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Abstract

Tissue neutrophils, human salivary neutrophils donated from healthy subjects and synovial fluid neutrophils collected from patients with

rheumatoid arthritis were compared with circulating blood neutrophils. Concomitant treatment of circulating blood neutrophils with tumor

necrosis factor-a (TNF-a) and cycloheximide induced neutrophil apoptosis, whereas the same treatment failed to induce significant apoptosis

in salivary and synovial fluid neutrophils. Caspase-3 activation by TNF-a was observed in these tissue neutrophils, although its activity was

significantly weaker than that in circulating blood neutrophils. In circulating blood neutrophils, TNF-a induced activation of nuclear factor-

kB (NF-kB), whereas, in tissue neutrophils, NF-kB had been already activated without any stimulation, and no further activation was induced

by the treatment with TNF-a. Furthermore, while pretreatment of neutrophils with an NF-kB inhibitor produced typical apoptotic changes in

circulating blood neutrophils, this inhibitor did not produce any morphological apoptotic changes induced by TNF-a in tissue neutrophils.

These results indicate that neutrophils undergo marked functional changes such as altered sensitivity to apoptosis-inducing stimuli in

association with their exudation from blood into tissue, and that NF-kB activation is involved in the acquisition of resistance to TNF-a-
induced apoptosis. D 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tissue neutrophils, which have migrated from circulating

blood, usually play crucial roles in host defense mecha-

nisms, such as phagocytosis of bacteria and/or production of

superoxide and various cytokines. It has been reported that

salivary neutrophils, which are tissue neutrophils with a

higher viability, exhibit a variety of functional responses

when stimulated, such as production of active oxygen

species for a longer period of time than circulating blood

neutrophils (Yamamoto et al., 1991). We previously

reported that the reactivity of salivary neutrophils to cyclic

AMP and cyclic AMP-elevating agents is decreased in the

presence of a chemotactic factor, resulting in a relatively

higher production of superoxide (Al-Essa et al., 1995;

Kanamori et al., 1997). We made similar observations in

the rabbit when comparing peritoneal neutrophils and cir-

culating blood neutrophils (Al-Essa et al., 1995; Kanamori

et al., 1997). Thus, tissue neutrophils, such as salivary

neutrophils, are likely to play important roles in various

pathological states. If these cells are eliminated from sites of

injury/infection too early by apoptotic processes, this could

attenuate self-defense mechanisms and could lead to patho-

logical sequelae. Recently, we and others have reported that
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tissue neutrophils are resistant to tumor necrosis factor-a
(TNF-a)-induced apoptosis in both rabbits (Tsuchida et al.,

1995) and humans (Niwa et al., 1997). A hypothesis is that

these apoptosis-resistant tissue neutrophils are beneficial for

the host defense. However, it is not known which mecha-

nisms underlie this attenuation of susceptibility to apoptotic

stimuli in neutrophils.

Several endogenous proteins are involved in apoptosis

regulation, for example, the nuclear factor-kB (NF-kB)
pathway produces antiapoptotic proteins. Recently, it has

been reported that TNF-a-induced neutrophil apoptosis

may be modulated by the activation of the NF-kB pathway

via the production of antiapoptotic proteins (Ward et al.,

1999; Niwa et al., 2000). In this report, we demonstrate

that not only salivary neutrophils from healthy donors but

also synovial fluid neutrophils from rheumatoid arthritis

patients show resistance to TNF-a-induced apoptosis.

Furthermore, we examined the role of activation of the

NF-kB pathway in both tissue and circulating blood

neutrophils from humans as a potential mechanism, which

may underlie the relative susceptibility to TNF-a-induced
apoptosis.

2. Materials and methods

2.1. Materials

Cycloheximide, actinomycin D, phorbol 12-myristate 13-

acetate (PMA) and histopaque were purchased from Sigma

(MO, USA). N-formyl-methionyl-leucyl-phenylalanine

(fMLP) was purchased from Calbiochem (CA, USA).

Hoechst 33258 and pyrrolidine derivative of dithiocarba-

mate (PDTC) were obtained from Amersham Japan and

Wako (Osaka, Japan), respectively. SN50 and SN50-M were

purchased from BioMol (USA). HEPES was purchased

from Dojin (Kumamoto, Japan). 2-Methyl-6-( p-methoxy-

phenyl)-3,7-dihydroimidazo [1,2-a]pyrazin-3-one (MCLA)

was purchased from Tokyo Kasei (Tokyo, Japan). Recombi-

nant human TNF-a was a gift from Dainippon Pharmaceut-

ical (Osaka, Japan).

2.2. Preparation of neutrophils

Human circulating blood neutrophils from healthy

donors were isolated by a direct purification method by

using Mono–Poly resolving medium (Dainippon Pharma-

ceutical) (Boyum, 1968; Ting and Morris, 1971). Purified

circulating blood neutrophils were resuspended in RPMI

1640 medium supplemented with 10% fetal calf serum, 300

mg/ml L-glutamate, 100 U/ml penicillin, and 100 mg/ml

streptomycin (RPMI 1640 medium).

Human salivary neutrophils were prepared by nylon

mesh filtration followed by Histopaque centrifugation (Al-

Essa et al., 1994). Briefly, intensive mouth washings with

saline were collected from each healthy donor, filtered

through a nylon mesh into 50-ml centrifuge tubes, and

centrifuged at 250� g for 10 min. The pellets obtained

were suspended in Hank’s Balanced Salt Solution contain-

ing 10 mM HEPES, pH 7.4 (HBSS). The suspension was

cushioned carefully on Histopaque (d = 1.083) and centri-

fuged at 420� g for 30 min at 20 �C. Pure salivary

neutrophils were collected from the interface between His-

topaque and HBSS, washed and resuspended in RPMI 1640

medium.

