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SUMMARY

Accumulating evidence suggests that macrophages function as major effector cells in the

pathological process of various human diseases. We examined here the role of nuclear factor-kB

(NF-kB) and caspases in the regulation of activation and apoptosis of macrophages. Activation of

the human monoblastic leukaemia cell line, U937, by phorbol 12-myristate 13-acetate (PMA)

increased the expression of CD14/CD86, and cytokine production. PMA stimulation also increased

the expression of both pro-caspase-8 and pro-caspase-3 in U937, but not apoptosis or intracellular

caspase-3 activity. PMA also increased the expression of X-chromosome-linked inhibitor of

apoptosis protein (XIAP) in U937, suggesting an inhibitory action for XIAP on the caspase cascade

in PMA-stimulated U937. Electrophoretic mobility shift assay (EMSA) showed a signi®cant

increase of nuclear NF-kB activity in PMA-stimulated U937. When a potent NF-kB inhibitor,

pyrrolidine dithiocarbamate (PDTC), was added to U937 cell culture in the presence of PMA,

apoptosis was triggered by activation of caspase-3, which was induced by caspase-8 activation.

XIAP expression was markedly suppressed in PMA-treated U937 in the presence of PDTC. The

inhibitors of caspase-8 and caspase-3 mostly inhibited apoptosis of U937 treated with PMA in the

presence of PDTC. Furthermore, a phenotype of U937 treated with PMA and PDTC in the

presence of caspase inhibitor was almost identical to that of unstimulated U937. Our results suggest

that the signalling pathways involved in the activation and apoptosis of human macrophages could

be co-operatively regulated by the use of NF-kB and caspase inhibitors, thus enabling the control of

macrophage function and number.

INTRODUCTION

The transcription of most cytokine and costimulatory molecule

genes in macrophages is dependent on the activation of nuclear

transcriptional factors, such as nuclear factor kB (NF-kB) or

activator protein-1 (AP-1).1 In fact, NF-kB is highly expressed

in the nucleus of synovial in®ltrating macrophages.2 Further-

more, NF-kB is also a dominant regulator of apoptosis.3±6

Histological studies have detected apoptotic cell death of

macrophages in both in¯ammatory and non-in¯ammatory

human diseases, such as synovial tissue of patients with

rheumatoid arthritis and atheromatous plaque,7±12 suggesting

that the signalling pathways leading to activation and/or

apoptosis of macrophages in situ are regulated by NF-kB

activity.

Major effector gene products that induce apoptosis are

members of the caspase family, which are conserved from

nematodes to mammals.6,13 Of these, caspase-3, which seems to

be the most downstream caspase, activates a caspase-activated

deoxyribonuclease (CAD) through the cleavage of its inhibitor,

ICAD, leading to fragmentation of DNA.14 Activation of

inactive pro-caspase-3 by proteolysis is mediated by caspase-8

or caspase-9, located upstream of caspase-3.6,13 On the other

hand, activation of caspases is regulated by other gene

products, including Bcl-2-related proteins and inhibitor of
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apoptosis protein (IAP) family proteins.6,13,15 Thus, antiapop-

totic effects of NF-kB seem to be mediated through regulation

of apoptosis-related gene expression.

To understand the molecular mechanisms involved in

signalling pathways leading to activation and/or apoptosis of

human macrophages, we examined in the present study the

relationship among NF-kB activity, activation of the caspase

cascade and the expression of cell surface molecules on the

human monoblastic leukaemia cell line, U937.

MATERIALS AND METHODS

Cell culture

U937 cells were maintained in RPMI-1640 (Gibco, Paisley,

Strathclyde, UK) supplemented with 10% fetal bovine serum

(FBS; Medical & Biological Laboratories Co. [MBL], Nagoya,

Japan), 100 units/ml of penicillin and 100 mg/ml of strepto-

mycin, and grown in an atmosphere of 5% CO2 at 37u.

