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Abstract

Probiotic bacteria are microorganisms that benefit the host by preventing or ameliorating disease.

However, little information is known regarding the scientific rationale for using probiotics as

alternative medicine. The purpose of this paper is to investigate the mechanisms of probiotic

beneficial effects on intestinal cell homeostasis. We now report that one such probiotic,

Lactobacillus rhamnosus GG (LGG), prevents cytokine-induced apoptosis in two different

intestinal epithelial cell models. Culture of LGG with either mouse or human colon cells activates

the anti-apoptotic Akt/protein kinase B. This model probiotic also inhibits activation of the pro-

apoptotic p38/mitogen-activated protein kinase by tumor necrosis factor, interleukin-1α, or γ-

interferon. Furthermore, products recovered from LGG culture broth supernatant show

concentration-dependent activation of Akt and inhibition of cytokine-induced apoptosis. These

observations suggest a novel mechanism of communication between probiotic microorganisms

and epithelia that increases survival of intestinal cells normally found in an environment of pro-

apoptotic cytokines.

The human gastrointestinal microflora establishes at birth and acquires through a series of

colonizations more than 400 bacterial species in the adult (1). Recent evidence clearly

demonstrates that commensal bacteria regulate intestinal epithelial development and

function (2, 3), and interruption of these interactions results in pathological conditions.

Probiotics, as described by Lilly and Stillwell (4), are living microorganisms with low or no

pathogenicity that exert beneficial effects on the health of the host. In human clinical trials

the non-pathogenic Gram-positive commensal Lactobacilli found in the human and mouse

gastrointestinal tracts have been considered as probiotics with beneficial health effects,

including enhanced lymphocyte proliferation (5), innate and acquired immunity (6), and

anti-inflammatory cytokine production (7). Lactobacillus rhamnosus GG (LGG),1 a
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bacterium used in the production of yogurt, is one of the best-studied probiotic bacteria in

clinical trials. It is effective in preventing and treating diarrhea (8), recurrent Clostridium

difficile (9), primary rotavirus infections (10), and atopic dermatitis (11). Therefore,

manipulation of enteric microflora by selective living microorganisms termed probiotics are

promoted by practitioners of alternative health measures.

There is increasing evidence that probiotic Lactobacillus species play a role in the treatment

of inflammatory bowel disease (IBD). In this disease, abnormal immune responses cause

inflammation that appears to be stimulated by elements of the enteric microenviroment,

including normal and pathogenic organisms (12). Reduction of Lactobacillus and

Bifidobacteria has been found in colonic biopsies of patients with IBD (13, 14). Although

conventional therapeutic strategies focus on suppression or modulation of host immunity,

modification of enteric microflora by probiotics may have a role in treating IBD. Several

Lactobacillus strains prevent or attenuate intestinal inflammation in the interleukin

(IL)-10−/− mouse model, which spontaneously develops enterocolitis (15, 16). LGG

increases anti-inflammatory IL-10 levels in children (7). Furthermore, LGG has been

suggested as adjunctive therapy for Crohn’s disease (17).

Putative mechanisms of the action of probiotics include regulation of cytokine production

(18), such as stimulation of mononuclear cells to generate both pro- and anti-inflammatory

cytokines (19, 20), enhancement of secretory IgA secretion (21), production of antibacterial

substances (22, 23), an increase in the integrity of the intestinal barrier (24), and competition

with pathogenic microorganisms for enterocyte binding (25). Yet almost nothing is known

regarding the basic molecular mechanisms of probiotic regulation of intestinal epithelial

health.

Two common features of IBD involve increased cytokine production (26, 27) and increased

apoptosis of intestinal cells (28). We have reported that a central cytokine in the

pathogenesis of IBD, tumor necrosis factor (TNF) (27), regulates both anti- and pro-

apoptotic signaling pathways, and the balance between these two kinds of signals determines

the cell fate (29). Therefore, the purpose of the present study is to investigate the effects of

LGG on cytokine-regulated signaling pathways determining intestinal cell fate.