Human synovial fluid neutrophils were isolated from

synovial fluid freshly aspirated from the knee joints of five

rheumatoid arthritis patients aged 52–72 (mean: 61) years.

All patients met the American Rheumatology Association

1987 revised criteria for the classification of rheumatoid

arthritis (Arnett et al., 1988). All were being treated with

various doses of non-steroidal anti-inflammatory drugs.

Three patients also received disease-modifying anti-rheu-

matic drugs and one received low-dose oral steroids. All

human experiments were performed in accordance with

protocols approved by the Human Subjects Research Com-

mittee at our Institution, and informed consent was obtained

from all patients and volunteers.

To avoid neutrophil clumping, synovial fluid was aspi-

rated by using a plastic container containing EGTA (1 mM

as final concentration), to which the same volume of ice-

cold saline was added. After centrifugation of synovial fluid

at 250� g for 10 min, synovial cells were washed in HBSS,

and neutrophils were isolated using Histopaque (d = 1.077).

Purified synovial fluid neutrophils were collected, washed

and resuspended in RPMI 1640 medium.

The purity of each neutrophil type was greater than

95%. Cell number was counted by using a Coulter counter

model Z1 (Coulter, England). Cells were diluted in RPMI

1640 medium to the final required concentrations and kept

on ice until examined. The viability of the neutrophils used

was more than 95% evaluated by Trypan blue exclusion

test.

2.3. Evaluation of apoptosis

For morphological assessment, neutrophils were sus-

pended at 2� 106/ml in RPMI 1640 medium, and then

incubated with TNF-a at 37 �C for up to 4 h. Neutrophils

incubated under specific conditions were spun down onto

glass slides in a cytocentrifuzer (CF-12SB, Sakurai-Seiki,

Japan), dried in cool air, and stained with May-Grünwald-

Giemsa solution (Merck, Germany) for light microscopic

evaluation. The percentage of apoptotic cells was assessed

by counting at least 500 cells/slide (Niwa et al., 1997). To

confirm the appearance of nuclear chromatin condensation

in apoptotic neutrophils, Hoechst 33258 staining was also

performed.

DNA fragmentation of neutrophils was analyzed by

using agarose gel electrophoresis. Neutrophils (2� 106)

were harvested and incubated in 100 ml of 10 mM Tris–
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HCl, pH 7.4, containing 10 mM EDTA and 0.5% Triton X-

100 for 10 min at 4 �C, and then centrifuged at 22,000� g

for 20 min. The supernatant was collected and incubated

with 2 ml of 20 mg/ml ribonuclease-A at 37 �C for 1 h.

Two microliters of 20 mg/ml proteinase-K was then added

and the incubation was continued for an additional 1 h.

After incubation, the mixture was kept at � 20 �C over-

night with 120 ml of isopropyl alcohol and 20 ml of 5 M

NaCl. Then the mixture was centrifuged at 22,000� g for

15 min, the supernatant was discarded and the pellet was

dissolved in 15 ml of 10 mM Tris–HCl buffer (pH 7.4)

containing 1 mM EDTA, 0.25% bromophenol blue and

40% sucrose. Samples were loaded into each well of the

2% agarose gels, and electrophoresis was carried out at

100 V for 1 h. The DNA in gels was visualized under

ultraviolet light after staining with ethidium bromide (Niwa

et al., 1999).

2.4. Measurement of caspase-3 activity

Neutrophils were harvested after being exposed to

TNF-a plus cycloheximide for up to 4 h and were

resuspended in hypotonic lysis buffer (25 mM HEPES,

pH 7.5, containing 5 mM MgCl2, 5 mM EDTA, 5 mM

EGTA, 5 mM dithiothreitol, 2 mM phenylmethylsulfonyl

fluoride, 10 mg/ml pepstatin A and 10 mg/ml leupeptin).

Then cells were lysed by subjecting them to four cycles of

freezing and thawing. After centrifugation (15,000� g for

20 min at 4 �C) of the cell lysates, the supernatant was

used to measure caspase activity. The caspase-3 activity of

the cell extracts was determined by using Ac-DEVD-AMC,

a specific caspase-3 substrate, as described previously

(Nicholson et al., 1995). Caspase-3 activity is expressed

as the amount of liberated 7-amino-4-methylcoumarin

(AMC) cleaved from Ac-DEVD-AMC, measured by using

spectrofluorometer (Fluoroskan, Dainippon Pharmaceuti-

cal).

2.5. Superoxide measurement

The superoxide-releasing activity of neutrophils was

evaluated by a chemiluminescence development technique

using a specific superoxide probe, MCLA (Niwa et al.,

1996; Nakano et al., 1986; Suzuki et al., 1991). Aliquots of

neutrophil preparation (2� 105 cells) and MCLA (2 mM)

were incubated at 37 �C for 10 min before the addition of

fMLP or PMA. The development of chemiluminescence

was continuously monitored with a six-channel photon

counter (Biolumat LB 9505, Berthold).