Activation of U937 by PMA

Cells were activated by the addition of phorbol 12-myristate

13-acetate (PMA; Sigma Chemical Co., St. Louis, MO). U937

cells were cultured with PMA (10 ng/ml) for 24 hr in RPMI-

1640 supplemented with 10% FBS. After incubation, the

morphological features of U937 were examined using phase-

contrast microscopy. Cells were harvested and cell surface

molecules were analysed by ¯ow cytometry. In brief, 1r106

cells were washed with phosphate-buffered saline (PBS) and

incubated with phycoerythrin (PE)-conjugated anti-human

CD14 monoclonal antibody (mAb) (PharMingen, San Diego,

CA) or CD86 mAb (Immunotech, Marseille, France) for

30 min on ice. Stained cells were rewashed three times and

analysed by ¯ow cytometry using an Epics XL ¯ow cytometer

(Beckman Coulter, Hialeah, FL). In addition, the concentra-

tions of various cytokines, such as interleukin (IL)-1b, IL-6, IL-

8 and tumour necrosis factor-a (TNF-a), produced in the

culture supernatant of U937 cells were measured by using

enzyme-linked immunosorbent assay (ELISA) (Ohtsuka,

Osaka, Japan), as described previously.16

Induction of apoptosis through NF-kB inactivation

Apoptosis of PMA-treated U937 cells was induced by the

addition of pyrrolidine dithiocarbamate (PDTC), a potent NF-

kB inhibitor, as previously described.17,18 U937 cells were

cultured with PMA in the presence or absence of PDTC (5 mM,

Sigma) for 24 hr. After incubation, apoptotic cell death was

quanti®ed by determining the percentage of cells with

hypodiploid DNA, as previously described.19,20 Brie¯y, cells

(1r106) were ®xed with 70% ethanol and treated with RNase

(100 mg/ml, Sigma) then stained with propidium iodide (100 mg/

ml, Sigma) for 30 min on ice. Stained cells were analysed by

¯ow cytometry.

NF-kB nuclear translocation in PMA-stimulated U937 was

detected by electrophoretic mobility shift assay (EMSA) using

the Gel Shift Assay System (Promega Co., Madison, WI). Cells

(1r107) were washed twice with PBS and then centrifuged

(1400 g, 1 minute, 4u). The pellet was resuspended in low-salt

lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA,

0.1 mM EGTA, 1 mM dithiothreitol [DTT], and 1 mM phenyl-

methylsulphonyl ¯uoride [PMSF]) at 4u for 15 min, and

Nonidet P-40 (NP-40) was added to a ®nal concentration of

1.25%. Samples were then centrifuged (12 500 g, 5 min, 4u) and

the cytosolic fraction was removed. The nuclear pellet was

resuspended in extraction buffer (20 mM HEPES, pH 7.9,

400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM

PMSF) at 4u for 30 min. The samples were then centrifuged

(12 500 g, 5 min, 4u) and the resultant supernatant was stored at

x80u prior to use.

Nuclear extract (7.5 mg) was mixed with 5rbinding buffer

(50 mM Tris, pH 7.5, 250 mM NaCl, 5 mM MgCl2, 20% glycerol,

2.5 mM EDTA, 2.5 mM DTT), 2.5 mg poly (di-dc)/poly (di-dc)

(0.25 mg/ml) and 3r104 counts per minute (c.p.m.) of double

stranded oligonucleotide probe containing the NF-kB binding

site (5k-AGTTGAGGGGACTTTCCCAGGC-3k) labelled with

[c-32P]ATP, and incubated at room temperature for 20 min.

Samples were run on a pre-electrophoresed 89 mM Tris, 89 mM

borate, 2 mM EDTA (TBE) 5% polyacrylamide gel for 120 min

at 120 V. The gel was dried and autoradiographed by exposure

to Hyper®lm. Nuclear extract from the human T-cell

lymphocytotropic virus-I (HTLV-I) -infected T-cell line MT-

2 was used as a positive control for nuclear NF-kB activity in

EMSA.

