a
production could also contribute to the protection against

Stx2-induced apoptosis through the p38MAPK pathway.

The present data suggested the idea of an involvement of

the cAMP-PKA pathway via b2-adrenoceptors in prevent-

ing the Stx2-induced apoptosis. However, a different

response of apoptosis on exposure to cAMP elevating agents

has been reported in other cell types. Mühl et al. [31] found

that activation of the cAMP signalling pathway by dbcAMP

or b2-adrenoceptor agonists resulted in induction of apop-

tosis in mesangial cells. Gu et al. [32] also showed that cell

death of thymocytes could be induced after stimulation of

b2-adrenoceptors or by addition of exogenous cAMP. How-

ever, the apoptotic action observed in these studies required

very high doses of b2-adrenoceptor agonists (10�3 to

2:5 � 10�5 M) or dbcAMP (10�3 M). Although the phy-

siological or pathophysiological importance of an effect

seen with these high doses was unclear, these reports

suggested the possibility of a biphasic effect of b2-adreno-

ceptor activation as shown in our previous report [33] which

may be applicable to the action of b2-adrenoceptor activa-

tion on cell apoptosis. Furthermore, it was also recognized

that the origin of the cell or tissue could have determined

whether an induction or inhibition of apoptosis might be

caused by the cAMP-elevating agents. For example, cAMP-

PKA activation induced apoptosis in myeloid [34], thymo-

cyte [15] and embryonic epithelial cells [35]. By contrast,

cAMP inhibited apoptosis in neutrophils and nerve

tissue [36,37]. In any case, the action of cAMP-PKA via

b2-adrenoceptor activation on cell apoptosis is thought to be

dependent on a number of factors. In summary, we found

that the b2-adrenoceptor agonist suppressed Stx2-induced

caspases, which, in turn, was correlated with inhibition of

Stx2-induced apoptosis. The inhibitory effect was regulated

by both cAMP-PKA pathway and p38MAPK cascade.
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