2.6. Western blotting

Whole cell extract was diluted in sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

loading buffer. After SDS-PAGE at 20 mV for 90 min,

the gels were transferred to 0.2-mm polyvinylidene difluor-

ide (PVDF) membranes (BioRad, USA) at 10 V for 30

min. Blots were blocked with 5% skimmed milk in Tris-

buffered saline containing 0.1% Tween-20 (TBST) over-

night at 4 �C. The next day, blots were rinsed three times

with TBST for 10 min. Blots were then incubated with

primary antibodies against IkB-a and phospho-IkB-a (Cell

Signaling Technology, MA, USA). Antibodies were added

at a dilution of 1:1000 in TBST containing 5% bovine

serum albumin (fraction V) for an overnight incubation at 4

�C. The blots were then washed with TBST and incubated

for 1 h with the secondary antibody, goat anti-rabbit

immunoglobulin G-peroxidase (Chemicon International,

CA, USA) at a dilution of 1:1000 in 5% skimmed milk

in TBST. Subsequently, blots were washed three times with

TBST. Then blots were developed for 4 min with ECL

reagents (Amersham Pharmacia Biotec, Tokyo, Japan). The

density of each band was quantified with an image ana-

lyzer using NIH image 1.60 software on a Macintosh

computer system.

2.7. Electrophoretic mobility shift assay (EMSA)

EMSAs were carried out as described previously (Ward

et al., 1999) using a kit (Promega, Southampton, UK).

Nuclear extracts were prepared from 5� 06 cells using a

modification of the method of Dignam et al. (1983).

Briefly, pelletted cells were resuspended in 200 ml of

hypotonic buffer (buffer A: 10 mM Tris–HCl, pH 7.8,

1.5 mM EDTA, 10 mM KCl, 0.5 mM dithiothreitol, 1 mg/
ml aprotinin, leupeptin, and pepstatin A, 1 mM 4-(2-amino-

ethyl) benzenesulfonyl fluoride, 1 mM sodium orthovana-

date, 0.5 mM benzamidine, and 2 mM levamisole) and

placed on ice for 10 min. Following the addition of 0.1

volume of 10% Nonidet P-40 (w/v), the cells were vor-

texed briefly and centrifuged at 12,000� g for 2 min at 4

�C. The supernatant was discarded and the pellet was

washed in 100 ml of buffer A minus Nonidet P-40 and

recentrifuged. The pelletted nuclei were then resuspended

in 50 ml of hypotonic buffer (buffer B: 20 mM Tris–HCl,

pH 7.8, 150 mM NaCl, 50 mM KCl, 1.5 mM EDTA, 5

mM dithiothreitol, 1 mg/ml aprotinin, leupeptin, and pep-

statin A, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride,

1 mM sodium orthovanadate, 0.5 mM benzamidine, and 2

mM levamisole) and stored at � 80 �C until used. Two

micrograms of nuclear extracts, as determined by bicinco-

ninic acid (BCA) protein assay, was incubated in binding

buffer (5% glycerol, 1 mM MgCl2, 0.5 mM EDTA, 0.5

mM dithiothreitol, 50 mM NaCl, 10 mM Tris–HCl, pH

7.5, with poly (dI-dC)–poly (dI-dC), Amersham Pharmacia

Biotec) with g-32P-labeled double-stranded oligonucleotide

containing the decameric kB-binding site, using standard

protocols for T4 kinase, at 4 �C for 30 min. Samples were

loaded onto an 8% native acrylamide gel and run at 150 V

K. Hotta et al. / European Journal of Pharmacology 433 (2001) 17–27 19



for 2 h. The gel was then dried under vacuum and exposed

to X-ray film.

3. Results

3.1. Superoxide generation in circulating blood and tissue

neutrophils

To evaluate the activity of the neutrophils used, fMLP-

and PMA-stimulated superoxide generation was meas-

ured. FMLP-stimulated superoxide generation in tissue

neutrophils, i.e. human salivary neutrophils from healthy

donors and synovial fluid neutrophils from rheumatoid

arthritis patients, was significantly higher than that in

circulating blood neutrophils from healthy donors and

rheumatoid arthritis patients (Fig. 1A). The magnitude

of superoxide generation produced by PMA stimulation

did not differ between the four types of neutrophils eva-

luated (Fig. 1B).

3.2. TNF-a-induced apoptosis and caspase-3 activation in

circulating blood and tissue neutrophils

We determined apoptosis by morphologic evaluation of

freshly isolated circulating blood neutrophils and tissue

neutrophils (from saliva and synovial fluid) from healthy

donors and from rheumatoid arthritis patients, respectively.

Treatment of human circulating blood neutrophils and

salivary neutrophils with 100 ng/ml TNF-a resulted in less

than 5% neutrophils showing typical apoptotic phenomena

up to 4 h (data not shown). However, when circulating

blood neutrophils were pretreated with 1 mg/ml cyclohex-

imide, TNF-a treatment produced typical apoptotic cells,

which showed a diminution in cell volume and nuclear

pyknosis in a time- and concentration-dependent manner,

reaching a maximum of 75% of cells exhibiting apoptosis

(Figs. 2A and 3A). In contrast, the same cycloheximide/

TNF-a concomitant treatment did not produce any morpho-

logical changes in salivary neutrophils (Figs. 2A and 3A).

TNF-a plus cycloheximide treatment produced similar

morphological changes in circulating blood neutrophils

from rheumatoid arthritis patients: apoptotic neutrophils

were observed in a concentration-dependent manner, while

synovial fluid neutrophils exhibited only minor morpholog-

ical changes as compared with those of circulating blood

neutrophils from rheumatoid arthritis patients (Fig. 4A).