Western blot analysis

Cells were washed with PBS and lysed using lysis solution

containing 50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% sodium

dodecyl sulphate (SDS), 1% NP-40, and 100 mg/ml PMSF. The

protein concentration in cell extracts was determined by using

the Bio-Rad (Melville, NY) protein assay kit. An identical

amount of protein in each lysate (20 mg/well) was subjected to

12% sodium dodecyl sulphate±polyacrylamide gel electrophor-

esis (SDS±PAGE). Proteins were transferred to a nitrocellulose

®lter, and the ®lter was blocked for 1 hr using 5% non-fat dried

milk in PBS containing 0.1% Tween-20 (PBS-T), washed with

PBS-T, and incubated at room temperature for 1 hr in the

presence of mouse anti-human caspase-3 mAb (Transduction

Laboratories, Lexington, KY), mouse anti-human caspase-

8 mAb (MBL), mouse anti-human Bcl-2 mAb (Dako Japan,

Kyoto, Japan), rabbit anti-human Bax polyclonal Ab (Santa

Cruz Biotechnology, Santa Cruz, CA), mouse anti-human Bcl-

xL mAb (Trevigen, Gaithersburg, MA), or mouse anti-human

X-linked inhibitor of apoptosis protein (XIAP) mAb (MBL).

mAb against b-actin (Sigma) was used as an internal control.

The ®lter was washed with PBS-T and incubated with a 1 : 1000

dilution of secondary antibody, coupled with horseradish

peroxidase. The enhanced chemiluminescence (ECL plus)

system (Amersham, Bucks., UK) was used for detection.

Anti-caspase-8 and anticaspase-3 mAbs used in the experi-

ments preferentially recognized a 55/54 000 MW form of pro-

caspase-8 and a 32 000 MW form of pro-caspase-3, respec-

tively. These forms are rapidly converted into the active

subunits during the course of activation.21,22 Thus, a decrease

in pro-caspase-8/pro-caspase-3 on Western blotting repre-

sented activation of caspase-8/caspase-3, respectively.21,22

In some experiments, we added Ac-Asp-Glu-Val-Asp-

aldehyde (DEVD-CHO, 200 mM; Peptide Institute, Inc., Osaka,

Japan), a caspase-3 inhibitor, or Z-Ile-Glu (OMe)-Thr-Asp

(OMe)-FMK (IETD-FMK, 200 mM; Enzyme Systems Pro-

ducts, Livermore, CA), a caspase-8 inhibitor, to the cell culture

3 hr before adding PDTC, followed by examination of

expression of the above molecules.
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Figure 1. (a) Phase-contrast microscopic features of U937 cells

stimulated or unstimulated with phorbol 12-myristate 13-acetate

(PMA). U937 were cultured with or without 10 ng/ml of PMA for

24 hr, and morphological changes were observed by phase-contrast

microscopy. (A) unstimulated U937; (B) PMA-stimulated U937. Note

that U937 were found to be tightly adhered to Petri dishes after

stimulation with PMA. Data are representative examples of four

similar experiments. (b) Expression of CD14 and CD86 on U937

stimulated or unstimulated with PMA. U937 were cultured with or

without 10 ng/ml of PMA for 24 hr, and the expression of CD14 and

CD86 on U937 was examined as described in the text. Note that CD14

expression on U937 was induced by PMA, and CD86 expression on

U937 was augmented by PMA. Numbers represent the percentage of

positive cells. Data are representative examples of four similar

experiments.
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Figure 2. (a) Apoptosis of U937 as determined by ¯ow cytometry.

U937 were cultured with or without phorbol 12-myristate 13-acetate

(PMA) in the presence or absence of pyrrolidinedithiocarbamete

(PDTC) for 24 hr, and apoptosis was examined as described in the text.

Numbers represent the percentage of hypodiploid DNA-positive cells.