We now report that LGG prevents cytokine-induced apoptosis in mouse or human intestinal

epithelial cells. Culture of LGG with colon cells activates the anti-apoptotic Akt/protein

kinase B. Further, this model probiotic inhibits activation of the pro-apoptotic p38/mitogen-

activated protein (MAP) kinase by TNF, IL-1α, or γ-interferon (IFN). Therefore, LGG

promotes intestinal epithelial cell survival through regulation of both anti- and pro-apoptotic

signal transduction pathways. These novel observations provide insight into the rationale for

LGG as a potential treatment for IBD.

1The abbreviations used are: LGG, Lactobacillus rhamnosus GG; ERK, extracellular signal-regulated kinase; IBD, inflammatory
bowel disease; IFN, interferon; IL, interleukin; ki, kinase-inactive; KSR, kinase suppressor of Ras; LGG-cm, LGG conditioned
medium; LGG-s, supernatant recovered from LGG culture broth; MAP, mitogen activated protein; NFκB, nuclear factor κB; PI,
phosphoinositide; SAPK/JNK, stress-activated protein kinase/c-Jun amino-terminal kinase; TNF, tumor necrosis factor; YAMC,
young adult mouse colon; hk, heat killed; DAPI, 4,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyltransferase-
mediated dUTP nick-end labeling.
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EXPERIMENTAL PROCEDURES

Bacterial Culture and Supernatant Preparation

LGG (American Type Culture Collection 53103) was incubated in Lactobacillus MRS broth

at 37 °C for 24 h, then diluted in MRS broth, and incubated at 37 °C to reach log phase with

the density determined as 0.5 at A600 (20). LGG was precipitated from MRS broth (1000 ×

g, 15 min) and washed twice with phosphate-buffered saline. Heat-killed (hk) LGG was

prepared by boiling LGG in phosphate-buffered saline for 1 h and then washing it with

phosphate-buffered saline. Lactobacillus acidophilus (American Type Culture Collection

393) and Lactobacillus casei (American Type Culture Collection 4356) were cultured per

ATCC guidelines. 107 colony-forming units/ml LGG, L. casei, or L. acidophilus in RPMI

cell culture medium were used to treat cells. Salmonella pullorum (provided by Andrew

Neish, Emory University, Atlanta, GA) was prepared and incubated with cells as described

(30).

Supernatant recovered from LGG culture broth (LGG-s) was generated by centrifuging

(1000 × g, 15 min) and filtering (0.2 μm) LGG culture in MRS broth; then the filtrate was

concentrated using Centricon Plus-20 (5–100 kDa, Millipore, Bedford, MA) by

centrifugation (4000 × g, 1 h) following guidelines from the manufacturer. Protein

concentrations were determined by DC protein assay (Bio-Rad) using MRS broth as the

control. LGG-conditioned cell culture medium (LGG-cm) was generated by incubating

washed LGG (107 colony-forming units/ml) in RPMI cell culture medium at 37 °C for 2 h;

the medium was centrifuged twice (1000 × g, 15 min) and then filtered (0.2 μm).

Cell Culture

Young adult mouse colon (YAMC) cells were grown in RPMI with 5% fetal bovine serum

on collagen-coated culture dishes as described previously (31). Clonal cell lines stably

expressing pFLAG-cDNA3-kinase-inactive (ki) kinase suppressor of Ras (KSR) or pFLAG-

cDNA3-wild-type KSR (provided by Richard Kolesnick, Memorial Sloan-Kettering Cancer

Center, New York, NY) were generated as described (32). The kiKSR plasmid expresses a

kinase-inactive dominant-negative KSR as previously described (32, 33). Clonal cells were

cultured in the presence of G418 (100 μg/ml) until 24 h prior to the experiments. The human

colonic epithelial carcinoma cell line, HT 29 cells, was grown in Dulbecco’s modified

Eagle’s medium supplemented with 10% fetal bovine serum. All cells were serum-starved

(0.5%) at 37 °C for 24 h before experiments.