Cycloheximide (1 mg/ml) alone elicited almost no apoptotic

morphological changes in these neutrophils, circulating

blood neutrophils, salivary neutrophils or synovial fluid

neutrophils (data not shown).

Since several previous reports indicated that caspase-3

activation was involved in neutrophil apoptosis as a final

step of the caspase cascade, we compared caspase-3 activity

in circulating blood neutrophils and salivary neutrophils

from healthy donors after TNF-a plus cycloheximide treat-

ment. In circulating blood neutrophils, TNF-a, in the

presence of 1 mg/ml cycloheximide, significantly activated

caspase-3 in a time- and TNF-a concentration-dependent

manner (Figs. 2B and 3B). In salivary neutrophils, TNF-a

Fig. 1. Superoxide generation in circulating blood neutrophils (6) and

salivary neutrophils (.) from healthy donors, and circulating blood

neutrophils (5) and synovial fluid neutrophils (n) from rheumatoid

arthritis patients. Neutrophils were stimulated with fMLP (A) or PMA (B),

and production of superoxide was determined as described in Materials and

methods. The results are expressed as the means of three to four

independent experiments in duplicate. * indicates significant difference

from control.

Fig. 2. Time course of apoptotic morphological changes (A) and caspase-3

activity (B) in neutrophils, induced by concomitant treatment with TNF-a
and cycloheximide. (A) Circulating blood neutrophils (6) and salivary

neutrophils (.) from healthy donors were incubated with TNF-a (100 ng/

ml) and cycloheximide (1 mg/ml) at 37 �C for the indicated times (h). Then,

May-Grünwald-Giemsa staining was performed and apoptotic cells were

counted as described in Materials and methods. (B) Human neutrophils

were treated in the same way as (A). Then, caspase-3 activity in neutrophils

was determined as described in Materials and methods. The results are

expressed as the meansF S.D. of three to four independent experiments in

duplicate. Statistical significance ( P< 0.05) of differences in the number of

apoptotic cells and in caspase-3 activity was determined by the Mann–

Whitney U-test and analysis of variance (ANOVA) with Fisher’s Protected

Least-Significant Difference (Fisher’s PLSD) test, respectively. a Indicates

significant difference from control (time zero). b Indicates significant

difference from values for circulating blood neutrophils.

K. Hotta et al. / European Journal of Pharmacology 433 (2001) 17–2720



also induced caspase-3 activation in the presence of cyclo-

heximide but the magnitude of the activation was signifi-

cantly less than that in circulating blood neutrophils (Figs.

2B and 3B).

Similar results were obtained with neutrophils from

rheumatoid arthritis patients: in circulating blood neutro-

phils, caspase-3 was activated in a TNF-a concentration-

dependent manner, while in synovial fluid neutrophils,

TNF-a plus cycloheximide produced a significantly smaller

caspase-3 activation compared to that in circulating blood

neutrophils (Fig. 4B).

Similar to the effects of cycloheximide, the RNA syn-

thesis inhibitor, actinomycin D, also enhanced TNF-a-
induced apoptosis in circulating blood neutrophils, but not

in salivary neutrophils (Table 1).

To confirm the appearance of nuclear chromatin con-

densation in apoptotic neutrophils, Hoechst 33258 staining

was performed. In intact circulating blood neutrophils,

almost no nuclear condensation was observed (Fig. 5A),

but after TNF-a plus cycloheximide treatment, nuclear

chromatin condensation was observed (Fig. 5B). In con-

trast, few apoptotic cells were observed in salivary neu-

trophils after TNF-a plus cycloheximide treatment (Fig.

5C).

The viability of both control neutrophils and neutrophils

after treatment with TNF-a and/or cycloheximide was

> 95%. Almost no necrotic cells were observed in neutro-

phils after TNF-a plus cycloheximide treatment.

3.3. TNF-a-triggered DNA fragmentation in circulating

blood and tissue neutrophils

To determine whether the above-mentioned morpholog-

ical changes in neutrophils were accompanied by DNA

fragmentation, which is regarded as another criterion of

apoptosis, DNA was extracted from both types of neutro-

phils, circulating blood neutrophils and synovial fluid neu-

trophils, from the same rheumatoid arthritis patient 2 h after

the incubation of the cells with reagents and was electro-

phoresed on agarose gels (Fig. 6). In synovial fluid neu-

trophils, the electrophoretic pattern of DNA after either

cycloheximide and/or TNF-a stimulation showed little

fragmentation (Fig. 6, lane 1–5). In contrast, in circulating

blood neutrophils, marked DNA fragmentation was

observed after concomitant treatment with both reagents

(Fig. 6, lane 8 and 9).

3.4. NF-kB activity in circulating blood and tissue neu-

trophils

The results described above strongly suggest that, in

circulating blood neutrophils, TNF-a not only activates

the caspase cascade to induce apoptosis of neutrophils, but

also enhances protein synthesis. They also indicate that

these proteins act to inhibit TNF-a-triggered neutrophil

Fig. 3. Concentration dependency of TNF-a-induced apoptosis (A) and

caspase-3 activation (B) in human neutrophils. (A) Circulating blood

neutrophils (6) and salivary neutrophils (.) from healthy donors were

incubated with the various concentration of TNF-a indicated at 37 �C for 3

h in the presence of cycloheximide (1 mg/ml). Then, May-Grünwald-

Giemsa staining was performed and apoptotic cells were counted as

described in Materials and methods. (B) Human neutrophils were treated in

the same way as (A). Then, caspase-3 activity in neutrophils was

determined as described in Materials and methods. The results are ex-

pressed as the meansF S.D. of three to four independent experiments in

duplicate. Statistical significance ( P< 0.05) of differences in the number of

apoptotic cells and in caspase-3 activity was determined by the Mann–

Whitney U-test and ANOVA with Fisher’s PLSD test, respectively. a

Indicates a significant difference from control (time zero). b Indicates

significant difference from values for circulating blood neutrophils at the

same concentration of TNF-a.