(A) unstimulated U937; (B) PMA-treated U937; (C) PMA-treated

U937 in the presence of PDTC. Note that apoptosis of U937 was not

increased by PMA treatment alone, whereas it was signi®cantly

augmented in PMA-treated U937 in the presence of PDTC. (b) Nuclear

NF-kB activity in U937 as determined by the electrophoretic mobility

shift assay (EMSA). U937 were cultured with or without PMA in the

presence or absence of PDTC for 6 hr, and nuclear NF-kB activity in

the cells was examined by EMSA, as described in the text. (A) positive

control (MT-2); (B) unstimulated U937; (C) PMA-treated U937; (D)

PMA-treated U937 in the presence of PDTC. Note that nuclear NF-kB

activity was clearly increased in PMA-treated U937, whereas it was

signi®cantly suppressed by PDTC. Data are representative examples of

four similar experiments.
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Measurement of intracellular caspase-3 activity

Intracellular caspase-3 activity was measured by using the

PhiPhiLux G1D2 Kit (MBL), as previously described.23

Brie¯y, treated cells (1r106) were centrifuged to remove all

of the culture medium. Then, 50 ml of rhodamine containing

DEVD substrate at a concentration of 10 mM was added to the

cell pellet and incubated in a 5% CO2 incubator at 37u for

60 min. Cells were washed once by ice-cold ¯ow cytometry

dilution buffer and then resuspended in 500 ml of fresh dilution

buffer. Samples were analysed by ¯ow cytometry to determine

the percentage of intracellular active caspase-3+ cells.

RESULTS

Activation of U937 by PMA

We initially examined the effect of PMA on activation of U937

cells. Figure 1(a) shows phase-contrast microscopic features of

U937 incubated with or without PMA. U937 cells tightly

adhered to Petri dishes following stimulation with PMA. Flow

cytometric analysis showed that CD86 expression on U937 was

markedly augmented by PMA stimulation (Fig. 1b). CD14

expression could not be detected on unstimulated U937;

however, its expression was clearly induced on PMA-

stimulated U937 (Fig. 1b). Furthermore, the production of

various types of cytokines from U937 was also signi®cantly

increased by treatment with PMA (Table 1). These data

indicate that PMA ef®ciently activates U937, thus con®rming

the results of previous studies.24

Induction of apoptosis in PMA-treated U937 by NF-kB

inactivation

Previous studies have shown that certain T-cell lines or T-cell

hybridomas undergo apoptosis following stimulation with

PMA.25,26 However, in this study, apoptosis of cultured U937

was not augmented by PMA (Fig. 2a). NF-kB nuclear

translocation is accelerated by PMA,17 and recent experimental

studies have revealed that NF-kB nuclear translocation is a

signi®cant process that inhibits apoptosis.3±6 Therefore, we

next examined the role of NF-kB in PMA-stimulated U937.

NF-kB nuclear translocation was signi®cantly increased in

PMA-stimulated U937 (Fig. 2b). Suppression of NF-kB

nuclear translocation in PMA-treated U937 by PDTC (lane

D in Fig. 2b) was associated with apoptotic cell death (Fig. 2a).

We also examined activation of the caspase cascade during this

process. Caspase-3 activation in U937 cells was not augmented

by PMA treatment alone (Fig. 3a). However, the expressions of

pro-caspase-8 and pro-caspase-3 were signi®cantly increased in

PMA-stimulated U937 (Fig. 3b). These data suggest that the

expression of certain antiapoptotic molecules is also induced by

PMA stimulation, thus inhibiting the activation of pro-

caspases to active forms. Figure 3(b) shows that XIAP is
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Figure 3. (a) Percentage of intracellular active caspase-3+ cells as

determined by ¯ow cytometry. U937 cells were cultured with or without

phorbol 12-myristate 13-acetate (PMA) in the presence or absence of

pyrrolidinedithiocarbamete (PDTC) for 24 hr, and the percentage of

intracellular active caspase-3+ cells was examined by ¯ow cytometry.