Preparation of Cellular Lysates

Lysates were prepared from cells treated with murine TNF, IL-1α, or γ-IFN (Pepro Tech,

Inc., Rocky Hill, NJ) for the indicated times in the presence or absence of LGG, LGG-s,

LGG-cm, hk-LGG, phosphoinositide (PI) 3-kinase inhibitors, wortmannin (Sigma) or

LY294002 or p38 inhibitors (Biomol, Plymouth Meeting, PA) SB203580 or SB202190. Cell

monolayers were washed twice with ice-cold phosphate-buffered saline and then scraped

into cell lysis buffer (20 mM HEPES (pH 7.5), 1 mM orthovandate, 50 mM β-

glycerophosphate, 10 mM sodium pyrophosphate with leupeptin (10 μg/ml), aprotinin (10 μg/

ml), phenylmethylsulfonyl fluoride (18 μg/ml), and 1% Triton X-100). The scraped
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suspensions were centrifuged (14,000 × g, 10 min) at 4 °C, and protein content was

determined using DC protein assay (Bio-Rad). Equal amounts of cellular lysate protein were

mixed with Laemmli sample buffer and separated by SDS-PAGE for Western blot analysis

with anti-phospho-Akt, anti-Akt, anti-phospho-p38, anti-p38, anti-IκBα, anti-phospho

stress-activated protein kinase/c-Jun amino-terminal kinase (SAPK/JNK), anti-SAPK/JNK

(Cell Signaling Technology, Beverly, MA), or anti-phospho extracellular signal-regulated

kinase (ERK)1/ERK2/MAP kinase (Promega, Madison, WI) antibodies.

Apoptosis Assay

YAMC and clonal cell lines were cultured on collagen-coated or HT29 cells on non-coated

chamber glass slides and were prepared as described above. Following treatment, apoptotic

cells were labeled by ApopTag in situ apoptosis detection kits (Intergen, Purchase, NY)

using terminal deoxynucleotidyltransferase for detection of positive cells following

guidelines from the manufacturer. Apoptotic cells were labeled by fluorescein

isothiocyanate-conjugated anti-digoxigenin or anti-digoxigenin peroxidase conjugate and

3,3′-diaminobenzidine as substrate and were then dehydrated and mounted using

Vectashield mounting medium. Slides were counterstained with 4,6-diamidino-2-

phenylindole (DAPI) by using 1 μg/ml DAPI in mounting medium. The cells were observed

by fluorescence microscopy or differential interference contrast. Apoptotic terminal

deoxynucleotidyltransferase-mediated dUTP nick-end-labeling (TUNEL) positive cells were

determined by counting at least 200 cells in randomly chosen fields and expressing them as

a percentage of the total number of cells counted.

Caspase activity was detected in living cells using the sulforhodamine multi-caspase activity

kit (Biomol) following guidelines from the manufacturer. Active caspase enzyme in living

cells was labeled with cell-permeable sulforhodamine-conjugated valylalanylaspartic acid

fluoromethyl ketone, an inhibitor of caspase activity that binds to active caspase enzyme.

Cells with increased caspase activity were detected by fluorescence microscopy.

RESULTS

LGG Prevents Cytokine-induced Apoptosis in Intestinal Epithelial Cells

Pathological concentrations of TNF inhibit intestinal cell proliferation without inducing

apoptosis in YAMC cells (29, 31). Because dominant-negative kiKSR expression induces

apoptosis in TNF-treated intestinal cells (29), we used kiKSR-expressing colon cells to test

our hypothesis that probiotics prevent TNF-induced apoptosis through regulation of signal

transduction pathways. We found that TNF-stimulated apoptosis detected by TUNEL

staining in kiKSR-expressing YAMC cells was inhibited by co-culture with viable LGG but

was not hkLGG (Fig. 1, A and B). Furthermore, in a model of human intestinal cell

apoptosis the effect of a “cytokine mixture” combination of TNF, IL-1α, and γ-IFN is

reversed by LGG (Fig. 1D). DAPI staining shows nuclear condensation of the TUNEL-

positive intestinal cells undergoing apoptosis (Fig. 1A). To further demonstrate that the

observed LGG effect is caused by the inhibition of apoptosis, we used a multi-caspase

activity assay in living cells. The increased caspase activity of cells undergoing apoptosis is
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blocked by viable LGG (Fig. 1C). Interestingly, cell survival is also enhanced by LGG-s,

and this inhibitory effect on apoptosis is concentration-dependent (Fig. 1, A–D).