Fig. 4. Concentration dependency of TNF-a-induced morphological apop-

tosis (A) and caspase-3 activation (B) in human neutrophils. (A) Circu-

lating blood neutrophils from healthy donors (open column) and

rheumatoid arthritis patients (dotted column), and synovial fluid neutro-

phils from rheumatoid arthritis patients (hatched column) were incubated

with the various concentrations of TNF-a indicated at 37 �C for 3 h in the

presence of cycloheximide (1 mg/ml). Then, May-Grünwald-Giemsa stai-

ning was performed and apoptotic cells were counted as described in

Materials and methods. (B) Human neutrophils were treated in the same

way as (A). Then, caspase-3 activity in neutrophils was determined as

described in Materials and methods. The results are expressed as the

meansF S.D. of four to five independent experiments in duplicate. Sta-

tistical significance ( P< 0.05) of differences in the number of apoptotic

cells and in caspase-3 activity was determined by the Mann–Whitney U-

test and ANOVA with Fisher’s PLSD test, respectively. a Indicates

significant difference from values for circulating blood neutrophils at the

same concentration of TNF-a.
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apoptosis. It has been reported that inflammatory stimuli,

such as TNF-a or fMLP, activate the NF-kB pathway

(McDonald et al., 1997), and that NF-kB transcription

products subsequently act as inhibitors of apoptosis. Our

recent report indicates that the possible targets of these

proteins are upstream and also downstream of caspase-3

to inhibit apoptosis in circulating blood neutrophils (Niwa et

al., 2000). It is likely that the NF-kB pathway is activated in

tissue neutrophils, which are resistant to TNF-a-induced
apoptosis. Therefore, we compared NF-kB activity in cir-

culating blood and tissue neutrophils. Fig. 7C and F shows

that in the whole extracts of circulating blood neutrophils

stimulated with 100 ng/ml TNF-a, IkB-a levels were

substantially and significantly decreased after 5 min. A

trace of residual IkB-a protein was detected following

stimulation, and by 60-min levels partly recovered to

prestimulation values. Phosphorylated IkB-a was not

detected prior to TNF-a stimulation but was detected 5

min after TNF-a stimulation. A residual amount of phos-

phorylated IkB-a protein was detected at 10, 30 and 60 min

after TNF-a stimulation (Fig. 7C and F). Thus, the transient

appearance of phosphorylated IkB-a in association with the

reciprocal disappearance of IkB-a indicates that NF-kB
activation was induced in circulating blood neutrophils by

TNF-a stimulation. Additionally, cycloheximide by itself

did not affect the amount of either IkB-a or phosphorylated

IkB-a (data not shown).

In contrast, phosphorylated IkB-a was already detected

without TNF-a stimulation in human salivary neutrophils.

Furthermore, TNF-a stimulation failed to change the

amount of phosphorylated IkB-a protein (Fig. 7A and D).

Also, the amount of IkB-a protein was not affected by TNF-

a stimulation in salivary neutrophils (Fig. 7A and D).

Similar results were observed in synovial fluid neutrophils

Table 1

Effect of actinomycin D and cycloheximide on TNF-a-induced apoptosis in
circulating blood neutrophils and salivary neutrophils

Reagent (mg/ml) TNF-a Apoptotic cells (%)

Circulating blood Salivary

– � 2.3F 1.5 3.5F 2.6

– + 4.5F 2.5 4.1F 2.5

Actinomycin D 1 + 39.3F 9.1a 4.3F 3.1

10 + 81.3F 12.4a 4.5F 3.8

Cycloheximide 1 + 77.5F 13.8a 5.2F 3.2

The values represent the meansF S.D. of four separate experiments.

Statistical significance ( P< 0.05) of differences in apoptosis (based on cell

morphology) was determined by the Mann–Whitney U-test. Reagent: �
and TNF-a: +.

a Indicates a significant difference from TNF-a-treated control neu-

trophils.

Fig. 5. Photomicrographs of human neutrophils, demonstrating the nuclear condensation of apoptosis. Circulating blood neutrophils (A and B) and salivary

neutrophils (C) were incubated with (B and C) or without (A) TNF-a (100 ng/ml) and cycloheximide (1 mg/ml) for 3 h, and then cytospin preparation of

neutrophils were stained with Hoechst 33258.

Fig. 6. DNA fragmentation induced by the treatment with TNF-a plus

cycloheximide of circulating blood neutrophils (HB) and synovial fluid

neutrophils (HSF) from rheumatoid arthritis patients. Neutrophils were

incubated with cycloheximide (1 mg/ml) and/or TNF-a as indicated for 2 h.

DNA extracted from synovial fluid neutrophils (lane 1–5) and circulating

blood neutrophils (lane 6–9) from the same rheumatoid arthritis patient

were electrophoresed on 2% agarose gels. Lane 10: DNA marker.