(A) Unstimulated U937; (B) PMA-treated U937; (C) PMA-treated

U937 in the presence of PDTC. Numbers represent the percentage of

positive cells. Note that the percentage of intracellular active caspase-

3+ U937 was signi®cantly increased in PMA-treated U937 in the

presence of PDTC. (b) Expression of pro-caspase-8, pro-caspase-3 and

XIAP in U937 as determined by Western blot analysis. U937 were

cultured with or without PMA in the presence or absence of PDTC for

24 hr, and the expression of the above molecules was examined by

Western blot analysis. (A) Unstimulated U937; (B) PMA-treated U937;

(C) PMA-treated U937 in the presence of PDTC. Note that the

expression of pro-caspase-8, pro-caspase-3 and XIAP was increased in

PMA-treated U937 whereas it was signi®cantly decreased in PMA-

treated U937 in the presence of PDTC. Data are representative

examples of four similar experiments.

Table 1. Cytokine production in U937 cells

Cytokine production (pg/ml)

PMA (x) PMA (+)

IL-1b 00047 435

IL-6 00047 1011

IL-8 17 130 286 675

TNF-a LT 1584

Data are representative examples of four similar experiments.
IL, interleukin; PMA, phorbol 12-myristate 13-acetate; TNF-a, tumour

necrosis factor-a.
LT: production <20 pg/ml.
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weakly expressed in unstimulated U937, and its expression is

signi®cantly increased in PMA-stimulated U937. Furthermore,

increased caspase-3 activity and reduced XIAP expression were

evident in PMA-treated U937 in the presence of PDTC (Fig. 3).

The expression of pro-caspase-8 in PMA-treated U937 was

decreased by the addition of PDTC (Fig. 3b), suggesting the

involvement of caspase-8 activation in the apoptotic process.

No Bcl-xL expression was detected in U937, even in PMA-

stimulated cells, and Bcl-2 expression on U937 was decreased

by PMA stimulation (data not shown). Furthermore, Bax

expression in U937 remained unchanged in either the presence

or absence of PMA/PDTC (data not shown). These data

suggest that activation of the caspase cascade (caspase-8 to

caspase-3) during the apoptotic process is induced by NF-kB

inactivation in PMA-treated U937, and that XIAP is a key

molecule that regulates activation of the caspase cascade.

NF-kB and caspases co-operatively regulate activation and

apoptosis of U937

Experiments were performed to con®rm the sequential

activation of caspase-8 to caspase-3 in the apoptotic process
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Figure 4. (a) Cell cycle analysis of U937 as determined by ¯ow cytometry. U937 were cultured with or without phorbol 12-myristate

13-acetate (PMA) in the presence or absence of pyrrolidinedithiocarbamete (PDTC)/caspase inhibitor for 24 hr. After incubation,

both the percentage of cells with hypodiploid DNA and those at G2/M were examined as described in the text. (A) Unstimulated

U937; (B) PMA-treated U937; (C) PMA-treated U937 with PDTC; (D) PMA-treated U937 with PDTC in the presence of Z-Ile-Glu

(OMe)-Thr-Asp (OMe)-FMK (IETD-FMK); (E) PMA-treated U937 with PDTC in the presence of Ac-Asp-Glu-Val-Asp-aldehyde

(DEVD-CHO). The percentage of U937 with G2/M was signi®cantly increased by PMA stimulation whereas that with hypodiploid

DNA was unchanged. The percentage of cells with hypodiploid DNA was markedly increased in PMA-treated U937 in the presence of

PDTC; however, it was mostly inhibited by the addition of caspase-8 (IETD-FMK) or caspase-3 (DEVD-CHO) inhibitor. In addition,

the percentage of G2/M cells of PMA-treated U937 in the presence of PDTC and caspase inhibitor was almost similar to that of

unstimulated U937. Numbers represent the percentage of positive cells (®lled diamond, cells with hypodiploid DNA; open diamond,

cells with G2/M). Data are representative examples of ®ve similar experiments. (b) and (c) Inhibition of caspase-3 activity by caspase

inhibitor n PMA-treated U937 in the presence of PDTC. (b) Detection of pro-caspase-3 by Western blotting. (c) Intracellular active

caspase-3+ cells as determined by ¯ow cytometry. Numbers represent the percentage of positive cells. Note that both the decrease of

pro-caspase-3 and the increase of intracellular active caspase-3+ cells were blocked by the addition of caspase inhibitor. (A)