LGG Regulates Signaling Pathways That Determine Cell Fate

The balance between anti-apoptotic and pro-apoptotic signal transduction pathways

regulates the fate of cells exposed to various stimuli including TNF. Therefore, we studied

the effects of LGG on signal transduction pathways that regulate cell fate. LGG or LGG-cm,

but not heat-killed LGG, stimulates anti-apoptotic Akt activation determined by antibody

against Ser(P)-473-Akt (Fig. 2A). Akt activation is also enhanced by LGG-s in a

concentration-dependent manner (Fig. 2, B and C). This activation by either LGG or TNF is

blocked by the PI 3-kinase inhibitors, LY294002 or wortmannin, but not by the MEK1

inhibitor, PD98059 (Fig. 2D). Whereas kiKSR expression inhibits TNF activation of Akt,

both LGG and LGG-cm stimulate Akt phosphorylation in these cells (Fig. 2E), indicating

that TNF and LGG utilize different mechanisms to activate PI 3-kinase upstream of Akt.

Nuclear factor (NF) κB and ERK/MAP kinase activation are important TNF-activated anti-

apoptotic signal transduction pathways in intestinal cells (29). TNF stimulates both

degradation of the inhibitor of κB and activation of ERK1/ERK2. However, LGG does not

effect activation of either of these anti-apoptotic molecules (Fig. 2F), which indicates that

LGG inhibition of TNF-induced apoptosis is not caused by the disruption of TNF receptor

binding activities.

By using an antibody to phospho-p38 we determined that viable LGG inhibits TNF-induced

activation of this pro-apoptotic MAP kinase (Fig. 3, A–C). Unlike Akt activation, inhibition

of p38 is not reproduced by factors present in LGG-cm (Fig. 3, A and B). The cytokine-

activated pro-apoptotic SAPK/JNK activities are not affected by LGG (Fig. 3D).

Collectively these data indicate that LGG promotes survival of intestinal epithelial cells

exposed to inflammatory cytokines through activation of specific anti-apoptotic and

inhibition of pro-apoptotic signals.

Probiotic Bacterium Regulation of Cell Survival Is Strain-specific

These findings raise an important question. Is this anti-apoptotic response unique to LGG, or

is it common to other probiotic commensal or non-pathogenic intestinal microflora? To

address this question we studied the effects of two other Gram-positive strains of

Lactobacillus, L. acidophilus and L. casei, known to enhance lymphocyte proliferation and

immunity (5, 6) or macrophage activation (34), respectively. Whereas these two bacteria

stimulate Akt activation, they show no inhibition of TNF-stimulated p38 (Fig. 4A).

Accordingly, their inhibitory effect on TNF-induced apoptosis is significantly reduced

compared with LGG (Fig. 4B). Furthermore, we studied two Gram-negative bacteria derived

from colon flora isolates, Salmonella typhimurium PhoPc and S. pullorum, that have been

shown to regulate TNF-stimulated signal transduction pathways in intestinal cells (30).

Neither of these attenuate TNF-induced apoptosis in colon cells (Fig. 4, C and D).

Therefore, reversal of cytokine-induced apoptosis by LGG does not extend to all commensal

or non-pathogenic intestinal microflora. This evidence suggests that a need for caution in

selecting “probiotics” for clinical study is warranted and may explain variability in results of

clinical trials investigating different probiotics.
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Akt and p38 MAP Kinase Determine the Fate of Intestinal Epithelial Cells Exposed to TNF

To determine the relative importance of Akt activation and inhibition of p38 activity in

regulating the fate of intestinal cells exposed to TNF, we used pharmacological inhibitors. A

blockade of Akt activation by PI 3-kinase inhibitors (as shown in Fig. 2D) increases

apoptosis in YAMC cells treated with TNF (Fig. 5, A and B), whereas inhibitors of p38

block apoptosis in TNF-treated kiKSR-expressing cells (Fig. 5, C and D). As expected, both

p38 inhibitors reduce p38 activation at concentrations that were studied (Fig. 5E). These

results are consistent with the hypothesis that activation of Akt and inhibition of p38 by

LGG are central to its anti-apoptotic effect.

DISCUSSION

The lumen of the gastrointestinal tract has evolved with a complex ecosystem that includes

commensal and pathogenic bacteria with the capability of cross-species communication (3,

35). Lilly and Stillwell (4) described microbes that had potential benefit to their hosts as

probiotics. We have studied the relationships between Lactobacillus GG, as a model

probiotic, and the intestinal epithelial cell, the point of first contact with the host. Our novel

findings demonstrate that LGG promotes the survival of intestinal epithelial cells through

the activation of the anti-apoptotic Akt/protein kinase B and inhibition of the pro-apoptotic

p38 MAP kinase. LGG produces a factor that activates Akt independent of bacterial cellular

interaction.