(100 ng/ml)
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from rheumatoid arthritis patients (Fig. 7B and E). Specif-

ically, phosphorylated IkB-a was detected without TNF-a
stimulation in human synovial fluid neutrophils, and TNF-a
did not significantly increase phosphorylated IkB-a levels,

although there was a trend for an increased level of

phosphorylated IkB-a, with no decrease in the level of

IkB-a protein (Fig. 7E). This trend of an elevation of

phosphorylated IkB-a in synovial fluid neutrophils might

explain our observations of weak morphological signs of

apoptosis after TNF-a and cycloheximide stimulation of

human salivary neutrophils.

To confirm the NF-kB activity in circulating blood and

tissue neutrophils induced by TNF-a, we also performed

EMSAs for the detection of NF-kB DNA binding activity.

As shown in Fig. 8A, TNF-a (100 ng/ml) induced NF-kB
activation in circulating blood neutrophils. Furthermore,

Fig. 7. Time course of TNF-a-induced phosphorylation and degradation of IkB-a in human neutrophils. Salivary neutrophils, synovial fluid neutrophils and

circulating blood neutrophils were treated with TNF-a (100 ng/ml), harvested at the times indicated, and then equal amounts of extracts were separated by 10%

SDS-PAGE. After transfer to PVDF membranes, the blots were probed with phosphorylated IkB-a-and IkB-a-specific antisera, as described in Materials and

methods. Similar experiments were repeated three times and representative results are shown ((A) salivary neutrophils, (B) synovial fluid neutrophils and (C)

circulating blood neutrophils). The relative intensity of each band was quantitated and standardized with that of the control value of IkB-a for neutrophils ((D),

(E) and (F) in salivary, synovial fluid and circulating blood neutrophils, respectively), using an image analyzer. The results in (D), (E) and (F) are expressed as

meansF S.D. of three independent experiments. Statistical significance ( P < 0.05) of differences was determined by the ANOVA with Fisher’s PLSD test. *

indicates significant difference from each control (time zero). IkB-a-p: phosphorylated IkB-a. In (A), lane 1: positive control for phosphorylated IkB-a and

IkB-a. Open column and hatched column in (D), (E) and (F) indicates relative amounts of IkB-a and phosphorylated IkB-a, respectively.

Fig. 8. TNF-a-induced activation of NF-kB DNA binding in circulating blood neutrophils (A) and salivary neutrophils (B). Neutrophils were stimulated with

TNF-a for 60 min. Nuclear extracts were prepared and equal amounts of protein were analyzed for kB-specific DNA binding in EMSA using a 32P-labeled

DNA probe (see Materials and methods). Comp. Oligo.: competitive cold oligopeptide.
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following pretreatment of neutrophils with pyrrolidine

dithiocarbamate (PDTC), an inhibitor of NF-kB activation,

for 2 h, TNF-a (100 ng/ml)-induced NF-kB DNA binding

was inhibited. In salivary neutrophils (tissue neutrophils),

NF-kB DNA binding activity was detected before TNF-a
stimulation (Fig. 8B). Furthermore, neither treatment with

TNF-a nor concomitant treatment with TNF-a plus PDTC

affected NF-kB DNA binding activity (Fig. 8B). The

specificity of NF-kB DNA binding activity was confirmed

by the addition of excess cold oligopeptide.

3.5. Effect of NF-kB inhibitor on TNF-a-induced apoptosis

in circulating blood and tissue neutrophils

The results described above indicated that NF-kB system

was already activated in tissue neutrophils during their

exudation from circulating blood. Next, we determined

whether inhibition of NF-kB affected the neutrophil apop-

tosis induced by TNF-a stimulation. After pretreatment of

circulating blood neutrophils with 100 nM PDTC for 2 h,

TNF-a induced significant apoptosis (Fig. 9A). In contrast,

in tissue neutrophils, salivary neutrophils and synovial fluid

neutrophils, PDTC pretreatment did not significantly

enhance TNF-a-induced apoptosis (Fig. 9B and C). To

confirm the effect of PDTC on circulating blood neutro-

phils, we also used another inhibitor of NF-kB, SN50

(Maggirwar et al., 1998). SN50 is a synthetic oligopeptide

that contains a hydrophobic cell-permeable motif, together

with nuclear localization sequences from p50 subunit of NF-

kB (Lin et al., 1995). After pretreatment of circulating blood

neutrophils with SN50 (100 mg/ml) for 15 min, TNF-a
induced significant apoptosis in human circulating blood

neutrophils, while an inactive control peptide of SN50,

SN50-M (100 mg/ml), which is mutated within the nuclear

localization sequence motif, did not affect TNF-a-induced
apoptosis (Fig. 10). In contrast, in tissue neutrophils, sali-

vary neutrophils and synovial fluid neutrophils, SN50

pretreatment did not significantly enhance TNF-a-induced
apoptosis (data not shown).

4. Discussion

In this study, we demonstrated that human tissue neu-

trophils, salivary neutrophils and synovial fluid neutrophils,

exudated from circulating blood, acquired resistance to

TNF-a-induced apoptosis, in contrast to the marked apop-

tosis seen in human circulating blood neutrophils induced

by TNF-a. These findings strongly suggest that circulating

blood neutrophils are transformed to become more resistant

to apoptotic stimuli when exudated from blood into inflam-

matory sites. Furthermore, our data in this report also

indicated that the activated NF-kB pathway is involved in

the mechanism of this resistance. Similar results, namely the

Fig. 9. Effect of an NF-kB inhibitor on TNF-a-induced apoptotic morphological changes in circulating blood neutrophils (A), salivary neutrophils (B) and

synovial fluid neutrophils (C). Neutrophils were incubated with (hatched column) or without (open column) PDTC (100 nM) at 37 �C for 2 h and then TNF-a
(100 ng/ml)-induced apoptosis was evaluated with May-Grünwald-Giemsa staining as described in Materials and methods. Each value represents the

meanF S.D. of three to four separate experiments. * indicates significant difference from control at P < 0.05 by the Mann–Whitney U-test.