Unstimulated U937; (B) PMA-treated U937; (C) PMA-treated U937 with PDTC; (D) PMA-treated U937 with PDTC in the presence

of IETD-FMK; (E) PMA-treated U937 with PDTC in the presence of DEVD-CHO. Data are representative examples of four similar

experiments. (d) Regulation of cell surface molecule expression on U937 treated with or without PMA in the presence of PDTC/

caspase inhibitor. U937 were cultured with or without PMA in the presence or absence of PDTC/caspase inhibitor for 24 hr. After

incubation, the expression of CD14 and CD86 was examined by ¯ow cytometry as described in the text. (A) Unstimulated U937; (B)

PMA-treated U937; (C) PMA-treated U937 with PDTC in the presence of IETD-FMK; (D) PMA-treated U937 with PDTC in the

presence of DEVD-CHO. Note that the expression of CD14 and CD86 on PMA-treated U937 with PDTC in the presence of caspase

inhibitor was almost similar to that on unstimulated U937. Numbers represent the percentage of positive cells (dotted areas, negative

control staining; open areas, CD14 or CD86 staining). Data are representative examples of three similar experiments.
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induced by inactivation of NF-kB in PMA-treated U937. Flow

cytometric analysis showed that PMA signi®cantly augmented

the percentage of U937 cells in G2/M although the percentage

of cells with hypodiploid DNA did not change upon PMA

stimulation (Fig. 4a, panel B). These results con®rmed that

PMA stimulation alone activates U937 but does not induce

apoptosis. In contrast, the percentage of PMA-treated U937

cells with hypodiploid DNA clearly increased in the presence of

PDTC (Fig. 4a, panel C) However, the addition of IETD-FMK

or DEVD-CHO inhibited most of the PDTC-induced apop-

tosis (Fig. 4a, panels D and E). Furthermore, the decrease in

pro-caspase-3 determined by Western blotting in PDTC-

treated U937 was blocked by adding IETD-FMK or DEVD-

CHO (Fig. 4b). The increase in intracellular active caspase-3+

cells detected by ¯ow cytometry was also suppressed by IETD-

FMK or DEVD-CHO (Fig. 4c). These data suggest that the

sequential activation of caspase-8 to caspase-3 is necessary

during PDTC-induced apoptosis in U937 treated with PMA.

Interestingly, the cell cycle and cell surface molecule analysis

showed that a phenotype of U937 treated with PMA and

PDTC in the presence of caspase inhibitor (IETD-FMK or

DEVD-CHO) was almost identical to unstimulated U937

(Fig. 4a, 4d).

DISCUSSION

Activation of macrophages is a pivotal pathological feature of

various diseases, including in¯ammatory and non-in¯amma-

tory conditions.1,27x29 Activated macrophages produce var-

ious types of cytokines and increase the expression of

costimulatory molecules in situ, thus acting in autocrine and

paracrine fashions to perpetuate the pathological pro-

cess.1,27x29 Recent studies have demonstrated the importance

of regulation of cell growth and apoptotic cell death in the

treatment of various human diseases.30,31 However, the

mechanisms involved in the molecular interaction of the

process in macrophages remain to be elucidated. In the present

study, we examined the molecular mechanisms that regulate the

activation and apoptotic cell death of the human monoblastic

leukaemia cell line, U937.

Our results showed that PMA-stimulated U937 tightly

adhered to Petri dishes. These activated U937 expressed CD14,
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but particularly showed overexpression of CD86. Furthermore,

PMA also activated cytokine production and the cell cycle.