It is possible that other commensal organisms with potential probiotic activity (6, 30, 36, 37)

could prevent cytokine-induced apoptosis. Although some of those we tested reduced

apoptosis, none were as effective as LGG, and LGG appeared unique in its ability to block

p38 MAP kinase activation. These findings extend our understanding of the complexity of

the host commensal relationship and suggest that intestinal cell survival in its cytokine-rich

environment may be regulated by the presence of beneficial microbes. This effect appears to

require live bacteria, because either heat treatment (Figs. 2 and 3) or glutaraldehyde fixation

(data not shown) prevents LGG regulation of Akt or p38 MAP kinase.

The mechanisms by which intestinal bacteria modulate the inflammatory process are

complex and incompletely understood. Probiotic bacteria interact with three components of

the gastrointestinal tract including intestinal epithelial cells, luminal flora, and the mucosal

immune cells. It is known that probiotic bacteria can regulate lymphocyte cytokine

production (18-20). Nonpathogenic Salmonella species can regulate the immune response by

blocking NFκB activation and IL-8 production (30). However, these Salmonella species do

not alter apoptotic response to cytokine (Fig. 4, B and C), nor does LGG inhibit NFκB

activation (data not shown). We did not detect NFκB activation by either inhibitor of κB

degradation (Fig. 2F) or NFκB p65 subunit nuclear translocation up to 6 h after LGG

treatment (data not shown). Although we did not specifically study IL-8 secretion in our

cells, it is increased in CaCo2 cells treated with Lactobacillus (38). A commensal

Bifidobacterium strain regulates intestinal cell gene expression (3) and promotes its own

survival within the host (2). Clearly, the mechanisms of activating intestinal cell signal

transduction pathways by commensal bacteria are relevant to the maintenance of this

important physical and functional mucosal barrier.
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Our current understanding of cell survival suggests that the balance between pro-apoptotic

and anti-apoptotic signals generated by cytokines regulates apoptosis (39). Anti-apoptotic

signaling pathways initiated by TNF, other cytokines, and growth factors include NFκB

(40), extracellular ERK1/ERK2/MAP kinase (41), and PI 3-kinase/Akt (42). By contrast,

other members of the MAP kinase family, including SAPK/JNK and p38 function as pro-

apoptotic signals for a number of cell types (41). KSR is an essential kinase in TNF signal

transduction, determining intestinal epithelial cell fate by regulating the anti-apoptotic

NFκB, ERK/MAP kinase, and Akt pathways (29). However, neither TNF activation of p38

MAP kinase nor SAPK/JNK is inhibited by disruption of KSR signaling. Despite blocking

all the anti-apoptotic signals mediated through KSR, LGG still promotes intestinal cell

survival (Fig. 1). This effect appears to require blocking p38 MAP kinase activation (Fig.

5B), because Akt activation by the LGG supernatant is insufficient to fully reverse apoptosis

(Fig. 1B).

Surprisingly, factors recovered from bacterial culture or conditioned cell culture media

reduce apoptosis and activate Akt. Production of these factors does not require bacterial-

intestinal cell contact. Previously studies have reported that some Lactobacillus strains

produce proteinaceous (23) or protease-insensitive (22) anti-bacterial compounds. However,

we are unaware of reports indicating that bacterially produced factors regulate either Akt

signal transduction or cell survival pathways. Thus far we have identified two proteins in

LGG culture broth with molecular sizes of ~80 and 42 kDa based on SDS-PAGE. These two

factors are heat- and protease-sensitive, and their activities are recoverable by electroelution

from polyacrylamide gels (data not shown). Clearly, recovery and further characterization of

these factors is a high priority.