Fig. 10. Effect of an NF-kB inhibitor, SN50, on TNF-a-induced apoptotic

morphological changes in circulating blood neutrophils and salivary

neutrophils. Neutrophils were incubated with vehicle (open column), 100

mg/ml SN50 (dotted column) or 100 mg/ml SN50-M (hatched column) at 37

�C for 15 min and then TNF-a (100 ng/ml)-induced apoptosis was

evaluated with May-Grünwald-Giemsa staining as described in Materials

and methods. Each value represents the meanF S.D. of three separate

experiments. * indicates significant difference from control at P < 0.05 by

the Mann–Whitney U-test.
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lack of susceptibility to neutrophil apoptosis, were reported

by Tsuchida et al. (1995), who compared TNF-a-induced
apoptosis in rat peritoneal neutrophils (tissue neutrophils)

and circulating blood neutrophils. The study did not eval-

uate which mechanisms mediate these effects. To our

knowledge, our report is the first to attempt to clarify the

mechanisms underlying the resistance of tissue neutrophils

to TNF-a stimuli, and to describe that the heterogeneity of

susceptibility to apoptotic induction in neutrophils depends

on their location and may be generalized irrespective of

species.

Tissue neutrophils, which have migrated from circulating

blood, usually play a crucial role in host defense mecha-

nisms, such as phagocytosis of bacteria and/or production of

superoxide and various cytokines. It has been reported that

salivary neutrophils, which have a higher viability, exhibit a

variety of functional responses when stimulated, such as the

production of active oxygen species for a longer period than

circulating blood neutrophils (Yamamoto et al., 1991).

Furthermore, we reported (Al-Essa et al., 1995; Kanamori

et al., 1997) that the reactivity of salivary neutrophils to

cyclic AMP and cyclic AMP-elevating agents is decreased,

resulting in a relatively higher production of superoxide in

the presence of, for example, a chemotactic factor. In this

report, we found that not only salivary neutrophils from

healthy donors but also synovial fluid neutrophils from

rheumatoid arthritis patients showed a greater ability to

produce superoxide than did circulating blood neutrophils

(from normal and rheumatoid arthritis subjects) stimulated

with a chemotactic factor, but not with a protein kinase C

activator. Interestingly, fMLP-induced superoxide genera-

tion in circulating blood neutrophils from rheumatoid arthri-

tis patients was the same as that seen in neutrophils from

healthy donors. Thus, tissue-derived neutrophils, salivary

neutrophils and synovial fluid neutrophils are likely to play

important roles in protecting oral mucosa and joint cavities

in pathological states. Without this mechanism, these cells

would be eliminated from the reactive site too early by

apoptotic processes, which would attenuate the self-defense

mechanisms, leading to unfavorable results. Therefore, this

attenuated susceptibility to apoptotic stimuli of tissue neu-

trophils, salivary neutrophils and synovial fluid neutrophils

could be beneficial for the host defense. However, a con-

trasting hypothesis is that these activated neutrophils are

responsible for tissue damage.

Recently, TNF-a has been shown to induce neutrophil

apoptosis (Takeda et al., 1993), which is accelerated by

concomitant treatment with cycloheximide. Our previous

report (Niwa et al., 2000) also indicated that neutrophils

were resistant to TNF-a-induced apoptosis, although cas-

pase-3 was activated. This resistance was markedly dimin-

ished by co-treatment of neutrophils with a protein or RNA

synthesis inhibitor. Additionally, the presence of inhibitors

of NF-kB accelerated the apoptosis of neutrophils in

response to TNF-a (Niwa et al., 2000). These results, taken

together, strongly suggest that TNF-a-induced apoptosis of

neutrophils may be inhibited by the de novo synthesis of

protein(s), and that the NF-kB system plays a key role in

modulating apoptotic signals in neutrophils (Niwa et al.,

2000; McDonald et al., 1997). In this study, we found that

the NF-kB signaling system was constitutively active in

tissue neutrophils (salivary neutrophils and synovial fluid

neutrophils), while NF-kB activation was evoked in circu-

lating blood neutrophils following TNF-a stimulation.

Thus, we speculate that apoptosis-inhibiting protein(s) are

synthesized through an activated NF-kB signaling system in

exudated neutrophils, salivary neutrophils and synovial fluid

neutrophils, thereby conferring resistance to TNF-a-induced
apoptosis. Under these conditions, treatment with inhibitors

of protein synthesis or of the NF-kB pathway can not

enhance TNF-a-induced apoptosis in these neutrophils.

Although the exact mechanism of the activation of the

NF-kB pathway in tissue neutrophils is unknown at present,

it might occur during their exudation from circulating blood.