Previous studies have found that PMA-stimulated T-cell

hybridomas are committed to activation-induced cell

death;25,26 however, PMA alone did not enhance apoptosis

of U937 cells despite their activation. Thus, we next examined

the expression of apoptosis-related molecules in U937 cultured

with or without PMA. Although the expressions of pro-

caspase-8 and pro-caspase-3 on U937 were signi®cantly

increased by PMA, both hypodiploid DNA+ and intracellular

active caspase-3+ U937 cells were not increased by PMA,

suggesting that the expression of antiapoptotic molecules in

U937 was also augmented by PMA. Western blot analysis

showed that the expression of XIAP, an inhibitor of caspase-3

activation,15 was clearly increased in PMA-stimulated U937

while Bcl-2 expression on U937 was suppressed by PMA. On

the other hand, Bcl-xL expression could not be detected in

U937 cultured in the presence or absence of PMA. These data

suggest that XIAP is an important antiapoptotic molecule that

suppresses the activation of caspase-3 in PMA-stimulated

U937, thus inhibiting proteolytic cleavage of pro-caspase to an

active form.

NF-kB is a nuclear transcriptional factor known to regulate

the gene expression of cytokines and costimulatory mole-

cules.17 In addition, recent studies have found that NF-kB

inhibits the apoptotic process, probably through the induction

of expression of antiapoptotic molecules.3±6 Other studies have

shown that NF-kB is activated by PMA.17 As suspected, the

activity of nuclear NF-kB was augmented in PMA-stimulated

U937. When the potent NF-kB inhibitor PDTC was added

together with PMA, PMA-induced NF-kB nuclear transloca-

tion in U937 was markedly suppressed, resulting in apoptotic

cell death. Activation of both caspase-8 and caspase-3 was

observed during this process. Furthermore, the addition of

caspase-8 or caspase-3 inhibitor almost abrogated PDTC-

induced apoptosis of U937, and the addition of caspase-8

inhibitor markedly suppressed the activation of caspase-3,

con®rming the sequential activation of caspase-8 to caspase-3

during the apoptotic process. Overexpression of XIAP in

PMA-stimulated U937 was also suppressed in the presence of

PDTC, indicating again the importance of XIAP in the

suppression of activation of the caspase cascade. PMA is also

known to activate other nuclear transcriptional factors, such as

AP-1, in addition to NF-kB.32 Thus, we speculate that the

expression of each apoptosis-related molecule is regulated by a

different nuclear transcriptional factor, for example, XIAP by

NF-kB and caspases by AP-1. Thus, NF-kB inactivation may

ef®ciently promote apoptotic cell death. A recent report has

shown that XIAP expression in endothelial cells is positively

regulated by NF-kB, and its expression protects the cells from

TNF-a-induced apoptosis.33

Although induction of apoptosis has been recently used as a

novel strategy for the treatment of various human diseases,

including inactivation of NF-kB,30,31 potential adverse effects

of this strategy are of concern as it may also result in

elimination of excess cells in a non-speci®c manner. For

example, administration of anti-Fas mAb to mice elicits severe

hepatic injury.34,35 In this study, inhibitors of caspase-8 and

caspase-3 almost abrogated PDTC-induced apoptotic cell

death of PMA-treated U937. Furthermore, both cell cycle

and cell surface molecule analyses in the present study showed

that a phenotype of U937 treated with caspase inhibitor in the

presence of PMA and PDTC was almost similar to that of

unstimulated U937. These ®ndings indicate that the use of

inhibitors for both NF-kB and caspases results in deactivation

of macrophages without induction of apoptosis. These results

suggest that the use of NF-kB and caspase inhibitors could co-

operatively regulate the signalling pathways involved in the

activation and apoptotic cell death of human macrophages.

This could avoid the excess elimination of effector cells by

induction of apoptotic cell death.

There is ample evidence to suggest that the key molecules

involved in the regulation of apoptotic and antiapoptotic

pathways are caspases and NF-kB, which may interact with

each other.36 The present data showed the importance of NF-

kB and caspases in the signalling pathways of human

macrophages. These ®ndings may allow the development of

gene therapy for various human diseases, targeting the

regulation of activation and apoptosis of macrophages.
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