Our evaluation of LGG as a model probiotic organism reveals an important and novel

relationship between intestinal epithelial cell survival and selective microflora. Clearly, this

single epithelial layer lining the intestine exists in a relatively hostile environment of

pathogenic organisms, toxic waste by-products, and cytokines. This report adds to our

understanding of the signal transduction pathways in the intestinal epithelial cell that are

regulated by probiotics and commensal organisms to include intestinal cell survival in

addition to intestinal homeostasis (3, 30). Therefore, further studies of the molecular basis

for probiotic regulation of intestinal epithelium are relevant to understanding normal

development as well as the pathogenesis of inflammatory bowel disease.
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Fig. 1. LGG inhibits cytokine-induced apoptosis in intestinal epithelial cells
kiKSR-expressing YAMC cells (A–C) or human colonic epithelial carcinoma cell line (HT29) cells (D) were treated with TNF

(100 ng/ml) or the “cytokine mixture” combination of TNF (100 ng/ml), IL-1α (10 ng/ml), and γ-IFN (100 ng/ml), respectively,

for 6 h in the presence or absence of a 1-h pretreatment with viable LGG, hk-LGG, or concentrated supernatant recovered from

LGG culture MRS broth (LGG-s) at the concentrations indicated. Then, cells were fixed for terminal

deoxynucleotidyltransferase TUNEL with apoptotic nuclei labeled with fluorescein isothiocyanate and DAPI staining (A and D).

Fluorescein isothiocyanate- and DAPI-labeled images were taken from the same field. The percentage of cells undergoing

apoptosis from a representative experiment is shown in B. Caspase activity in living cells was detected using a multi-caspase
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activity assay kit (C). Arrows indicate representative apoptotic nuclei. All experiments in this and subsequent figures were

performed on at least three separate occasions.
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Fig. 2. LGG or factors recovered in LGG-cm or LGG-s stimulate Akt activation
YAMC (A, B, D, F), HT29 (C), and kiKSR-expressing cells (E) were treated with viable LGG, hk-LGG, LGG-cm, or LGG-s as

indicated for 1 h followed by TNF (100 ng/ml, 15 min) treatment. PI 3-kinase inhibitors, wortmannin (100 nM) or LY294002 (10

μM), or MEK1 inhibitor PD98059 (10 μM) was used to pre-treat cells for 1 h before TNF or LGG treatment (D). Akt activation

was detected by Western blot analysis of cellular lysates with anti-Ser(P)-473-Akt and anti-Akt antibodies. YAMC cells were

treated with LGG for the indicated times, and IκBα degradation and ERK1/2 activation were detected by Western blot analysis

of cellular lysates with anti-IκBα or anti-phospho (P) ERK1/2 antibodies (F).
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Fig. 3. LGG blocks cytokine-induced p38 phosphorylation
YAMC (A, D), kiKSR (B), or HT29 (C) cells were treated with TNF (100 ng/ml), IL-1α (10 ng/ml), or γ-IFN (100 ng/ml) as

indicated in the presence or absence of a 1-h pretreatment with viable LGG, hk-LGG, or LGG-cm. Cellular lysates were

prepared for Western blot analysis with anti-Thr(P)-p38, anti-p38, anti-phospho-SAPK/JNK, and anti-SAPK/JNK antibodies.
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Fig. 4. Regulation of signal transduction and apoptosis in intestinal cells by commensal or non-pathogenic bacteria
YAMC cells were treated with LGG, L. casei (LC), or L. acidophilus (LA) for 1 h followed by 15 min of TNF (100 ng/ml)

treatment as indicated in A. Akt and p38 activation was detected as before. LC, LA (B), or S. pullorum (C and D), which were

prepared as indicated under “Experimental Procedures,” were incubated with kiKSR-expressing cells for 1 h prior to the

addition of TNF (100 ng/ml) and then treated for 6 h. The cells were prepared for TUNEL staining as before (C). The percentage

of cells undergoing apoptosis in a representative experiment is shown (B and D).

Yan and Polk Page 14

J Biol Chem. Author manuscript; available in PMC 2014 May 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. Akt functions as an inhibitor of apoptosis, whereas p38 promotes apoptosis in cells exposed to TNF
YAMC cells (A and B) or kiKSR-expressing YAMC cells (C–E) were treated with TNF for 6 h in the absence or presence of 1-h

pretreatment with wortmannin (100 nM), LY294002 (10 μM), SB203580 (10 μM), or SB202190 (10 μM) as indicated. TUNEL

staining was used to identify apoptotic nuclei by peroxidase. The cells were visualized by differential interference contrast

microscopy (A and C). The percentage of cells undergoing apoptosis from representative experiments is shown (B and D). p38

phosphorylation was detected as described in Fig. 3.
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