Because significant changes in the cell signaling system of

tissue neutrophils, such as caspase-3 activity (Nakahara et

al., 1998), prostanoid response (Kanamori et al., 1997),

response to cyclic AMP and related agents (Al-Essa et al.,

1995), Bcl-2 concentration (Nakahara et al., 1998), cytokine

receptor affinity (Niwa et al., 1996) and active oxygen

production (Yamamoto et al., 1991; Nakahara et al., 1998;

Ueta et al., 1993) in salivary neutrophils, and macrophage

inflammatory protein 1 alpha in synovial fluid neutrophils

(Hatano et al., 1999), have been reported, it is not unrea-

sonable to hypothesize that the NF-kB system is also

modified in tissue neutrophils, salivary neutrophils or syno-

vial fluid neutrophils. Furthermore, it is also not clear why

the NF-kB inhibitor failed to restore the cell sensitivity to

TNF-a in tissue neutrophils in our experiment. We hypothe-

size that the NF-kB pathway is irreversibly activated during

neutrophil exudation from circulating blood, and that apop-

tosis-inhibiting protein(s) are continuously produced even

after treatment with an NF-kB inhibitor.

Nakahara et al. (1998) reported that spontaneous cas-

pase-3, but not caspase-1, activity was higher in salivary

neutrophils than in circulating blood neutrophils. In the

present study, we also showed that spontaneous caspase-3

activity in salivary neutrophils was significantly higher than

that in circulating blood neutrophils. Furthermore, concom-

itant treatment of tissue neutrophils with TNF-a and cyclo-

heximide resulted in a significantly lower caspase-3 activity

than that in circulating blood neutrophils.

Recently, we have reported that TNF-a stimulates the

synthesis of protein(s) that may act as inhibitors of TNF-a-
induced apoptosis by activating NF-kB. The site of action of
these apoptosis-protective protein(s) appears to be both

upstream and downstream of caspase-3 (Niwa et al.,

2000). This evidence strongly suggests that the caspase

cascade is activated by TNF-a, and that caspase-3 activation
can block the morphological appearance of apoptosis in

circulating blood neutrophils, since apoptosis-inhibiting

protein(s) are produced by caspase-3. In tissue neutrophils,
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caspase-3 is spontaneously activated, as mentioned above,

resulting in reduced morphological evidence of apoptosis,

due to the constitutive synthesis of apoptosis-inhibiting

protein(s) produced through the NF-kB system.

Since the target of apoptosis-inhibiting proteins synthe-

sized through NF-kB activation triggered by TNF-a may be

upstream and downstream of caspase-3 (Niwa et al., 2000),

it is possible that caspase-3 activity induced by TNF-a in

the presence of cycloheximide is lower in tissue neutrophils

than in circulating blood neutrophils. Accumulating evi-

dence implicates the activation of the caspase cascade as an

essential process in apoptosis-mediated cell death in several

cell types, including neutrophils (Niwa et al., 1999; Yama-

shita et al., 1999). Within the caspase cascade, caspase-3

activation is the final enzymatic step which catalyzes

apoptotic events, such as caspase-activated DNase activa-

tion for DNA fragmentation, acinus activation for nuclear

chromatin condensation, etc., following cell death signaling

(Enari et al., 1998; Sakahira et al., 1998; Sahara et al.,

1999). Therefore, incomplete activation of caspase-3 in

tissue neutrophils would prevent TNF-a-induced neutrophil

apoptosis. This evidence strongly suggests that even when

the caspase cascade, including caspase-3, is activated by

TNF-a, apoptosis is abolished in circulating blood neutro-

phils since apoptosis-inhibiting protein(s) act downstream of

caspase-3. In tissue neutrophils, caspase-3 is spontaneously

activated, as mentioned above, resulting in reduced mor-

phological evidence of apoptosis, due to the constitutive

synthesis of apoptosis-inhibiting protein(s) produced

through the NF-kB system.

It has been reported that the caspase cascade mediates

apoptotic events and downregulates oxygen radical produc-

tion in TNF-a-treated neutrophils. Moreover, inhibition of

caspase activation simultaneously suppresses apoptosis and

prolongs the TNF-a-induced augmentation of superoxide

generation (Yamashita et al., 1999). We show here that

tissue neutrophils, which are resistant to TNF-a-induced
apoptosis, also have a greater ability to generate superoxide.

These phenomena have important implications for under-

standing the balance between pro-inflammatory and anti-

inflammatory effects of TNF-a. As we mentioned above,

caspase-3 is upstream of the final enzymatic step, which

catalyzes apoptotic events, caspase-activated DNase or

acinus. The present results suggest that caspase-3-mediated

proteolysis also plays a role in apoptosis-associated sup-

pression of superoxide generation, although it may lead to

neutrophil-mediated tissue damage in some cases.

We have reported that the affinity of TNF-a receptors on

neutrophil membranes is decreased in tissue neutrophils,

human salivary neutrophils and rabbit peritoneal neutro-

phils, but that receptor density is not changed (Niwa et al.,

1996). The decreased receptor affinity also contributes to

the mechanism of decreased susceptibility to apoptosis

produced by TNF-a and cycloheximide in tissue neutro-

phils. Since we showed, in preliminary experiments, that

there was also partial resistance to fas-mediated apoptosis in

tissue neutrophils, both heterogeneity in tissue neutrophils,

NF-kB activation and receptor affinity all contribute to the

resistance to apoptosis of tissue neutrophils.

In conclusion, the exudation of neutrophils from blood

into tissue is associated with marked changes in their

functions, including alteration in their sensitivity to apop-

tosis-inducing stimuli, and the activation of NF-kB during

exudation may be involved in this resistance to apoptosis.

Furthermore, our results also indicate a somewhat intriguing

role of NF-kB in neutrophil survival, a role that may form

the basis for innovative therapeutic approaches against both

inflammatory and proliferative diseases. Studies are in

progress to further define the potential involvement of

NF-kB activation and subsequent expression of apoptosis-

inhibiting proteins in human neutrophils.
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